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The radiation dose rate delivered by electron emissions of
88mTe, 123, 11|, 57Ga and 2°'Tl was evaluated at the subcel-
lular level. Methods: Spherical models of sources were used to
simulate various cellular localizations of radionuclides. These
models were applied to large lymphocytes, assuming uniform
distributions of radioactivity throughout the nucleus, the cyto-
plasm or the cell membrane surface. Results: The graphs of the
absorbed dose rate plotted according to the distance from the
center of the cell show that the dose rate strongly depends on
the subcellular distribution of the radioisotope. The absorbed
dose rate D(0) at the center of the cell delivered by a constant
cellular radioactivity of ®*™Tc, 23], ''In, ’Ga and 2°'Tl is re-
spectively 94, 21, 18, 74 and 76 times higher if the radioactivity
is localized within the cell nucleus than if it is situated only on the
cell membrane. D(0) for subcellular localizations was compared
to D(0) obtained by assuming uniform distribution of radioactivity
throughout the cell. This latter assumption may underestimate
the dose rate from 2.8- to 3.2-fold if the tracer is exclusively
localized within the nucleus or overestimate from 4.3- to 30-foid
if the tracer is localized within the cytoplasm or on the cell
membrane, depending on the radionuclide. Conclusion: Such
findings show that the localization of radiopharmaceuticals at the
subcellular level plays a crucial role in determining the actual
dose delivered to the cell nucleus in diagnostic nuclear medicine
procedures.
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Most photon emitters used in diagnostic nuclear med-
icine procedures also emit electrons (internal conversion,
Auger, Coster-Kronig). The absorbed dose at the cellular
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level may be substantial if cellular uptake of such radionu-
clides remains stable in the course of time (). Actually,
low-energy electrons with cellular or subcellular ranges
generate dose heterogeneity (2,3). Thus, dose calculation
at the cellular level is more accurate than conventional
dosimetry, as pointed out by Makrigiorgos et al. (¢). These
authors have shown that the radiation dose evaluated by
conventional dosimetry may underestimate the dose actu-
ally delivered at the cellular level from a range of twofold
up to more than 25-fold if the energy of the emitted elec-
trons is less than 10 keV. For instance, the dose delivered
to labeled Kupffer cells after *™Tc-sulphur colloid hepatic
scintigraphy may reach 0.5 to 0.9 Gy/MBq (5). This re-
presents about 15,000 times the electron dose estimated by
conventional dosimetry. The dose to lymphocytes after
leukocyte labeling has been evaluated up to 7 Gy when
incubating 10° cells with 37 MBq ™ Tc-pyrophos-
phate (6). Radiobiological implications are not negligible
and evidence of chromosomal aberrations have been de-
scribed when labeling lymphocytes not only with
MIn-oxinate (7) but also with *™Tc-pyrophosphate
@)

Dosimetric evaluations at the cellular level generally
assume a uniform distribution of the radionuclide over the
whole cell (1,4,5). Such an assumption is not always ver-
ified and radionuclides may get incorporated into the ge-
netic material of the cell (9). Rao et al. (10) have demon-
strated that spermhead survival and abnormalities depend
on subcellular distribution of incorporated radionuclides.
Furthermore, Hofer (/1) has shown that the dose delivered
to the cell nucleus is strongly dependent on intracellular
radiotracer localization, which indicates the importance of
such biological parameters.

The aim of this study was to evaluate the influence of the
subcellular localization of *™Tc, ZI, !"'In, ’Ga and %'T1
on the dose rate delivered to the cell and in particular to the
nucleus. The dosimetric model has been designed for uni-
form distributions of radioactivity throughout the nucleus,
cytoplasm or the cell membrane surface.
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TABLE 1
Average Electron Energies E, in keV and Yields n, per Decay*

mec 1a| 11 In "Ga 20!T|
E n E n E n E, n E n
0.0334 1.98 0.006 2.18 0.00847 7.82 0.0624 207 0.0161 176
0.0429 0.0193 0.0298 2.10 0.0388 2.54 0.0729 0.346 0.0453 284
0.116 0.747 0.0325 6.54 0.125 0.915 0.921 1.68 0.0644 7.93
0.226 1.10 0.127 0.869 0.183 0.151 0.953 0.0116 0.172 441
1.82 0.991 0.213 0.156 0.350 2.09 743 0.470 0.406 0.923
2.05 0.0868 0.461 1.97 259 0.835 8.44 0.116 0.773 0.322
232 0.0137 3.04 0.751 3.06 0.190 9.46 0.0082 0.895 0.608
2.66 0.0012 3.66 0.202 3.53 0.0109 81.6 0.0027 1.83 203
1563 0.0126 4.28 0.013 19.1 0.103 83.7 0.270 7.58 0.541
178 0.0047 24 0.0838 23 0.0394 922 0.0376 9.85 0.235
119 0.0843 263 0.0384 255 0.0036 93.2 0.0066 120 0.0191
122 0.0059 30.2 0.0035 145 0.0824 175 0.0034 122 0.0022
137 0.0136 127 0.130 167 0.01 291 0.001 15.9 0.0861
140 0.0062 154 0.0179 171 0.0014 174 0.0724
158 0.0053 219 0.0521 277 0.0236
241 0.0091 204 0.0237
245 0.0019 52.2 0.0797
556.0 0.0268
66.3 0.0153
775 0.0015
828 0.0025
843 0.159
121 0.0152
133 0.0027
153 0.0269
165 0.0094
*From Howell (17).
METHODS where ®; is the ith specific absorbed fraction (g~!); A is the source

Spherical models were used to estimate cellular distribution of
the radiation dose rate delivered by electron emissions. Three
source distributions were chosen to simulate various subcellular
localizations of radionuclides:

1. The full sphere for radioactivity distributed throughout the
entire cell or within the nucleus.

2. A void central sphere surrounded by a spherical ring simu-
lating cytoplasmic distribution.

3. The sphere surface for localization on the cell membrane.

This model was applied to simulated large lymphocytes, with a
nuclear radius q, of 4 um and a cell radius q. of 6 um (12).

The averaged dose rate was evaluated in two steps at each
point of the cell on a IBM-compatible computer. First, the dose
rate, D, was calculated with the hypothesis of an isotropic point
source. Second, extensive sources simulating subcellular localiza-
tions were considered. In each case, the study was performed
assuming uniform distribution of radioactivity, isotropic emission
of the electrons and a mean density, p, over the entire cell of 1
g-cm™>,

In the case of an isotropic point source and a spectrum of m
monoenergetic electron emissions, D (cGy/s) at a distance r (cm)
of the point source may be expressed as (13):

D(r) = Ak 2 nE®(r, E),

i=1
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activity (Bq); E; is the energy of the ith emission (MeV); n, is the
number of emitted electrons by disintegration; and k = 1.6 1078
g cGy - MeV~l,

To estimate ®;, we used the analytical functions published by
Prestwich and Kwok (14,15) to compute the scaled electron dose
point kernels tabulated by Berger (16). Details of these calcula-
tions are given in the Appendix. The radiation spectra for electron
emissions (Table 1) were taken from Howell (17).

In order to calculate the absorbed dose rate for extensive
sources, the dose rate evaluated with the assumption of the iso-
tropic point source was integrated over the entire radioactive
distribution (see Appendix). For the spherical source, an analyt-
ical method based on the geometric reduction factor proposed by
Berger (13) was used. For the hollow sphere (i.e., the cytoplasm),
the calculation was simply performed by subtracting the contri-
bution of a sphere of radius q,, from the contribution of a sphere of
radius q.. For distribution on the cell membrane, the dose rate
was directly integrated over the spherical surface, as published by
Langmuir (18).

RESULTS

For cell size q, = 4 um and q. = 6 um, the absorbed
dose rate D at any point of the cell is plotted according to
the distance to the center of the nucleus. Figures 1 and 2
refer to uniform distribution of the five radionuclides re-
spectively throughout the nucleus and cytoplasm for a
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FIGURE 1. Dose rate D versus the dis-

distance from the nucleus center

TN tance from the nuclear center of a large lym-
10 phocyte for uniform distribution of 1

MBq - cm~3 throu the cell nucleus of

%mTe, 124, 1'In, ’Ga or 2°'T.

volume activity of 1 MBq * cm™>. The curves in Figure 3
are drawn for 1 MBq - cm™2 of *™Tc and ?'TI uniformly
distributed on the cell membrane surface. Only two of the
five radionuclides are plotted, but the shape of the curves
is identical for all of them, showing a narrow peak centered
on the cell membrane. Data in Tables 2 and 3 represent the
dose rates found with the three source distributions at the
center of the nucleus D(0) and at the cell membrane
D(q.)-

The influence of localization in comparison with uniform
distribution throughout the cell is shown in Table 4. Listed

in this table are the ratios between the dose rate to the
nucleus center D(0) computed for the three tracer localiza-
tions (nucleus, cytoplasm and cell membrane) to the dose
rate D(0) calculated for a distribution throughout the cell.
The total amount of radioactivity is assumed to be the same
in each case.

If total cellular radioactivity in a large lymphocyte re-
mains constant, the absorbed dose rate D(0) at the center
of the cell delivered by *™Tc, '2I, 'In, ’Ga and 'Tl is
respectively 94, 21, 18, 74 and 76 times higher for nucleus
distribution than for cell membrane distribution.

(»10%ccy.s D

distance from the nucleus center

FIGURE 2. Dose rate D versus the dis-
tance from the nuclear center of a large lym-
phocyte for uniform distribution of 1
MBq - cm ™3 throughout the cell cytoplasm of
”"'TC, 1zz|' "1|ﬂ, 67Ga or 201-”'
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FIGURE 3. Dose rate D versus the dis- -

tance from the nuclear center of a large lym- ° N
phocyte for uniform distribution of 1
MBq - cm~2 on the cell membrane of ™ Tc
or 20,
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distance from the nucleus center

DISCUSSION

Spherical geometry is an oversimplified model of the cell
and cell nucleus shapes, which may be very irregular.
However, an excellent fit was obtained with the lympho-
cytes, which were chosen as an example. This model may
also be conveniently used on a PC.

In this study, we considered electron emissions only.
The absorbed fraction of photon emissions to the labeled
cells is very small, and the photonic contribution to the
total absorbed dose may be neglected. For example, ab-
sorbed dose calculations (19) indicate that photons deposit
less than 1% of the total lymphocyte dose during leuko-
cytes labeling with *™Tc-HMPAO.

To calculate electron range and the energy delivered
along their path, analytical functions proposed by
Prestwich and Kwok (14) were used to fit the data pub-
lished by Berger in 1973 (16). This model was previously
validated for the electron emissions of the five radionu-

TABLE 2
Dose rate to the Center of a Large Lymphocyte for Uniform
Distribution of 1 MBq - cm~2 Throughout the Nucleus or the
Cell Cytoplasm and 1 MBq - cm~2 on the Cell Membrane

clides studied (20). A revision of Berger’s values was re-
cently proposed by Simpkin et al. (21). Differences be-
tween these two data sets are small when energy-loss
straggling is negligible (21). Thus, the analytical method is
in good agreement with these two reports.

Howell has evaluated at 1.60 x 10® Gy/Bq-h the dose per
unit cumulated activity to 20-nm diameter spheres contain-
ing uniformly distributed %I (17). We obtained 1.52 x 10®
Gy/Bq-h with the same spectrum. These values are in good
agreement. The small difference (5%) may be attributed to
the analytical methods used to compute the specific ab-
sorbed fraction. Howell et al. (22) calculated ® from Cole’s
energy loss expression (23).

For the radionuclides studied, different spectra have
been proposed in the literature (24, 25,17). The absence of
low-energy Auger electrons in spectra (24,25) results in
significant differences in doses calculated at the subcellular
level when the target studied is smaller than 1 um, as
pointed out by Howell (17).

. TABLE 3
Dose Rate D(q,) to the Cell Membrane of a Large
Lymphocyte for Uniform Distribution of 1 MBq - cm™—3
Throughout the Nucleus or the Cell Cytoplasm and 1
MBq - cm~2 on the Cell Membrane

Tracer location SmTe B My 67Gg 2 Tracer location SomTe 1) My %Ga 27

Nucleus 45 86 83 110 254 Nucleus 008 039 044 0.16 0.64
(10"%cGy-s™") (10~%cGy-s™")

Cytoplasm 0.2 1.2 1.7 05 22 Cytoplasm 253 558 509 547 138
(10~%cGy-s™") (10"°cGy-s™")

Membrane 0.8 69 79 25 5.7 Membrane 249 2.06 232 3.85 719
(1072 cGy-s™") (cGy-s™")
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TABLE 4
Ratio Between the Dose Rate D(0) to the Nucleus Center for
Nucleus, Cytoplasm and Cell Membrane Localizations Versus
Homogeneous Distribution over the Entire Cell

m‘ln ’"In 1z!| "Gﬂ Oorn'rc
D(O)nucleus 3.2 30 28 3.2 3.1
D(O)cell
D(O)ytopla. 0088 017 023 0056 0.10
D(O)cell
D(0)memb. 0034 014 0.6 0043  0.041
D(O)cell

Total activity is the same for all the localizations.

One advantage of this method is that the calculation of
monoenergetic dose point kernels and dose rate at any
point may be easily performed on a PC. Only dose rates at
the center of the sphere and on its surface are shown in
Tables 2 and 3 for clarity. It may be noticed on the curves
(Figs. 1-3) that there are no large variations in dose rates
throughout the entire nucleus with all radionuclides, ex-
cept at the external border.

The cell sizes in Figures 1 through 3 were chosen to be
qc = 6 um and q,, = 4 um to simulate large lymphocytes.
These values are reasonable and were chosen just to illus-
trate the graphs. It could be noticed that the shapes of the
curves would remain quite unchanged for other values of
qc. and q,. For a nuclear distribution of the tracer
(Fig. 1), the dose rate D, almost constant along the major
central part of the nucleus, drops strongly at the edge of the
nucleus and nearly vanishes in the cell cytoplasm. The
plateau corresponding to the nucleus area may be ex-
plained by low-energy electrons that deposit their energy
locally. The dose delivered to the cytoplasm is exclusively
due to electrons of an energy higher than 10 keV. The
reverse pattern is observed for exclusive cytoplasmic dis-
tribution of radionuclides (Fig. 2), where the dose delivered
to the nucleus comes from electrons of energy higher than
10 keV. These results are in agreement with the dose rate
profiles found by Rao et al. for I distributed uniformly in
the cell nucleus or in the cytoplasm (26).

When the tracer is localized on the cell membrane
(Fig. 3), the shape of the curves is a narrow peak centered
on the membrane, then D drops down on both sides of this
interface. There is clearly an overdose to the cell mem-
brane as compared to the other cellular components. How-
ever, the dose rate D(0) at the center of the nucleus is not
negligible.

In the particular example of q. = 6 um and q, = 4 um
(i-e., a large lymphocyte), the values of D(0) are reported in
Table 2. Table 2 shows that D(0) is maximum for 2°'T1,
followed by 4’Ga, '2I, "!In and *™Tc for a localization
into the cell nucleus. For cyto!)lasm and cell membrane
localizations, the order is °'Tl, !!In, %I, ¥’Ga and *™Tc.

Cell Nucleus Dose Rate * Faraggi et al.
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FIGURE 4. Geometry used for calculation of the reduction factor
Q(q, 1, q,). The sphere (center 0, radius q,,) represents a cell nucleus
containing a spherical homogeneous distribution of radioactivity. The
observation point P is located at a distance q from 0. The variable r
represents the distance traveled by radiation emanating from the
spherical shell of radius r to the center P.

Hofer et al. (11) have shown that the dose delivered to
the cell nucleus depends on intracellular radiotracer local-
ization. In particular, the nucleus seems to be a highly
radiosensitive target in the cell. Assuming the same
amount of radioactivity is delivered to a large lymphocyte,
it is interesting to compare the D(0) obtained at the center
of the nucleus for several distributions. If the uptake oc-
curs within the nucleus only, then D(0) is underestimated
by a factor of 2.8 to 3.2, depending on the radionuclide
(Table 4) as compared to D(0) resulting from uniform dis-
tribution. This may be partially related to the differences of
radioactive concentrations since the ratio between the vol-
umes of the nucleus and the entire cell is 3.4. In contrast,
if the tracer is localized throughout the cytoplasm or on the
cell membrane, D(0) is overestimated from 4.3-fold (*'In
localized throughout the cytoplasm) to 29.6-fold (*™Tc
localized on the cell membrane), while the ratio between
cell and cytoplasm volume is 1.42. This ratio may be fa-
vorable for radiopharmaceuticals that do not cross over the
membrane of the nucleus.

Radiobiological results have shown the influence of
tracer localization on cell survival (11). In particular, Narra
and Rao (27,10) have demonstrated that spermhead sur-
vival and abnormalities in mouse testes induced by incor-
porated Auger emitters (‘2I, '*I and '"'In) depend on
subcellular localization of the radionuclide. In contrast,
subcellular distribution of beta emitters, such as '*'I, plays
no role in determining their lethality (27). Rao et al. (26)
have pointed out that dosimetric computations alone are
unable to predict radiobiological consequences of '*I in-
corporated into spermatogonial cells. Nevertheless,
knowledge of the dose actually delivered at the subcellular
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level is prerequisite to a better understanding of any dose
effect relationship.

CONCLUSION

Several recent studies have shown that the tissue-aver-
aged dose may considerably underestimate the dose re-
ceived by certain cell components. For the five radionu-
clides studied, intracellular localization of tracer must be
considered to calculate the average dose actually delivered
to the nucleus of a cell population. Neglecting subcellular
localization of a radiopharmaceutical may lead to underes-
timating or overestimating the dose rate and thus the dose
to the nucleus. Even if dosimetry alone is not sufficient for
predicting radiobiological effects, it may be of great impor-
tance to reach accurate dose estimates at the subcellular
level to study cell survival of Auger emitters as a function
of the absorbed dose.

APPENDIX

Dose rate was calculated with the assumption of the isotropic
point source by first computing the specific absorbed fraction &(r,
E) for each monoenergetic electron emission. To estimate &(r, E),
analytical functions published by Prestwich and Kwok (14, 15)
were used to compute the scaled electron dose point kernels F(x)
tabulated by Berger (16). x is a dimensionless quantity represent-
ing the ratio of the distance r to the electron range. The relation-
ship between F and @ for an electron of energy E is given by:

F(x, E) - dx = 4wpr?®(r, E) - dr.

For a spectrum of m monoenergetic electrons, the different com-
ponents of the emitted radiations were taken into account to
compute 32, nE®,(r) and thus D(r).

For extensive sources, the dose rate D(r) evaluated with the
assumption of the isotropic point source was integrated over the
entire radioactive distribution to obtain the dose rateD(q) at a
distance q from the center of the cell. For spherical distributions,
D(q) may be expressed as:

vk 2‘, nE; | O E)’(4g, 1, q,) dr,

i=1

dA
D(q) = 411

where dA/dV is the volumic activity. The geometric reduction
factor {q, r, q,) defined by Berger (13) depends on various
contingencies arising from the geometry of Figure 4:

(

1, rsq,—q
Case1:q<q, Q={G - (- q%rq, q,—q<rsq+gq,

0, r>q+gq,

( 0, rsq,—q
Case2:q>q, 2={qi— (- Q¥4rq, q—q,<r=gq,+q.

0, r>q+q,

For source distributions on cell membranes, the dose rate was
directly integrated over the spherical surface using the relation-
ship proposed by Langmuir (18):
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2

D(q)—;Ek 2 nE; F (K(0), E) sin 6 do,

where dA/dS is the surfacic activity and qc the radius of the cell.
1(6) verifies the equation: r*(6) = q2 + q*> — 2q.q cos 6.
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