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Radiopharmaceutical therapy, traditionally limited to refractory
metastatic cancer, is being increasingly used at earlier stages, such
as for treating minimal residual disease. The aim of this study was to
compare the effectiveness of °0Y, 77Lu, ''In, and '¢'Tb at irradi-
ating micrometastases. °°Y and '77Lu are widely used B~-emitting
radionuclides. '®'Tb is a medium-energy 3~ radionuclide that is similar
to 77Lu but emits a higher percentage of conversion and Auger
electrons. "'In emits y-photons and conversion and Auger elec-
trons. Methods: We used the Monte Carlo code CELLDOSE to
assess electron doses from a uniform distribution of °°Y, 177Lu,
Mn, or 181Tb in spheres with diameters ranging from 10 mm to
10 pm. Because these isotopes differ in electron energy per decay,
the doses were compared assuming that 1 MeV was released per
pm3, which would result in 160 Gy if totally absorbed. Results: In a
10-mm sphere, the doses delivered by 20V, 177Lu, 1"In, and '6'Tb
were 96.5, 152, 153, and 152 Gy, respectively. The doses de-
creased along with the decrease in sphere size, and more abruptly
so for 9°Y. In a 100-pm metastasis, the dose delivered by °0Y was
only 1.36 Gy, compared with 24.5 Gy for '77Lu, 38.9 Gy for '''In,
and 44.5 Gy for 81Tb. In cell-sized spheres, the dose delivered by
"n and '8'Tb was higher than that of 77Lu. For instance, in a 10-
pm cell, 777Lu delivered 3.92 Gy, compared with 22.8 Gy for "'In
and 14.1 Gy for ''Tb. Conclusion: "77Lu, 'In, and ®'Tb might be
more appropriate than %0Y for treating minimal residual disease.
161Tb is a promising radionuclide because it combines the advan-
tages of a medium-energy B~ emission with those of Auger electrons
and emits fewer photons than ''In.
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The main advantage of radiopharmaceutical therapy over con-
ventional external-beam radiotherapy is the ability to reach metastases
and tumor cells scattered in multiple body locations (/). Radiophar-
maceutical therapy uses tumor-targeting radiopharmaceuticals, such as

Received Nov. 25, 2015; revision accepted Jan. 26, 2016.

For correspondence or reprints contact either of the following:

Elif Hindié, Service de Médecine Nucléaire, Hopital Haut-Lévéque, CHU de
Bordeaux, 33604 Pessac, France.

E-mail: elif.hindie@chu-bordeaux.fr

Christophe Champion, CENBG, Chemin du Solarium, 33175 Gradignan, France.

E-mail: champion@cenbg.in2p3.fr

Published online Feb. 9, 2016.

COPYRIGHT © 2016 by the Society of Nuclear Medicine and Molecular
Imaging, Inc.

Dose DEPOSITS IN MICROMETASTASES ~ ®

131_metaiodobenzylguanidine for neural crest-derived tumors, '3'I- or
90Y-labeled anti-CD20 antibodies for lymphoma, the somatostatin an-
alogs *°Y-DOTATOC and 7’Lu-DOTATATE for neuroendocrine tu-
mors, or prostate-specific membrane antigen—targeting molecules for
prostate cancer (2-5).

Radiopharmaceutical therapy is not limited anymore to palli-
ative care in patients with relapsed or refractory disease but now
includes early treatment of metastatic disease, adjuvant therapy,
and consolidation after remission, as, for example, in non-Hodgkin
lymphomas (6,7). Indeed, adjuvant '3'I therapy is known to pre-
vent recurrence after thyroidectomy (8). Also, radiopharmaceuti-
cal therapy achieves better results when the metastases are small
(4,9). Large metastases are difficult to irradiate effectively because
they often include areas of stromal, fibrous, or necrotic tissues as
well as tumor areas with loss of target expression, resulting in
heterogeneous distribution of the absorbed dose. Moreover, hy-
poxia increases resistance to radiation. Experimental data in rodents
also showed better efficacy on microscopic metastases (10,11).

In many cancers, prognosis is linked to metastatic relapse,
which may occur years after primary surgery (/2). Relapse can be
predicted from various parameters, including the initial locore-
gional extension, tumor grade, response to neoadjuvant treatment,
and tumor marker levels. Moreover, metastatic spread can now be
diagnosed at a very early stage, for example, by detecting tumor
cells in the bone marrow or blood (/3,74). Therefore, radiophar-
maceutical therapy may play an important role to eradicate occult
micrometastases in high-risk patients.

It is, however, unclear which isotopes would be the most
appropriate for adjuvant or consolidation therapy, in which tumor
targets are undetectable by radiologic examinations and pre-
sumably very small (ranging from isolated tumor cells to lesions
of 5-10 mm in diameter). Although °°Y showed encouraging
results for treating occult residual disease after remission of ovar-
ian cancer (/5) and lymphoma (6,7), isotopes with lower energy
might be a better choice.

90Y (high-energy 37) and '7’Lu (medium-energy ) are the 2
most widely used isotopes for labeling therapeutic radiopharma-
ceuticals (2-5). !!In is a y-emitting isotope mainly used for im-
aging. However, it also emits Auger and conversion electrons
(CEs) and might be used to target micrometastases and single cells
(16-18). The radiolanthanide '®'Tb is a medium-energy 3~ emit-
ter similar to '7’Lu but emits a higher percentage of conversion
and Auger electrons. Some in vivo studies suggested that '°'Tb
might outperform '77Lu (/9,20). The aim of this Monte Carlo
simulation study was to compare the effectiveness of °°Y, !77Lu,
1n, and '!'TH at irradiating micrometastases of various sizes.
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MATERIALS AND METHODS

The Monte Carlo code CELLDOSE was used to assess electron dose
from a uniform distribution of *°Y, 77Lu, '!'In, or '°'Tb in spheres of water
density whose diameters ranged from 10 mm to 10 wm. The decay char-
acteristics of these isotopes are shown in Table 1. The full data on electron
emissions (3-spectra, CE, Auger and Coster—Kronig electrons) were
obtained from the International Commission on Radiological Protection
publication ICRP-107 (21). The electron emission spectra used in the
Monte Carlo simulation are shown in Figure 1. Photons were neglected.

CELLDOSE is based on electron—water molecule interaction cross
sections and takes into account all ionizations, excitations, and elastic
scatterings to produce an event-by-event electron track simulation
(22). The full slowing-down histories for primary and secondary elec-
trons are described until an energy value of 7.4 eV is reached (elec-
tronic excitation threshold of the water molecule) (23). The residual
energy below this cutoff was considered to be absorbed locally. Figure 2
shows the energy deposits along the paths of 2 CEs (1 from !!''In and
1 from '©!Tb) and 2 Auger electrons.

For each isotope and sphere, we assessed the absorbed energy as
well as the relative contribution of 3~ particles and CE and Auger
electrons (as we previously described for '3'T (22)).

In addition to the dose resulting from a single decay (S values), we
also calculated in all spheres the absorbed dose resulting from a
uniform concentration (1 decay per wm?3). Moreover, because the 4
isotopes have a different electron energy emitted per decay, absorbed
doses were compared after normalizing by a fixed amount of electron
energy released per unit of volume (1 MeV per wm?). This concen-
tration would yield 160 Gy if totally absorbed.

Finally, to assess the ability of each isotope to deliver a cross-dose
outside labeled structures, we studied the spatial profile of energy
deposit around a point source.

RESULTS

Absorbed Energy and Contribution of Different
Electron Emissions

For each isotope, Table 2 reports the energy absorbed in each
sphere and the relative contribution of the various electron emissions.
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FIGURE 1.

Electron emissions of 0Y, 177Lu, ""'In, and ®'Tb. B-spectra

are in red, CEs are in blue, and Auger electrons are in green. CEs and Auger
electrons with probability of less than 0.0001 were neglected (27).

The absorbed energy decreases along with the decrease in sphere size.
This decrease was more pronounced in the case of *°Y (Table 2).
For 77Lu, the combined contribution of CE and Auger electrons to

absorbed energy was 10% in the 10-mm sphere and reached 33.9% in
the 10-pwm sphere (Table 2). The contribution of CE and Auger elec-
trons was much higher in the case of '*'Tb and was 24.9% of the energy
deposit in the 10-mm sphere and 88.3% in the 10-pm sphere (Table 2).
Considering '''In, the relative contribution of Auger electrons increased
compared with that of CEs when the sphere size decreased.

S Values for 90Y, 177Lu, 111In, and '%'Tb in Spheres of
Various Sizes

S values obtained with the Monte Carlo code CELLDOSE are
reported in Table 3. There was good agreement with S values

TABLE 1
Characteristics of the 4 Radionuclides
Nuclide 0y 77y MIn 161Tb
Half-life (d) 2.671 6.647 2.805 6.906
Type of decay (%) B~ (100%) B~ (100%) Electron capture (100%) 3~ (100%)
B-particle mean energy (keV) 932.9 133.3 — 154.3
CE (keV per decay) 0.2 13.52 27.94 39.28
CE energy range (keV) 6.2-206.3 144.6-245.4 3.3-98.3
Auger and Coster—Kronig 0.0007 1.13 6.88 8.94
electrons (keV per decay)
Auger and Coster—Kronig electron 0.01-61.7 0.037-25.6 0.018-50.9
energy range (keV)
Total electron energy per decay 933.1 147.9 34.8 202.5
(keV)
y-radiation useful for imaging: — 208.4 (11%); 245.4 (94.1%); 74.6 (10.2%)
energy (keV) and abundance (%) 112.9 (6.4%) 171.3 (90.6%)
Photons X and y (total energy 0.0012 35.1 405 36.35
per decay in keV)
Energy per decay in keV (photons + electrons) 183 439.8 238.9
Percentage of energy emitted as photons ~0 19.2% 92.1% 15.2%
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FIGURE 2. Tracks of representative electrons from 'In and 6'Tb as
obtained with CELLDOSE. (A) ""'In CE-K (144.6 keV; frequency, 8.5%;
magenta) and "®'Tb CE-L (39.9 keV; frequency, 38%; blue). (B) ''In Auger
LMM transition (2.61 keV; frequency, 82%; red) and "®"Tb Auger MNN transi-
tion (1.02 keV; frequency, 184%; green). @ = ionizing interactions induced by
primary electrons; O = ionizing interactions induced by secondary electrons.

previously reported for °°Y and '7’Lu using scaled dose point kernel
(24) and for °°Y and '''In using range-energy expressions for elec-
trons (25). The largest differences were found for *°Y in the 5,000-um
sphere: the S value reported by Goddu et al. was 11% lower, whereas
that reported by Bardi¢s and Chatal was 5.4% higher, than the value
obtained with CELLDOSE (24,25). '°1Tb data were not available in
the literature for comparison.

Absorbed Doses from %0Y, 177y, 111In, and %1Tb
After Normalization

Table 3 and Figure 3 show, for each isotope and sphere, the
absorbed dose from 1 decay per wm? and the absorbed dose from
1 MeV released per pm? (i.e., normalization for differences in
electron energy per decay). On the basis of the total electron energy
released per decay (Table 1), the average number of decays per
cubic micrometer (N) that corresponds to 1 MeV released per cubic
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micrometer is 1.07 for °°Y, 6.76 for 77Lu, 28.74 for ''In, and 4.94
for 161Th. Also, assuming complete decay and no biologic excretion
or redistribution over time, and a tissue density of 1 g/cm?, this
corresponds to an activity concentration within tumor tissue (Ay =
N x In2/T) of 3.22 MBg/g for *°Y, 8.16 MBq/g for '7’Lu, 82.19 MBqg/g
for '"'In, and 5.74 MBg/g for '°'Tb.

When 1 MeV was released in every wm?3, the absorbed dose for a
10-mm metastasis was 96.5 Gy with Y, 152 Gy with 7’Lu, 153 Gy
with "In, and 152 Gy with '®'Tb (Table 3). However, in a 1-mm
metastasis, the dose delivered by Y fell to 13.3 Gy as compared with
104 Gy with 77Lu, 118 Gy with '!In, and 108 Gy with 6Tb. For a
100-pwm micrometastasis, the absorbed dose was only 1.36 Gy with
Y but 24.5 Gy with '7"Lu, 38.9 Gy with '''In, and 44.5 Gy with
16ITh (Table 3; Fig. 3).

In cell-sized spheres, !'In and '°'Tb delivered significantly higher
doses than 7Lu. For instance, in a homogeneously labeled single
cell of 10-pwm diameter, the absorbed dose was 3.92 Gy for !7"Lu,
22.8 Gy for '!"In, and 14.1 Gy for '®'Tb (Table 3; Fig. 3).

Energy Deposit Around Point Source

Figure 4 shows the pattern of energy deposit after normalization
(1 MeV released). The radius within which 90% of the energy is
deposited is 5.82 mm for °°Y, 0.62 mm for 77Lu, 0.37 mm for
n, and 0.63 mm for '®'Tb. The radius within which 99% of the
energy is deposited is 8.19 mm for *°Y, 1.07 mm for '"’Lu, 0.49 mm
for 1''In, and 1.06 mm for '6'Tb. At a distance beyond 0.8 mm, *°Y
deposited more energy (per MeV released) than !7’Lu or ''Tb.

The complex profile of energy deposit from !!'In shows a high
peak, 4 times higher than that of '7’Lu (per MeV released), in the
first 10-pwm-thick shell surrounding the point source (Fig. 4C).

The pattern of energy deposit of 16'Tb and 7’Lu markedly differed
in proximity of the source. The energy deposited by '6'Tb (per MeV
released) was higher than that deposited by '77Lu up to 30 wm around
the point source, and particularly so in the first 10 pm (Fig. 4D).

DISCUSSION

Most currently used radiopharmaceuticals were designed to be
administered to patients with advanced disease, and the choice of
the radionuclide had been made accordingly. However, the same
radiopharmaceuticals might not be equally effective to treat both large
tumor masses and minimal residual disease. For example, anti-CD20
antibodies, labeled with °°Y, have been used to treat patients with
relapsed or refractory lymphomas (2) but are now also used for
consolidation after successful chemotherapy (6,7). In radionuclide
therapy, there is an optimal tumor size for cure, which differs from
one radionuclide to another (26,27). Thanks to the high energy of Y
B~ particles, ®°Y-labeled radiopharmaceuticals may compensate for
uptake heterogeneity within large tumors and effectively irradiate
nonlabeled targets, such as liver malignancies after intraarterial radio-
embolization (28). At a distance beyond 0.8 mm, *°Y deposited more
energy (per MeV released) than 77Lu (Fig. 4). However, our results
clearly suggest that *°Y is not an adequate isotope for eradicating
micrometastases, because most of the energy was deposited outside
the tumor (Table 2). This is expected to reduce efficacy and increase
toxicity. 177Lu irradiated smaller spheres more effectively than *°Y.

To facilitate the comparison between isotopes, the energy released
was normalized for 1 MeV per pm? of tumor tissue. If totally
absorbed, this energy would yield 160 Gy. The normalized dose in a
1-cm metastasis was 96 Gy with Y (vs. 152 Gy with 77Lu). How-
ever, the dose delivered by *°Y steeply decreased when sphere size
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TABLE 2
Retained Energy (Percentage and Absolute Value) and Contribution of Different Electronic Emissions

Relative contribution* (of different electronic emissions)

Absorbed energy (keV per

. decay) 1771y Mn 161Th
Sphere diameter
(um) 0y 77y Mn ®Th B~ (%) CE (%) Auger (%) CE (%) Auger (%) B~ (%) CE (%) Auger (%)

10,000 563 140 33.2 190 90.0 9.2 0.8 79.9 20.1 75.1 20.2 4.7
5,000 347 135 322 183 89.7 9.5 0.8 79.3 20.7 741 21.0 4.9
2,000 152 119 29.6 163 88.7 10.4 0.9 77.6 22.4 71.0 23.5 5.5
1,000 77.7 96.3 25.7 135 86.9 12.0 1.1 74.2 25.8 65.5 27.9 6.6
500 39.2 69.2 194 104 83.8 14.6 1.6 66.0 34.0 55.9 35.5 8.6
200 15.8 386 11.2 72.3 80.1 171 2.8 41.8 58.2 40.1 47.7 12.2
100 793 226 844 559 794 15.9 4.7 24.2 75.8 29.3 55.1 15.6
50 3.92 13.0 715 418 775 14.7 7.8 13.4 86.6 21.4 58.1 20.5
20 1.56 6.11 595 254 737 10.5 15.8 6.1 93.9 15.3 52.3 32.4
10 0.77 3.62 496 17.7 66.1 8.2 25.7 3.5 96.5 11.7 43.4 44.9

*For 90Y, contribution from B~ emission to energy deposit is > 99%.

decreased (Table 3; Fig. 3B). In a 1-mm metastasis, the dose from *°Y
was 13.3 Gy (vs.104 Gy with 77Lu). In a 100-pm micrometastasis, the
dose from Y was only 1.36 Gy, whereas '7’Lu delivered 24.5 Gy.
These results are in line with experimental data by Michel et al., who
showed that the rate of eradication of single cells and micrometastases
was higher with 177Lu than with Y (29). By contrast, 1 study assessed
anti-CD20 pretargeted radioimmunotherapy on lymphoma xenografts
and found a higher efficacy with *°Y (30). However, the treatment was
given when the size of tumor xenografts exceeded 8 mm (which is
higher than the size of a typical micrometastasis). Radioactivity distri-
bution within the tumor was highly heterogeneous (30). Also, because
tumor uptake (percentage injected dose per gram) decreased over time
(11.8% at 4 h; 3.7% at 120 h), the longer half-life of 77Lu was here a
drawback. Finally, *°Y and '"’Lu were compared using the same ac-
tivity (37 MBq), although the amount of energy released differs.

Although 77Lu performed better than °°Y in small metastases,
T and '°'Tb outperformed '"’Lu in very small metastases
(<100 pwm) and single cells (Table 3; Fig. 3B).

The dose delivered by '''In (considering 1 MeV released per um?)
was 1.6 times higher than that from 17’Lu in a 100-pwm micrometastasis
(38.9 vs. 24.5 Gy) and 5.8 times higher than that from '7’Lu in a 10-wm
cell (22.8 vs. 3.92 Gy) (Table 3). Studies have shown that the rate of
eradication of micrometastases and single cells is higher with '''In than
with either 2°Y (16) or '7’Lu (29). By consequence, many teams ac-
tively work on developing !!'In-labeled radiopharmaceuticals aimed at
targeting micrometastases or cancer stem cells (17,18). '!In has, how-
ever, a large proportion of photon emission (92% of the total energy per
decay) (Table 1). Photon emission adds to the total-body dose and in
many countries requires patient hospitalization for radiation protection
purposes. The alternatives offered by '¢'Tb are then of major interest.

TABLE 3
Comparison of Electron Dose Deposit for the 4 Isotopes (Figure 3)

Dose for 1 decay per pm?3 Dose for 1 MeV released per

dsi:r:(:::r Dose per decay (S value) (Gy) (Gy) pms (Gy)

(pm) 20y 177Lu 1M1n 161Tb 0y 177Lu 1M1n 161Tb 20y 177|_u 1M1n 161Tb
10,000 1.72x 10710 4.30x 107" 1.01 x 10°"" 5.82x107"" 90.1 22,5 531 305 965 152 153 152
5,000 8.50 x 1070 3.29x 1071© 7.88x 10™"" 4.47x 1070 556 21.6 5.16 29.3 59.5 145 148 146
2,000 5.80x10™° 454x10° 1.13x10° 6.22x10° 243 190 4.74 26.0 260 128 136 129
1,000 237x108 294x108 7.86x10° 4.14x10® 124 154 412 217 133 104 118 108
500 9.59x 1078 1.69x1077 4.75x10°® 2.54x 107 6.27 11.1 3.11 16.6 6.71 74.8 89.3 827
200 6.03x 1077 1.48x106 428x107 2.76x 107 253 6.18 1.79 11.6 270 418 51.5 57.6
100 242x10% 6.93x106 258x10°% 1.71x107° 127 3.63 135 895 136 245 38.9 445
50 9.58 x10® 3.18x10° 1.75x10° 1.02x 107 0.63 2.08 1.14 6.67 0.67 14.1 329 333
20 5.95x107% 233x10% 228x10* 9.70x 107 025 098 095 4.06 0.27 6.61 274 20.2
10 237x10% 111x10% 152x10° 541x1073 0.12 058 079 283 0.13 3.92 228 141
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genta), and '8'Tb (red) as a function of sphere size. (A) Electron dose
considering 1 decay per pms3. (B) Electron dose considering 1 MeV re-
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161Th has a B~ spectrum similar to that of '7’Lu but emits a
larger number of Auger electrons and CEs (Fig. 1). Most '®!'Tb CEs
are in the low-energy domain (<50 ke V) and deposit their dose over
relatively short distances (Figs. 1 and 2). The dose delivered by
161Th (considering 1 MeV released per wm?) is 1.8 times higher
than that delivered by '77Lu in a 100-m micrometastasis (44.5 vs.
24.5 Gy) and 3.6 times higher than '7’Lu in a 10-pum cell (14.1 vs.
3.9 Gy) (Table 3). 19'Tb deposits a larger amount of energy per
MeV than '77Lu over a distance of 30 wm (Fig. 4D). Thus, '°!Tb
would likely deliver a higher dose than !'7’Lu, not only to the
targeted cell but also to its immediate neighbors.

Our Monte Carlo simulation provides a mechanistic rationale to
the studies that found a good tumor-control efficacy of '0'Tb-
labeled molecules. For example, °!Tb-anti-L1CAM antibodies were
more effective than '77Lu-anti-L1CAM at inhibiting the growth of
subcutaneous xenografts of ovarian cancer (/9). In another study,
the radioactivity concentration necessary to achieve half-maximal
inhibition of tumor cells was lower with !©!'Tb-labeled than with
177Lu-labeled radiofolate conjugates (20).

The most suitable radioisotope can be appropriately chosen if the
subcellular distribution of the targeting molecule is known. Tech-
niques such as high-resolution autoradiography or secondary ion
mass spectrometry can quantitatively depict the distribution at the
cellular level (37). This distribution may be used as input to derive the
absorbed dose with Monte Carlo codes (32,33). Uniform distribution,
as considered in the present study, is an acceptable model for some
molecules, which are internalized via receptor-mediated endocytosis
and partly trafficked to the nucleus. Examples include growth factors
such as epidermal growth factor or agonist analogs of somatostatin
and bombesin (4,17,34). By contrast, neuropeptide antagonists are not
internalized (34). Again, some antibodies are internalized after bind-
ing to their membrane receptor (e.g., antibodies targeting CD22,
prostate-specific membrane antigen, epidermal growth factor recep-
tor, human epidermal growth factor receptor 2), whereas others
(e.g., anti-CD20 and anti—carcinoembryonic antigen) are less inter-
nalized. Many research projects aim at facilitating the routing of
Auger-emitting radiopharmaceuticals to the nucleus (/8,35). For DNA
irradiation, internalization in the nucleus is indeed necessary to get the
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full benefit from Auger electrons (Fig. 2B). Auger electrons may also
effectively irradiate other targets, such as cell membranes (36).

Our study may help in predicting the effectiveness of adjuvant
therapy in clinical trials. We ran our simulation by assuming that
1 MeV was released per wm?. If totally absorbed, this energy
would yield 160 Gy using any isotope. Notably, this value is
within the range of tumor-absorbed doses that were measured
in metastases of neuroendocrine tumors in patients who showed
good response to '7’Lu-DOTATATE therapy (37). If the same
activity of '7’Lu-DOTATATE that is used for treating radiologic
metastases was given as adjuvant therapy, and assuming that the
uptake in occult metastases is the same (1 MeV released per
wm?), the radiation dose would decrease along with the size of
targeted metastases. The predicted dose would be 104 Gy in a
1-mm metastasis, 24.5 Gy in a 100-pwm micrometastasis, and 3.9
Gy in a 10-pm single tumor cell. Although small tumors are
more radiosensitive than macrometastases (/0,11), the low dose
delivered by !77Lu to isolated cells might not be sufficient to
destroy them all. However, the dose delivered by a hypothetical
161Th-labeled somatostatin analog (with the same tumor affin-
ity) would be 1.8 times higher in a 100-pwm micrometastasis
(44.5 Gy) and 3.6 times higher in a 10-pm single cell (14.1
Gy) (Table 3).

Similarly to '7’Lu, ''Tb can be stably linked to various targeting
molecules (79,20). '°'Tb has a small percentage of photons that
would enable posttherapy imaging (Table 1). Moreover, 2 isotopes
of terbium (>2Tb: half-life, 17.5 h, B+ emitter; and '>>Tb: half-life,
5.32 d, y-emitter) offer the possibility for pretherapy imaging and
dosimetry with PET or SPECT.

161Th can be produced as no-carrier-added in large amounts,
using, for example, a '99Gd target (1°°Gd(n,y)!°'Tb), and with good
radionuclide purity (!9°Tb—to—'®1Tb activity ratio < 0.0001) (38).
The cost for large-scale production was estimated to be comparable
to that of no-carrier-added 77Lu (38).
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FIGURE 4. (A and B) Energy deposit (per MeV released) within concen-
tric shells of 10-uym thickness around point source: %Y (green), 77Lu
(blue), 1"1In (magenta), and '6'Tb (red). (C and D) Comparisons of energy
deposit in first 700 ym: "'In vs. 77Lu (C), '8'Tb vs. "7’Lu (D). Energy
deposit is in logarithmic scale in A and B and in linear scale in C and D.
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CONCLUSION

Radiopharmaceutical therapy can effectively target disseminated
tumor cells and occult micrometastases, provided that the optimal
radionuclide is used. '7’Lu, '''In, and '*'Tb might be more appro-
priate than *°Y for treating minimal residual disease. '®'Tb combines
the classic advantages of a medium-energy (3~ isotope and those
specific to Auger emitters. In addition, '°'Tb emits fewer photons
than "'"In. These promising characteristics warrant the use of '6'Tb in
clinical trials.
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