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All lanthanides have similar chemical properties regarding label-
ing. Therefore, radiolanthanides that have been used for therapy,
such as '%3Sm and '77Lu, might easily be replaced with other
radiolanthanides. The aim of this work was to investigate the suit-
ability of electron- and positron-emitting radiolanthanides for ra-
dionuclide therapy with reference to dosimetry and production
possibilities. Methods: Radiolanthanides with half-lives of 1 h
to 15 d, stable or long-lived daughters, and limited photon emis-
sion were selected. The ratio of the absorbed dose rate to the
tumors and the normal tissue (TND) was calculated for different
tumor sizes and compared with the TND values for ®°Y and 137l
The normal tissue and tumors were simulated as an ellipsoid and
spheres, respectively. The TND values depend on the physical
parameters of the radionuclides, the tumor size, and the ratio be-
tween the activity concentrations in the tumor and normal tissue
(TNC). Results: 153Sm, 161Tp, 169y, 175Yp, and '"7Lu had the
highest TND values for most of the tumor sizes studied. Among
these radiolanthanides, ®'Tb and '77Lu are the only ones that
can be produced no-carrier-added (nca) and with high specific
activities. The Auger-electron emitters '®'Ho and '6’Tm had
high TND values for tumors weighing less than 1 mg and can
be produced nca and with high specific activities. '42Pr, 145Pr,
and 66Ho showed TND values similar to those of 20V, 166Ho is
generator produced and can be obtained nca and at high specific
activities. 143Pr, 149Pm, 150y, 159Gd, 85Dy, 176m|_u, and '"°Lu had
higher TND values than did °°Y for all tumor sizes studied, but
only 19Pm can be produced nca and at high specific activities.
The other electron-emitting radiolanthanides and the positron-
emitting radiolanthanides showed low TND values for all tumor
sizes because of the high photon contribution. Conclusion:
The low-energy electron emitters 61Tb, 177Lu, and "Tm might
be suitable for radionuclide therapy. The Auger-electron emitter
161Ho might not be suitable for systemic radionuclide therapy
(intravenous injection) because of its short half-life but might be
suitable for local therapy (e.g., in body cavities). If higher electron
energy is needed, "*°Pm or '66Ho might be suitable for radionu-
clide therapy.
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The 14 elements with atomic numbers between 58 and 71
are called lanthanides. These metal ions all have about the
same radius, which makes them chemically similar. Since the
beginning of nuclear medicine, radiolanthanides have been
considered for use in radionuclide therapy. >3Sm, “°Pm,
161ThH 166Hp, and !77Lu have been bound to monoclonal anti-
bodies and peptides for treatment of various tumor types (7).
77Lu is a low-energy-electron—emitting radiolanthanide that
is starting to be used as a replacement for the high-energy-
electron—emitting nonlanthanide °°Y. Both °°Y-labeled and
77Lu-labeled somatostatin analogs and antibodies have
shown promising results in the treatment of tumors. Promising
preclinical results have been obtained with [!77Lu-DOTA®,
Tyr3]-octreotate (!77Lu-DOTATATE) against various neuro-
endocrine tumors (/—3) and with !7/Lu-labeled monoclonal
antibodies against small peritoneal metastases of colorectal
origin (4). In the latter study, using a murine model, the median
survival time was statistically significantly longer after
treatment with !77Lu-MN-14 than with '86Re-MN-14 or *°Y-
MN-14 and was longer than with '3'I-MN-14 although not
statistically significantly so. Encouraging clinical results have
also been achieved with !”7Lu-DOTATATE and ['”"’Lu-
DOTA®-Tyr3]-octreotide (!77Lu-DOTATOC) in the treatment
of neuroendocrine tumors (5-9). Despite the encouraging
early therapeutic results with !77Lu in radionuclide therapy, it
is not known whether it is the optimal therapeutic radionuclide,
and the investigation of other radionuclides for this purpose
would thus be valuable. Because all lanthanides have similar
chemical properties, they should have similar labeling proce-
dures, and '"’Lu might easily be replaced by other radio-
lanthanides. Furthermore, many other lanthanides also have
large cross sections for neutron absorption, and as a result, high
activities can often be produced.

As a first criterion for the therapeutic use of radio-
lanthanides, it is important to study their energy deposition
in tumors and in normal tissue. The absorbed dose to nor-
mal tissue, and especially to critical organs, needs to be
kept as low as possible. Thus, radionuclides with a low pho-
ton emission must be used. Photons are useful for diag-
nostic purposes and biokinetic studies, but normal tissues
will be irradiated in an undesired way. Wessels and Rogus
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introduced a model for estimation of the influence of
photons on the absorbed dose to normal tissue and a single
large tumor for therapy with radiolabeled antibodies (/0).
Bernhardt et al. developed this model further to make it
valid for different tumor sizes and biodistributions (/7).
They also stressed that this model can be useful even
without information about the exact biokinetics (/2). These
models calculate the tumor—to—normal-tissue absorbed
dose ratio (TND) and the tumor—to—normal-tissue mean
absorbed dose rate ratio (TND). These models generate
clear parameters for general dosimetric studies of the
suitability of different radionuclides for therapy (/7). In
this study, only the TND is calculated because the biodis-
tribution of the labeled substance needs to be known for
calculating the TND.

Depending on the production route, either no-carrier-
added (nca) or carrier-added (ca) radionuclides are ob-
tained. High specific activity is necessary for systemic
radionuclide therapy (/,13), especially when using peptides
with pharmacologic side effects (/4). All electron-emitting
radiolanthanides investigated in this study can be produced
with nuclear reactors (/5), either directly or indirectly, or
by using accelerators (/). A few radiolanthanides can be
obtained from radionuclide generator systems (/6).

The irradiation of stable lanthanide targets at nuclear
reactors results in the neutron capture reaction (n,y). For
some targets, double neutron capture is required to produce
the desired radioisotope, such as the '4Dy(n,y)(n,y)'%°Dy
reaction. The radioactivity batch yield is, in principle,
determined according to the equation:

A=T[h-N-0c-®-(1—e™), Eq. 1
where £ is the fraction of the isotope relevant for neutron
capture, N is the atomic number of the lanthanide target,
o is the neutron capture cross section (most relevant is o,
the probability of absorbing thermal neutrons with energies
of approximately 0.025 eV), ® is the neutron flux, 7 is the
irradiation time, and A is the decay constant of the produced
radioisotope (/). Neutron activation induced by epithermal
neutrons at energies of between 1 eV and 1 keV may con-
tribute to the radionuclide production yield. In contrast to
the production routes discussed here, radiochemical separa-
tion of the radiolanthanide from the irradiated target is not
possible and the radiolanthanide is ca. Nevertheless, be-
cause powerful nuclear reactors and isotopically enriched
targets are available, this production route is among the
more common, in particular if high thermal neutron fluxes
of @y = 4-10'* n/cm?/s are available.

If the neutron capture reaction is followed by a 3 ~ decay of
the primary produced nucleus, that is (n,y) — B, then
chemical separation is possible, due to the new element
formed, and the secondary radionuclide can be obtained nca.

Neutron irradiation of nuclei such as 233U induces fission
(n, fission), thereby forming a spectrum of radiolanthanides
with a maximum yield in the distribution of isotope mass at
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about 140. These light radiolanthanides may be chemically
separated from the uranium target and from the other
fission products. They are in nca form, but not necessarily
isotopically pure, because several radioisotopes are pro-
duced for each lanthanide formed in the fission process.

Accelerators principally allow the formation of nca
radiolanthanides, because the bombardment with acceler-
ated protons, deuterons, and heavier ions results in nuclear
processes such as (p,xn), (d,xn), ®He,xn), (a,xn), and many
others, yielding products of different proton number. Indi-
vidual radiolanthanides can be obtained according to the
target chosen and the type and energy of the accelerated
projectile, but absolute production yields may not reach
those of reactor-based production routes.

High-energy proton irradiation results in fragmentation
of the target nucleus (p, spallation). A spectrum of nca
radionuclides is obtained. In addition to off-line radiochem-
ical separation processes, online isotope separation facili-
ties include a mass-separation facility. For the production of
radiolanthanides, targets such as tantalum or tungsten are
irradiated with protons of, usually, more than 600 MeV.

Several radiolanthanide generators are available, such as
134Ce/13%La, '4ONd/'“°Pr, and '66Dy/'%6Ho, with the last
being the most common. Key advantages of radionuclide
generators include the availability of the daughter radionu-
clide in nca form and the convenience of obtaining the
desired daughter radionuclide on demand, without having
to rely on access to nuclear reactors or accelerators.

The aim of this work was to evaluate the dosimetric and
production properties of electron- and positron-emitting
radiolanthanides for radionuclide therapy. The investigated
radiolanthanides were compared with the nonlanthanide
radionuclides °°Y and '3'T that are routinely used for clin-
ical therapy today.

MATERIALS AND METHODS

Electron- and positron-emitting radiolanthanides with stable or
long-lived daughter nuclides, half-lives between 1 h and 15 d, and
low (<5) photon-to-electron (p/e) energy ratios (the sum of the
total photon energy emitted per decay divided by the sum of
the total electron energy emitted per decay) were selected,
together with positron-emitting radiolanthanides proposed for
systemic therapy (/,17,18). The electron-emitting radiolanthanides,
together with their decay data, are given in Table 1, and the
positron-emitting radiolanthanides are given in Table 2. The
electron emitters '3*Ce and '#ONd are listed in Table 2 instead
of Table 1, because in practice they represent transient equilibria
with their short-lived positron-emitting daughter nuclides '3*La
and '4OPr,

The TND model was recently developed for general dosimetric
evaluation of radionuclides (//,12) and is described briefly here.
The TND was calculated by a program written in MATLAB 6.5
(The MathWorks Inc.). The whole body was simulated as a 70-kg
ellipsoid, with principal axes forming the ratio 1:1.8:9.27, and the
tumors were represented by spheres of different sizes. Both the
normal tissue and the tumors were assumed to be of unit density
matter. The tumor sizes ranged from 1 cell, with a radius of 6.2 um
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TABLE 1
Decay Data for the Electron Emitters Studied (22,23)

Mean B-energy Mean electron energy

Element Radionuclide Decay mode Half-life p/e (keV/decay) (keV/decay)
Lanthanum 140La B~ 1.68d 4.3 525 9
142 g B~ 154 h 3.0 842 —
Praseodymium 142py B, EC 19.2 h 0.1 809 —
143py B~ 13.6d 9.9x 1078 315 —
145pr B 598 h 0.02 677 0.4
Promethium 149pm B~ 2.21d 0.03 366 0.7
150Ppm B 2.68 h 1.9 781 1
Samarium 153Sm B~ 1.95d 0.2 225 45
Europium 150y B-,B", EC 12.6 h 0.1 299/(e* 2) 1
156y B~ 15.2d 3.1 395 30
157Ey B 152 h 3.0 372 —
Gadolinium 159Gd B~ 18.6 h 0.2 305 6
Terbium 161Th B~ 6.91d 0.2 155 42
Dysprosium 165Dy B~ 233 h 0.1 442 7
Holmium 161Ho EC 2.48 h 1.8 — 32
166Ho B~ 1.12d 0.04 71 29
167Ho B~ 3.10 h 1.6 188 42
Erbium 169Er B~ 9.40d 5.0 x 1074 100 —
Thulium 167Tm EC 9.24d 1.2 — 126
172Tm B~ 265d 0.9 493 39
173Tm B~ 8.24 h 1.3 293 16
Ytterbium 175Yb B~ 419d 0.3 127 4
Lutetium 176m|y B~ 3.64 h 0.03 390 39
177Lu B~ 6.71d 0.2 133 15
179y B~ 459 h 0.1 464 2
Yttrium o0y B~ 2.67d 21x10°3 934 —
lodine 131 B~ 8.04d 2.0 182 10

p/e value is total photon energy emitted per decay divided by total electron energy emitted per decay. Mean electron energy is mean
energy of Auger and conversion electrons emitted per decay. Corresponding data for °°Y and 3| are given for comparison.

(1 ng), to a tumor with a radius of 29 mm (100 g). The activity
distribution was assumed to be uniform, both in the ellipsoid and in
the spheres. The mean absorbed dose rates to the tumor and whole
body were calculated. The TND was calculated according to

TND =

(TNC(t) — 1)(2Ee,ine.i¢T,e,i + ZE]lenp,iqu,p,i) + Y Eeiteibyei + Y Epittyiby i
f f 7 i

trons emitted in the normal tissue were assumed to be locally
absorbed, and thus ¢y, ; was set at 1.

The dependence of the TNC value on the TND values was
calculated for the radiolanthanide 177Lu. TND values were calcu-

mr
ZE&fnt’,i‘bN,e‘i + ZE[’Jn[’ai(bN.p,i + TNC(t)miNZE[’ainP:i(d)N‘p.i — brpi)

where TNC is the tumor-to-normal-tissue activity concentration
ratio (/17), that is, the activity concentration in the tumor divided
by the activity concentration in the normal tissue. E, ; and E, ; are
the energies of the emitted electrons and photons, respectively, per
transition i; n,; and n,; are the numbers of emitted electrons and
photons, respectively, per decay; ¢, G1pis Pneir and Py, ; are
the absorbed fractions of electrons and photons in tumor and
normal tissue, respectively; and my and my are the masses of the
tumor and normal tissue, respectively. The absorbed fractions of
electrons and positrons were calculated using Berger’s point
kernel data (/9). The absorbed fractions for photons were taken
from MIRD pamphlets 3 (20) and 8 (27). The decay data were
taken from the Table of Radioactive Isotopes (22,23). The elec-
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, Eq. 2

lated for TNC values ranging from 2 to 100. The further calcu-
lations used a TNC value of 25; that is, the activity concentration
was assumed to be 25 times higher in the tumor than in normal
tissue.

RESULTS

The dependence of the TNC value on the TND values of
177Lu can be seen in Figure 1. The maximum possible TND
value is equal to the TNC value; therefore, the results are
shown as the TND values divided by the TNC values. The
shapes of the TND/TNC values as a function of tumor size
will be similar for TNC values over 5. The TND values
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TABLE 2
Decay Data for the Positron Emitters Studied (22,23)

Mean electron Mean positron

Decay Positron Total energy energy
Element Radionuclide mode Half-life yield p/e p/e (keV/decay) (keV/decay]
Cerium/lanthanum  '34Ce/'34La  EC/EC, B* 3.16 d/6.45 min  0.63 4.4/0.95 0.98 6/2 —/756
Neodymium/ 140Nd/'4°Pr  EC/EC, B+ 3.37 d/3.39 min  0.51 4.78/1.00 1.04 6/4 —/544
praseodymium
Neodymium 141Nd EC, B+ 2.49h 0.025 5.05 5.05 6 9

p/e value is total photon energy emitted per decay divided by total electron energy emitted per decay. Total p/e ratio is total photon
energy emitted per decay divided by sum of total energy emitted by electrons and positrons per decay. Annihilation photons are included in
total photon energy emitted per decay. Mean electron energy is mean energy of Auger and conversion electrons emitted per decay.

divided by the TNC values differ mainly for small tumors
(<10 pg).

The TND values as a function of tumor size for the
electron-emitting radiolanthanides studied are shown in
Figure 2. The TND values increase with tumor size for
all radionuclides because of the increase of the specific
absorbed fraction in the tumor. Energy absorbed in the
normal tissue will not be affected to the same extent when
the size of the tumor is increased. Compared with °°Y and
131]__the reference nuclides used—many radiolanthanides
had higher TND values for both smaller and larger tumors.
The radiolanthanides that showed the highest TND values
were 193Sm, 161 Tb, !9%Er, '>Yb, and '77Lu. '%Er displayed
higher TND values than did !77Lu for all tumor sizes studied
and the highest TND values of all radiolanthanides studied
for tumors larger than 10 pg. The TND values as a function
of tumor size were similar for !”/Lu, 17°Yb, and '°'Tb, with
somewhat higher TND values for the latter for tumors smaller
than 100 pg. For very small tumors (<10 pg), '®'Ho
displayed the highest TND values of all electron-emitting
radiolanthanides studied, whereas for tumors larger than
1 mg, '5'Ho had rather low TND values.

—— TNC=2

fl —e— TNC=5
—— TNC=10
1| —— TNC=25
—5- TNC=100

TND/TNC

Tumor size:
mass (g)
6,200 29,000 radius {(um)

10° 10° 10° 10 10°
6.2 62 620

FIGURE 1. TND divided by TNC as function of tumor size for
electron-emitting radiolanthanide 177Lu.
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142py 145pp and 196Ho had TND values similar to those
of %Y. The TND values of 43Pr, 49Pm, !50Eu, '5°Gd,
165Dy, 176mLy, and !7°Lu were higher than those of °°Y for
all tumor sizes studied.

The electron-emitting radiolanthanides with the highest
p/e ratios (>1.8), namely “°La, '4?La, >°Pm, !5°Eu, and
157Eu, emit medium- and high-energy electrons (>350
keV), leading to low TND values for all tumor sizes
studied. '7’Tm and '73Tm have electron energies similar
to those of 40La, 156Eu, and '57Eu, but the 2 radionuclides
of thulium have higher TND values than the 3 other
radiolanthanides mentioned, because of their lower p/e
ratios (0.9 and 1.3, respectively). '’Ho and '®’Tm have
high p/e ratios (>1.2) and low electron energies (<200
keV), and the TND values for larger tumors are low.

The TND values as a function of tumor size for the
positron-emitting radiolanthanides studied are presented in
Figure 3. In general, all positron emitters had low TND
values, although '#INd had relatively high TND values for
small tumors.

Routine clinical application requires the availability of
radionuclides both at sufficient radioactivities and at high
specific activities. '”7Lu can be produced in ca form by
direct neutron activation of '7°Lu, with a high cross section
(~2,100 b), or in nca form via indirect production from
B-decay of reactor-produced '"7Yb (24,25). In theory, it
should be possible to produce '77Lu with a specific activity
of around 4.1 TBq/mg, according to

A=A-N, Eq. 3
where A is the decay constant and N is the number of atoms
in 1 mg.

153Sm can be produced by neutron bombardment of
152Sm at a rather high specific activity of up to 144 GBg/mg
(26-28), because of the high cross section (206 b) of the
thermal neutron capture reaction. Because this is an (n,7y)
reaction, '53Sm will be obtained in the ca form.

161Th can be produced after neutron capture of '69Gd
according to '99Gd(n,y) ''Gd (half-life, 3.6 min) — B~ —
16ITh (29). '°ITb subsequently needs to be chemically

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 ¢ No. 5 ¢ May 2006



TND
TND

r - - ' Tumor size: 0+ - B ’ Tumor size:
10° 10° 10° 10" 10° mass(g) 10° 10° 10° 10° 10" mass(g)
6.2 62 620 6,200 29,000 radius (um) 6.2 62 620 6,200 29,000 radius (um)

% ol —e— 161'|'b

ISSD

20 -

15+
0 -0
Z z
(= F
10
5 L
. - - ‘ Tumor size: 0~ - - Tumor size:
10° 10° 10° 10" 10" mass(q) 10° 10° 10° 10" 10° mass(g)
6.2 62 620 6,200 29,000 radius (um) 6.2 62 620 6,200 29,000 radius (pm)
25 e 7Thg % o M1
_e- 189Er | o 15y
o 167Tm _9_176mLu
172 179
20 o ’"IT 20} o ‘"tﬂ
........ 90
_____ 131|
15+ 15+ 9
-0 0
z z
F =
10 10+
5 5!
Y y ) ‘ Tumor size: Y » R : Tumor size:
10° 10° 10° 10° 10° mass @ 10° 10° 10° 10° 10°  mass (g)
6.2 62 620 6,200 29,000 radius (um) 6.2 62 620 6,200 29,000 radius (pm)

FIGURE 2. TND as function of tumor size for electron-emitting radiolanthanides. In all panels, 77Lu, 0V, and 131l are shown for
comparison.

separated from the neighboring gadolinium (29). Via this capture by '3°Tb would be the only alternative, providing a
route, '°1Tb is in principle obtained in an nca form with a  rather low specific activity.

theoretic specific activity of 4.3 GBg/mg, according to 169Er was the radiolanthanide with the highest TND
Equation 3. No direct route is available, and double neutron  values for most of the tumors sizes studied. '°Er can be
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FIGURE 3. TND as function of tumor size for positron-
emitting radiolanthanides. Corresponding values for °0Y and
131] are shown for comparison.

produced through neutron capture of stable '%®Er by the
reaction '98Er(n,y)!°Er. However, as the neutron capture
cross section of this process is rather low (2 b), the specific
activity of the '%°Er produced will be low and the nuclide
will be obtained in the ca form.

175Yb can be produced by thermal neutron bombardment
of ytterbium targets isotopically enriched with '74Yb, that
is, by the reaction '74Yb(n,y)!7>Yb. In contrast to '°Er, the
specific activities of '7>Yb are high because of the neutron
capture cross section of this process (100 b), but 175Yb will
still be obtained in a ca form.

161Ho is available at particle accelerators, including
medical-type cyclotrons. One route is the a-irradiation of
159Tb, or the '5°Tb(a,2n)!°'Ho route. The other route is the
irradiation of dysprosium targets using protons or deu-
terons: '®'Dy(p,n), 192Dy(d,2n), or '*°Dy(d,n), for example.
In theory, '9Ho can be produced with a specific activity of
290 TBg/mg, according to Equation 3. After radiochemical
separation, '°'Ho is obtained nca.

The only radiolanthanide of '43Pr, 14°Pm, 5%Eu, 15°Gd,
165Dy, 176mLy, and '"’Lu that can be produced at high
specific activities and nca is '*°Pm. '“°Pm can be produced
by the indirect route '“8Nd(n,y)'**Nd — *°Pm (30). With
this method, it would be possible to obtain theoretic
specific activities of 15 GBg/mg, according to Equation 3.

142pr and 195Dy are available in ca form only, and produc-
tion rates of nca “Pr may be too low for routine (and com-
mercial) applications. Thus, nca '°®Ho available from a 1%Dy/
166Ho generator, rather than via the 'Ho(n,y)'®°Ho process,
might be an option for dedicated applications in radionuclide
therapy. With the generator, a theoretic specific activity of 26
TBg/mg can be achieved, according to Equation 3.

DISCUSSION

The TND model is an analytic method that is easy to use.
In this study, a constant TNC and a uniform activity
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distribution in both the tumor and normal tissue were
assumed. The TND model is a convenient method for
estimating the ratio between the absorbed dose rates to
tumors of different sizes and to normal tissue. In this study,
the normal tissue was assumed to be the whole body. The
bone marrow is usually one of the dose-limiting organs in
radionuclide therapy. Absorbed dose to the bone marrow is
difficult to estimate, but bone marrow toxicity correlates, in
some applications, with absorbed dose to the whole body
(31). Whether the same is true for other clinical situations
remains to be studied.

It is possible to determine the ratio between the absorbed
dose to the tumor and normal tissue, TND, by adding
biokinetic data in the form of changes in the TNC and
taking the half-lives of the radionuclides into consideration.
Because the TNC varies considerably between different
substances and tissues and also with time, such calculations
are needed for a detailed evaluation of the usefulness of
interesting radionuclides bound to a specific radiopharma-
ceutical. We chose to perform the calculations for a con-
stant TNC value of 25. This choice was based on the
assumption that a large tumor would need an absorbed dose
of 100 Gy to be sterilized, whereas normal tissue, such as
bone marrow, could endure an absorbed dose of 4 Gy. How-
ever, Figure 1 shows that the shape of the TND/TNC values
as a function of tumor size will not vary significantly for
TNC values higher than about 5. Therefore, using another
TNC value will yield results and conclusions similar to
those obtained in this study. The results are not prejudiced
by any biokinetics, and they can be used as a guide for fur-
ther studies on a defined pharmaceutical and tumor model.
Especially, our results demonstrate radiolanthanides not
suitable for therapy of patients because of the high contri-
bution of photons, irrespective of the radiopharmaceutical
used.

A large abundance of photons will reduce the therapeutic
potential of the radionuclide, as is well demonstrated by the
TND model, which shows decreasing TND values with
increasing photon emission. The model also gives informa-
tion about the tumor sizes for which the absorbed fraction of
emitted electrons is high. On the basis of the results of the
TND calculations, the radiolanthanides can be divided into 5
different groups. To the first group belong the low-energy
(100—250 keV) electron emitters with low photon abun-
dance (p/e < 0.3) and high TND values even for rather small
tumors: 1°3Sm, 161Tb, 19%Er, 175Yb, and !7’Lu. In this group,
the only radionuclides that can be produced in sufficient
amounts and nca are '"7Lu and ''Tb. The use of radionu-
clides in nca form and with high specific activities is
important when biologically active peptides such as so-
matostatin analogs are used. In other cases, the use of radio-
nuclides with lower specific activities and in ca form
might be possible. !77Lu and 1! Tb have similar TND values
and physical half-lives. However, the different emission of
Auger electrons will make these 2 radionuclides of special
interest in studying the Auger effect for various internalizing
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radiopharmaceuticals, such as radiolabeled somatostatin
analogs (32).

The lower specific activities of >3Sm, '®°Er, and '°Yb
are quite acceptable for specific therapeutic strategies such
as radiosynoviorthesis or palliative treatment of dissemi-
nated bone metastases. Additionally, significant batch ac-
tivities are easily achievable for >3Sm and !'73Yb. However,
their use for the labeling of tumor receptor— or antigen-
targeting vectors might be limited because of the much
higher specific activities required.

The second group consists of the Auger-electron emitters
161Ho and '7Tm. These 2 radiolanthanides emit photons in
high abundance (p/e > 1.2). 16'Ho displays high TND
values for small tumors because of its low electron energies
(Table 1) but has low TND values for tumors larger than
1 mg (radius, 0.62 mm), because of the significant accom-
panying photon emission. Also, the low-energy electron
emitter '9'Tb might be included in this group because of
the significant quantity of Auger-electrons emitted. These
radiolanthanides emit low-energy (3- or conversion elec-
trons that make them especially interesting for radiophar-
maceuticals that are internalized by the tumor cells but not
by the dose-limiting normal cells. If these nuclides are
internalized into the nucleus of the cell, the influence on the
absorbed dose to the nucleus from the low-energy electrons
will be increased, compared with the absorbed dose from
the electrons with higher energies and the photons. In other
words, when one is calculating the absorbed dose rate to the
cell nucleus, the TND values will increase if the radionu-
clide is internalized into the tumor cells but not into the
normal cells. The short range of Auger electrons might
require that labeled compounds approach the cell nucleus
subsequent to internalization, in turn requiring new and
efficient chemical and radiopharmaceutical targeting strat-
egies. Another problem with low-energy electrons is that all
cells must be targeted in order to achieve a uniform
distribution of absorbed dose in the tumor. It has been
demonstrated theoretically that therapy with radionuclides
emitting very-low-energy electrons would be difficult if not
all the cells are targeted (33,34). '°'Ho, '7Tm, and '®!Tb
might be useful radionuclides for further investigations of
the significance of Auger electrons in therapeutic applica-
tions. Another radiolanthanide that also demonstrates a
relatively high emission of Auger electrons is !'>3Sm.
However, '>3Sm can be produced only ca and in too low
a specific activity.

The third group consists of the medium-energy (280-470
keV) electron emitters with low photon abundance (p/e <
0.2): 143Pr, 149Pm, lSOEu, 159Gd, 165Dy, l76le], and 179Lu_
These radiolanthanides have TND values similar to that of
1311 for small tumors and even higher TND values for larger
tumors, because of their lower photon emission. However,
the only radionuclide that can be produced in high specific
activities (15 GBg/mg) and nca is '*°Pm.

The fourth group comprises the high-energy (>650 keV)
electron emitters with low photon abundance (p/e < 0.1).
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These are '4?Pr, 145Pr, and '®Ho, of which '®6Ho is the only
nuclide that can be produced in sufficient amounts. High-
energy-electron—emitting radionuclides are suitable for large
tumors (>1 g), but the low absorbed electron energy fraction
in small tumors might limit their use for treatment of dis-
seminated diseases with small tumor nests (34,35). However,
nonuniform activity distributions in tumors might necessitate
the use of high-energy electron emitters to obtain a uniform
absorbed dose (34). A greater number of experimental stud-
ies are required, and the generator-produced high-energy-
electron—emitting '9Ho might be a valuable component of
well-designed experimental studies.

The fifth group contains radiolanthanides with a high
photon emission (p/e > 0.9).These are “OLa, '4?La, 1°Pm,
156y, 157Eu, 197Ho, !7?Tm, !73Tm, and the positron-emitting
radiolanthanides. Their p/e values result in low TND values
for all tumor sizes. Using these radionuclides for therapy will
result in a high absorbed dose to the whole body and most
probably in bone marrow toxicity. All these radionuclides
have higher p/e ratios or higher mean electron energy and
lower TND values than does 3!T (p/e = 2, E = 182 keV).
Therefore, in searches for more optimal radionuclides, one
criterion should be a p/e ratio lower than that of 31T (12).

In this study, we identified a total of 6 radiolanthanides that
might be suitable for binding to tumor-seeking pharmaceu-
ticals, namely '4°Pm, 161Tb, 161Ho, 19°Ho, 1¢’Tm, and !”7Lu.
Five of these radionuclides have half-lives of between 1.1 and
9.2 d, whereas '9'Ho has a half-life of only 2.5 h. This short
half-life might limit the use of this radionuclide for systemic
therapies, but it might be suitable for local therapies, such as
intratumoral therapy of brain tumors. The 6 selected radio-
lanthanides include electron emitters within the low-energy
(E < 250 keV), medium-energy (280—470 keV), and high-
energy (>650 keV) regions.

CONCLUSION

Six radiolanthanides that might be suitable for radionu-
clide therapy were selected, among them the low-energy
electron emitters !77Lu, 101 Tb, 1¢7Tm, and '°'Ho. Because
production routes are available to obtain '°'Tb and 7’Lu
routinely in nca form, these radionuclides might be inter-
esting choices for dedicated radionuclide therapeutic ap-
plications. '®'Ho, with its short half-life, might be suitable
for local radionuclide therapy. If radionuclides emitting
higher electron energies are needed, the medium-energy
electron emitter '4°Pm and the high-energy electron emitter
166Ho may, in principle, be used instead of °°Y.
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