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ABSTRACT

Targeted tumor radiotherapy is selectively delivery of curative doses of radiation to malignant sites. The aim of the
targeted tumor radiotherapy is to use the radionuclides which have high LET particle emissions conjugated to
appropriate carrier molecules. The radionuclides are selectively collected by tumor cells, depositing lethal doses to
tumor cells while no admission occur to normal cells.

In theory, targeted radiotherapy has several advantages over conventional radiotherapy since it allows a high
radiation dose to be administered without causing normal tissue toxicity, although there are some limitations in the
availability of appropriate targeting agents and in the calculations of administered doses. Therefore, for routine
clinical applications more progress is still needed. In this article, the potential use of targeted tumor radiotherapy is
briefly reviewed. More general aspects and considerations, such as potential radionuclides, mechanisms of tumor

targeting was also outlined.

Key Words: Targeted Tumor Radiotherapy, radionuclide cancer therapy, high LET radiation, Auger
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INTRODUCTION

Targeted tumor radiotherapy is a kind of radiation
therapy that the radionuclides, which have high
LET particle emissions conjugated to appropriate
carrier molecules are selectively accumulated by
tumor cells, depositing lethal doses to tumor cells
while no admission occur to normal cells. To
achieve this aim, radionuclides should have high
LET particle emissions and they should be
attached to appropriate carrier molecules which
are selectively accumulated in tumor cells and
deposits lethal doses to tumor cells while no
admission occurs to normal cells in targeted tumor
radiotherapy.

Targeted tumor radiotherapy have been firstly
proposed by Regoud and Lacassagne in 1927

* Author for correspondence

(Regoud and Lacassagne, 1927). They proposed
that if the radionuclides deposited in cancer cells,
this would be selectively curative in tumor cells.

There are other synonyms related with targeted
tumor radiotherapy such as targeted tumor therapy,
radionuclide cancer therapy, combined chemo and
radiotherapy of cancer. If the used ligand is an
antibody, it is called radioimmunotherapy instead
of targeted tumor radiotherapy.
Radioimmunotherapy generally uses beta emitting
radionuclides to kill the tumor cells. However,
especially high energy beta emitters may not be
efficient for micrometastases. For killing single
cells, alpha emitting radionuclides or Auger
nuclides, which have shorter ranged particles and
higher LET may be more adequate. If alpha
emitters were used as therapy radionuclide, alpha
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immunotherapy term may be used instead of
radioimmunotherapy in general term.
Development of a strategy for targeted tumor
therapy has 2 limiting factors:

1. There must be less or not be incorporation in
normal cells while radiopharmaceutical
selectively incorporated into tumor cells in a
high concentration.

2. Radionuclide must deposit all energy in tumor
cells not in normal cells.

Radiopharmaceuticals deposition site in the cell is
important factor to do a good selection of
deposited radionuclides. For example, if
deposition occurs in the cell nucleus, an Auger
electron emitter radionuclide may b e better to kill
the cell, while in the case of cell surface deposition
beta emitter may be preferable. Therefore,
targeting mechanisms is also important in
targeting tumor therapy. It may be attached a
radionuclide into cell nucleus, or into cytoplasm or
other parts of a cell by a proper ligand. Different
nonhomogenous dose distributions can be
achieved in each case.

Potential radionuclides for Targeted Tumor
Radiotherapy

Table-1 shows some radionuclides, which have
different decay characteristics, and emit particles
with different LET and different range. Some of
these radionuclides emit photons in addition to
particle emission which make them suitable for
monitoring the therapy with imaging, and for
continuous follow-up of the absorbed dose
distribution. Also, preadministration of the
therapeutic ligands is possible in estimating the
absorbed dose per unit administered activity.
Where there is no emission of photons,
bremstrahlung imaging might be a solution.
Another solution is to label ligands with a
gamma-emitting radionuclide with similar
chemical properties, preferably an isotope of the
same element as the therapeutic radionuclide or
an isotope, which have similar chemical
properties. Thus, gamma emitting radionuclide
can be used for imaging and mechanisms of
follow up, other one can be used for therapy. Tc -
99m and Re-186, Y-88 and Y-90, [-123 and I-
131, In-111 and In-114m are this type of
couples.

Table 1 - Physical Characteristics of Radionuclides that have potential for Targeted Tumor Radiotherapy

Nuclide Half-Life Emission Max Range
Sompy 442h Auger <10 nm
127 60.0 h Auger 10 nm
At 7.2h Alpha,Auger 65 nm
1Er 9.5d Beta 1 mm
Cu 2.58d Beta/gamma 2.2 mm
Pl 8.04d Beta/gamma 2.4 mm
3Sm 1.95d Beta/gamma 3.0 mm
8 Au 2.7d Beta/gamma 4.4 mm
'"Re 3.77d Beta/gamma 5.0 mm
'%py 2.33d Beta/gamma 6.4 mm
¥Sr 50.5d Beta 8.0 mm
p 143d Beta 8.7 mm
Y 2.67d Beta 12 mm

Species of Ideal Radionuclides for Targeted

Tumor Radiotherapy (Kairemo, 1996):

e The abundance of the electrons emitted by
radionuclides should be lower than 40 keV.

e The photon emission to electron emission ratio
should be lower than 2.

e The half-life should be between 30 min and 10
days.

e The daughter nuclide should be stable or have
a half-life longer than 60 days.

e It should be possible to produce the nuclides
via neutron capture or proton -, deuteron-, *He-
or a-particle-induced reactions.
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e  Their chemistry should be suitable for labeling
reactions.

Decay path of the radionuclide that has a particular
radiation is significant for a good targeting.
Zalutsky was compared the ranges of some
particular radiations with a cell size and reported
that Y-90 beta particles have the range of 215 cells
size, [-131 has 40 cells size and At-211 has only 3
cells size (Zalutsky &Vaidyanathan, 2000).
Therefore, At-211 is an appropriate radionuclide
for single cell killing or micrometastases, others
are better to destroy larger sized tumors or to label
cell surface agents, like antibodies. At-211 is an
attractive radionuclide for therapy. It decays by
EC and alpha decay. Consequently it has both
short ranged Auger electrons and alpha particles
emissions, and is the heaviest member of halogens
in periodic table. Therefore, its chemistry is
similar to iodine. 6.3 Auger electrons and 1 alpha
particle are emitted by At-211 per single decay
(Spanek et al., 1996). I-125 is another interesting
radionuclide. It decays by electron capture (EC)
with a probability of 100%, and then decays
further by internal conversion (IC) with a
probability of 93% to the stable tellurium-125
ground state. It is known as a very effective Auger
electrons emitter, because of its specific decay
characteristics. Thus, two successive Auger
cascades occur per each decay of iodine -125, and
consequently it emits averagely 21 Auger
electrons in condensed matters per decay. The
energies of Auger electrons are between 10 eV and
34 keV (Charlton and Booz, 1981). It is also
interesting to note that the ranges of Auger
electrons emitted by an iodine-125 atom can be
reached up to about 40-45 nm, which is a
significantly short range in condensed materials.
This means that the local absorption of these
Auger electrons results in high energy deposition
in the decay vicinity of iodine-125 atom. The
microdosimetric calculations have showed that
Auger electrons have high LET radiation species
like o-radiations (Unak, 2000) and are more
effective for micrometastases than beta rays
(Ftachnikova and Bohm, 2000; Vandieren et al.,
1994). Auger electrons are the orbital electrons
released by atoms from which an inner shell
orbital vacancy has been especially created by an
electron capture process occurred in the atomic
nucleus or by the internal conversion occurred by
a low energy v- radiation emitted by the nucleus,

and/or following a photoelectric absorption of a
low energy y- or x- ray by an inner shell electron
of an atom. Fast Charge Neutralization after Auger
cascade in the large biomolecules is one of the
way to destroy the molecules especially in
condensed phases (Halpern, 1990). 1-124, another
radionuclide with 4.2 days half-life, can be used
for tumor therapy; it decays by 75% EC and 25%
positron emission. Also it may be used for PET
although it is not commonly used yet (Eschman et
al., 2002; Weinreich et al., 1998).

Cr-51, Ga-67, Br-77, Br-80m, In-111, Pt-193m,
Pt-195m, TI-201, At-211 are the other Auger
electrons emitting radionuclides. The most well -
known of the Auger emitting radionuclides are the
isotopes of iodine (I-123, I-124 and I-125) and
bromine (Br-77 and 80 m). To a much less degree,
studies have been reported regarding Auger effects
of In-111 and Pt-193m. Other Auger electron
emitters, however, either have other emissions
(y, B+, B-) or their half-lifes or production
characteristics prevent their use. On the other
hand, chemistry of halogens allow them to be
more readily incorporated into organic molecules
by traditional synthetic methods, whereas the
metal ions require chelation techniques.

As a consequences, for an Auger electron emitting
radiopharmaceutical to have thera peutic potential:

e A radionuclide must have an appropriate
radiation decay profile,

e A radionuclide should be able to be
economically prepared in reasonably high
specific activity and purity,

e A radionuclide should be efficiently
incorporated into a carrier molecule,
e A carrier molecule should display

biodistributional selectivity for the target tissue.

e In the target tissue, the agent should associate
with the DNA complex for a time consistent
with the half-life of the radionuclide.

Low energy electrons like Auger electrons have
important potentials for therapy of
micrometastases since they have higher S values in
cellular dimensions. Therefore, they have higher
radiotoxicity in near surrounding area (Mattes,
2002). According to Mattes, the most potent of the
Auger electron emitters are Pt-195m which is
approximately 10-fold more potent than In-111.
Sm-153 is attractive because it emits both
abundant conversion electrons and moderate
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energy beta particles. At-211 is also an attractive
radionuclide, it has highest S-values in cytoplasm
and cell surface. (Mattes, 2002) (Table 2).
Bernhardt reported that as the energy of electrons
increased, absorbed dose rate decreases in small
tumors (Bernhardt et al., 2001). This means that
low energy electrons like Auger electr ons are more
effective to cure metastases. On the other hand, if
the photon emission to electron emission ratio is
lower, tumor-to-normal-tissue dose rate is more

effective. According to these considerations, while
Y-90, I-131, In-111 which emit relatively higher
beta energy electrons, are less effective in
micrometastases, some of the others such as
Co-58m, Os-189m, Rh-103m Sb-119, Ho-161, I-
125 are more effective to therapy in small tumors
(Bernhardt et al., 2001). However, special carrier
molecules, which can they selectively attach to
tumor cells are required and carry off these
radionuclides to tumor cells.

Table 2 - Cellular S Values for a Cell the Size of a Raji B-Lymphoma Cell (Mean cell diameter 15.4 pm; mean

nucleus diameter 12.3 pm) (Mattes, 2002)

Radio Nuclide Type of emitter Cell Surface 10" xS-value (Gy/Bq.s)
Cytoplasm
In-111 Auger electron 0.77 1.18
I-125 « 1.15 1.92
Ga-67 « 0.35 1.33
Sm-153 « 2.79 4.19
Os-191 « 5.59 9.33
Pt-193m « 2.00 5.44
Pt-195m « 7.59 13.30
Hg-195m “ 433 8.41
1-131 [-particle 1.06 1.54
Y-90 -particle 0.48 0.68
Bi-212 o-particle 69.7 97.1
At-211 o-particle 81.6 114.0

On the other hand, other important parameter to
achieve effective doses is accumulated dose per
unit time. Shorter half-life is an advantage to
achieve to larger doses per unit time. In the case of
[-125 labeling, 60 day half life of 1-125 would not
deliver enough decays to the target cells to effect
therapy since the limited number of receptors
which would be target for labeled molecule per
cell, and the limited residence times for labeled
molecules like ER receptors in target cells.
However using [-123 labeled molecules, a nuclide
whose 13.2 h half-life is more compatible with the
usual residence times of labeled molecules in
target cells. For example if the residence time is 2
hours in a receptors of a target cell, and if there are
1000 labeled molecules within target cell, in the
case of [-125 labeling, only 1 decay occurs in 2
hours, but in the case of [-123 labeling, 100 decays
occur in 2 hours.

Targeting Mechanisms

There are some of tumor  seeking
radiopharmaceuticals which may be wused for

different targeting mechanisms. If the targeting
radionuclide is a low energy electron emitter like
an Auger nuclide, of which the ranges are in
molecular size, target should be inside the cell
preferably in the cell nucleus. Therefore, the
carrier molecule for the radionuclide has to cross
the cell membrane either by passive diffusion or
via a specific carrier mediated process. There are
several mechanisms to carry out like nuclear
receptor binding, DNA directed agents, other
intracellular agents. For the treatment of cancers
with targeted tumor radiotherapy, the most
promising carrier molecules are estrogen receptor

ligands, DNA directed agents (nucleosides,
interchalators, groove binding), peptides and
proteins.

Estrogen Receptor Ligands

Estrogen receptor is concentrated in the nucleus
and when associated with estrogen in a high
affinity complex, binds tightly to distinct sites in
the DNA of responsive cells, the estrogen response
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elements, which are key to the estrogen induced
regulation of specific gene expression.

Therefore, radiolabeled estrogen derivatives are
the potential radiopharmaceuticals for targeted
tumor radiotherapy. Several estradiol derivatives
with high ER binding affinity have been
investigated as potential breast cancer imaging
agents or targeted therapy agents (DeSombre et al.,
1988; DeSombre et al., 1990; DeSombre et al.,
1992; Hughes et al., 1993; Rijks et al., 1997;
Jonson et al., 1998; Skaddan et al., 1999; Skaddan
et al.,, 2000; Hanson et al., 2000; Sasaki et al.,
2000; Silva et al., 2001; Yasui et al., 1996).

OH

HO

Figure 1 - 16a-~(IBr)Halogenated Estradiol

ER positive cells are present in many normal
organs (e.g. uterus, ovaries, liver and pancreas)
and neoplasms (e.g. breast, endometrial and
ovarian cancers) (Delpassand et al., 1996; Nadal et
al., 1998). Although estrogen derivatives proposed
for generally breast and ovary, there are some
reports indicating estrogen receptors in other
tissues such as pancreas (Unak et al., 2002;
Winborn et al., 1987).

Radiolabeling of estrogen compounds can have
two aims; labeling with a diagnostic radionuclide
such as *"Tc¢ for diagnostic aim, and labeling with
therapeutical radionuclides such as '"Re or '**Re
for therapeutic aim. Clearly, a radiolabeled
estrogen derivative compound would be useful in
diagnoses of the diseases that produce high levels
of ERs, such as ovarian cancer, endometriosis,
uterine carcinoma and meningioma. On the other
hand, they may be good carrier molecules for
tumor targeted radiotherapy since they are bound
of the steroid-receptor complexes to the nuclear
DNA (DeSombre et al., 1988; DeSombre et al.,
1990; DeSombre et al., 1992; Hanson et al., 2000;
Ilidge et al., 2000; Mairs et al., 2000; Rijks et al.,
1997).

DNA directed agents

Ertl and Feinendegen reported that 1-125, when
incorporated into the DNA in the form of
thymidine precursor IUdR, was found to exhibit a
far greater radiotoxicity than to be expected (Ertyl
and Feinendegen, 1969). Considerable amount of
work have been performed concerning single and
double strand breaks and cell death concequences
of 1-125 and other Auger nuclides decay
(Adelstein, 1992; Charlton et al., 1994; Geselowitz
et al., 1995; Hofer et al., 1996; Hofer et al., 2000;
Karaginnis et al., 2000; Lobachevsky and Martin,
2000; Schneiderman et al., 2001; Sedelnikova et
al., 1998; Van Den Abbeele et al., 1992). IudR is
an typical example to incorporate iodine
radionuciides to DINA in piace of thymidine. The
size of methyi groun in 5 nosition is very simiiar
with iodine thus these molecules are very similar
each other (Fig. 2).

)
1251 O
NH
| \TfLNH
NJ§O INJ§O
HO. \
. HO. . \
Hop mft

Hon nMt
Tdr 251udr
rCH3:2.O A r1:2.15 A

Figure 2 - Molecular structures of Thymidine and [TUdR

Since the methyl group and iodine atom have
similar Van der Waal radii, this substitution gives
a compound that behaves remarkably like
thymidine. Earlier studies have demonstrated
substantial incorporation of radiolabelled IudR
into DNA of tumor and proliferating tissues. As a
thymidine analog, TudR is initially taken into cell,
phosphorilated and incorporated in DNA, where it
is retained by the cell or it’s progency.
Radiolabeled DNA, such as '“TUdR, has been
used in-vitro for monitoring proliferation,
migration and death of normal and neoplastic cell
as well as for evaluation of the effectiveness of
various chemotherapeutic or radiotherapeutic
procedures (Charlton et al., 1994; Geselowitz et
al., 1995; Hofer et al., 1996; Hofer et al., 2000;
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Kassis et al, 2000; Karaginnis et al., 2000;
Lobachevsky and Martin, 2000; Schneiderman et
al., 2001; Sedelnikova et al., 1998; Pomplun et al.,
1992; Panyutin et al, 2001; Van Den Abbeele et
al., 1992) and in animal tumor models (Kassis et
al., 1996 a; Kassis et al.,1996b) and in cancer
patients (Harrison et al, 1996; Mariani et al, 1993;
1994; 1996 a,b,c; Vandenabbeele et al., 1996).
There are some reports indicating new
intercalating agents to DNA, for example (I-125/1I-
127) Ethidum (3,8-diamino-5-[6’-(p-
iodobenzoylamino)-4’-azahexyl]-6-
phenylphenanthridinium chloride hydrochloride)
was proposed as a intercalated ligand to DNA (Ho
et al, 2001).

Peptides and Proteins

Peptides are important regulators of growth and
cellular functions not only in normal tissues but
also in tumors (Heppeler et al, 2000).
Radionuclide labeled peptide molecules may be
targeted for tumor therapies. Smaller size of
peptide molecules according to larger proteins or
antibodies supplies desirable pharmacokinetic
properties, such as higher target to background
ratios and faster blood clearance. A synthetic
analog of somatostatin, octreotide has been used
for several years as hormonal therapy in patient
with carcinoid syndrome. 1-123 (Kvols et al.,
1993), Tc-99m (Maina et al., 1994), In-111, Y-90
(Jong et al., 1997), Y-86 (Rosch et al., 1999), Cu-
64 (Anderson et al., 1995) labeled derivatives of
octreotide have been prepared and used used to
image somatostatin receptor positive tumors in
humans. Ga-68 (Froidevaux et al. 2002) and F-18
(Guhlke et al., 1994) labeled derivatives have been
used for PET studies.

Other receptor expressing radiolabeled peptides
were searched with the aim to develop
radiopeptides for in vivo targeting such as o-
melanocyte-stimulating hormone (a-MSH)
(Bagutti et al.,, 1994; Bard, 1995), vasoactive
intestinal peptide (VIP) (Rao et al, 2001; Thakur et
al., 2000), substance P (SP) (Breeman et al.,
1996), choleocystokinin-B (CCK-B) (Behr et al.,
1999; Ertay et al., 2001), gastrin, neurotensin (NT)
(Bergman et al., 2002; Garcia-Garayoa et al.,
2001), bombesin (BN) (Breeman et al., 1999).
They are all regulatory gut/brain peptides with
multiple functions in the gastrointestinal tract and
the central nervous system.

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp

Cys-Ser-Thr-Phe-Thr-Lys
Somatostatin (SRIF)

D—Phe—Cys—Phe—D—TrT

Thr(ol)- Cys-Thr -Lys
Octreotide (Sandostatin)

Figure 3 - Structural formulas of somatostatin (SRIF)
and octreotide (Sandostatin®)

Enzymatic Mechanisms

Differential activation of tumor cells by labeled
prodrugs can be achieved by some kind of
enzymes. Some enzymatic activities are higher
level in some tumor cells according to normal
cells. The elevated activity of beta-glucuronidase
in tumors has been a subject of several
investigations. It is known that some tumors have
higher enzyme glucuronidase activities (Unak,
2000). Radiolabeled Glucuronide derivatives of
some radiotoxic agents can be good carriers for
this kind of tumors. In this context, following
criteria should be supplied in prodrug design
(Unak, 2000):

e The prodrug must be considerably less toxic
than its active form.

e The type of tumor investigated and be targeted
by the prodrug must contain the activated
enzyme, and this should be absent or in much
lower concentration in all corresponding
normal cells. The prodrug must be suitable
substrate for the enzyme under physiological
conditions.

e The active form of prodrug must have a short
biological half-life so that the toxic effects are
limited to the tumor, selectively is not lost by
its diffusion away from the tumor.

Aglycon which should be more toxic than
glucuronide derivative is accumulated in the tumor
cell after deglucuronidation and tumor cell is
exposed by two kinds of toxicities; radiotoxicity
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comes from the proper radionuclide, and the
chemical toxicity comes from the aglycon.
Fishman reported first time human cancer tissues
are relatively rich in B-glucuronidase (Fishman
1947, 1995). In 1974 Bicker reported that 8-
hydroxyquinoline glucuronide accumulated three
or four times higher in spindle-shaped sarcoma
tumor according to normal tissues (Bicker, 1974).
Antibody-directed enzyme prodrug therapy
(ADEPT) is called the specific activation of a
prodrug by an enzyme-immunoconjugate localized
in tumor tissue. The use of an enzyme of human
origin such as human (-glucuronidase is
preferable in ADEPT because it might not be
immunogenic when administered to patients.
Houba et al synthesized four new glucuronide
derivative of daunorubicin and investigated their
usefulness in ADEPT (Houba et al., 1996). Wang
et al proposed a glucuronide prodrug that can be
enzymatically converted to an antineoplastic agent
at tumor cells that are able to bind -
glucuronidase-monoclonal antibody conjugates.
The glucuronide prodrug BHAMG, the tetra-n-
butyl ammonium salt of (p-di-
chloroethylaminopheyl --glucopyranosid) uronic
acid, was 150 times less toxic than the parent drug,
N,N-di(2-chloroethyl)4-hydroxyaniline, toHepG2
human hepotoma cells and over 1000 fold less
toxic than parent drug to AS-30D rat hepotoma
cells in vitro (Wang et al., 1992). On the other
hand, glucuronide derivatives of ceramide
(Schmelz et al., 1999), dexamethasone (Haeberlin
et al., 1993), retionoyl (Barua, 1997), have been
proposed for the treatment of colon carsinogenesis.
[-125 labeled derivatives of 8-hydroxyquinoline
glucuronide has also been reported (Unak and
Unak, 1996; Unak and Unak 1997a).

1,4-Naphtoquinone  diphosphonate  (Synkavit)
which is a vitamin K3 derivative is another
compound selectively accumulate in certain
tumors as a consequence of binding to the cell
membrane  associated alkaline phosphotase
isoenzyme onco-APase (Andrews et al., 1962;
Brown and Mitchell, 1979; Dendy, 1970; Zalutsky
and Vaiyanathan, 2000) According to these
authors, alkaline phosphotase dephosphorylates
synkavit on the cell membrane, and the rest of the
molecule incorporates into the cell. Labeled
derivatives of synkavit with H-3, I-131,I-125, Tc-
99m and At-211 derivatives have been reported
(Andrews et al., 1962; Brown et al., 1982; Ercan

et al., 1991; Ozdemir and Unak, 1994; Unak and
Unak, 1993).

Gene Therapy

Gene therapy offers several approach to the
treatment of cancer, including the introduction of
genes that will encode for molecular targets not
normally found in mammalian cells. The aim of
gene therapy targeted to cancer cells is to
introduce "suicide" genes, to transfer tumor
suppressor genes, to inactivate aberrant oncogene
expression, or to introduce genes encoding
immunologically relevant molecules. Although no
major successes have been reported, the positive
results observed in some patients support the
potential for gene therapy in the management of
this disease.

A suicide gene is introduced to cancer cells
selectively to tumor cells then a radiolabeled
prodrug which is non-toxic to the normal cells but
is toxic to tumor cells is administered in this
therapy. The suicide process mostly is that based
on the insertion of a viral kinase into the target
tissue, which can then taken bioactivate a prodrug
to a cytotoxic drug that kills the cell. A number of
clinical trials around the world are based on the
introduction of the Herpes Simplex virus (HSV)
gene that encodes for viral thymidylate kinase (tk)
(Lambrecht et al, 1998; Wiebe, 1998). Once the
gene is expressed in the target (cancer) cells,
‘suicide’ therapy’ can be effected simply by
administering a selective, systemically non -toxic
antiviral drug such as ganciclovir, that is highly
toxic to the transected cells that can bioactivate it.
In recent years, there are some achievements to
combine with gene therapy with targeted tumor
therapy which is called anti-gene radiotherapy.
Panyutin et al. reported that double strand breaks
(DSB) can be induced at certain appropriate
triplex-forming  oligonucleotides (TFO) and
targets, frequencies approaching one DSB/decay,
TFOs linked to Auger emitters can be highly
effective mutagens for site-specific disruption of
gene function. On the other hand, concerning the
mechanisms of SSB repair indicate that non-
targeted, non-DSB, Auger effect induced DNA
damage would be efficiently repaired and
relatively innocuous (Panyutin et al., 2000).

Brazilian Archives of Biology and Technology



104 Unak, P.

Dosimetry in Targeted Tumor Radiotherapy

Since the biodistribution and pharmacokinetic of
the radionuclides differ according to labeled
molecule, dose calculations of radionuclide
therapy is different from external therapy. On the
other hand, dose distributions are not homogenous
in radionuclide therapy since the range of
particular radiations is too short, comparing
external therapy beam. In contrast to modulation
of external radiation beam geometry, the spatial
dose distribution in radionuclide therapy can be
modulated by selection of radiopharmaceuticals
with varying pharmacokinetic (the carrier) and the
radiation (the radionuclide) characteristics.
Therefore, targeted tumor radiotherapy has an
important potential in treatment planning for the
induvidual  patient.  Unfortunately, internal
radionuclide dosimetry has not reached yet to the
state that radiation dosimetry has reached for
external beam and sealed source because of its
complexity.

Table 3 shows some of the radionuclides, which
can be used for therapy. Some of the radionuclides
such as Sc-47, Rh-105, In-111, 1-123, I-131, Nd-
147, Pm-151, Sm-153, Ho-166, Gd-159,Tb-161,
Er-171, Re-186, Re-188, T1-201 have potentials in
both therapy and diagnosis since they have
appropriate decay characteristics for imaging and
therapeutic studies. Although they have theoretical
therapeutically potentials, In-111, I-123 and TI-
201 are commonly used as diagnostic nuclides.
Also Ho-166 has good decay characteristics for
diagnostic purposes. TI-201 is a remarkable
radionuclide which is used for heart function
studies. 44.78 keV is emitted per decay.
Approximately half of this energy is deposited in
cellular range. Total emitting number is 20.68 and
0.073 gram-rad/microcurie-hour is delivered in the
cellular range (Rao et al., 1983; Unak, et al.,,
1997b). This amount is approximately 17 times
higher comparing to Tc-99m cellular S value
(Unak, et al., 1997b). TI-201 has also been
suggested for testicular imaging (Hosain et al.,
1978) since a significant fraction (0.15%) of TI-

201 intravenously injected in humans is found in
the gonads, where it has a long biological half -life.
However, when TI-201 concentrated in mouse
testes, Auger electrons following electron capture
decay are found to be much more effective in
causing loss of testicular weight and reduction of
sperm heads than the energetic beta particles from
similarly distributed T1-204 (Rao et al., 1983).

The selection of the optimal radionuclide may
depend on the details of the clinical situation, such
as the size and type of the tumor, and the particular
carrier molecule to be used. Direct comparisons of
various radionuclides are required to identify the
optimal approach. However, to use of Auger and
conversion electron emitters appears to have
substantial advantages for single cell killing, in the
therapy of micrometastases. Tumor therapy may
require a mixture of radionuclides intended to kill
both single cells and large tumor masses (Mattes,
2002). Auger and conversion electrons can kill
cells effectively, with at least 6 logs of cell.
Conjugated ligands on the cell surface are only
slightly less potent than carrier molecules
internalized into the cytoplasm, and this is agree
with theoretical considerations. a-particles can kill
single cells very effectively, but the short half-
lives of the available o-particle emitters are
probably a disadvantage. High energy [-particles
can also kill single cells if they bind in sufficient
amounts, but they have a disadvantage due to their
nonspecific toxicity.

As a consequence, in order to perform targeted
tumor radiotherapy.

It is required that:

e The radionuclides should have appropriate
decay characteristics,

e Carrier molecules should be selective for tumor
cells,

e Dosimetric and microdosimetric calculations
should achieve appropriate doses to kill the
tumor cells.
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Table 3 - Decay Mode of some selected radionuclides.

Radio Nuclide Mode of Decay Half Life Diagnosis Therapy
Sc-47 B—pB(162),CE,y(158) 3.3d + +
Cu-64 B,EC—P(71),CE, y(1345),X 13h - +
Ga-67 EC— v(185),CE,X,AE,(<10) 3.3d + -
Y-90 B—PB(935),X 2.7d - +
Tc-99m IT— y(142),CE,X,AE(<20) 6.0h + -
Rh-105 B—pB(152),CE, y(319) 1.5d + +
In-111 EC— y(245,171),CE X,AE(<25) 2.8d + +(?)
I-123 EC— y(159),CE,X,AE(<30) 13.2h + +(?)
I-125 EC —CE,X,AE(<30) 60d - +
I-131 B—PB(182),CE,y(364),X 8.0d + +
Pr-142 B—PB(809),CE,y(1575),X,AE 19h - +
Nd-147 B—P(223),CE,y(103),X,AE(<40) 11d + +
Pm-151 B—p(281),CE,y(168)X,AE 1.2d + +
Sm-153 B—P(223),CE,y(103),X,AE 2.0d + +
Ho-166 B—PB(666),CE.y(80),X,AE(540,155) 1.1d +(?) +
Gd-159 B—P(305),CE,y(363),X,AE 19h + +
Tb-161 B—pB(115),CE,y(75),X,AE 6.9h + +
Er-171 B—PB(359),CE, y(308),X,AE 7.5h + +
Re-186 B,EC—P(349),CE,y(137),X 3.8d + +
Re-188 B—P(764),CE, y(137),X 17h + +
T1-201 EC— y(167),CE X,AE(<120) 3d + +(?)
At-211 EC,a(5867),X,AE(<75) 7.2h - +
Bi-212 B, a—a(5607,6090), B(459),CE,AE(<10) 1.0 - +

RESUMO gerais, tais como radionuclideos potenciais e os

A radioterapia tumor-seletiva ¢ especialmente
indicada na administracdo de doses curativas de
radiacdo que interagem diretamente nas areas de
malignidade. O objetivo desta terapia tumoral
direcionada ¢ usar radionuclideos que possuam
emissdo de particulas de elevado LET conjugadas
a moléculas carreadoras apropriadas. Os
radionuclideos sao seletivamente captados pelas
células tumorais, liberando doses letais para as
células tumorais enquanto ndo ocorre liberagdo
para as células normais.

Em teoria, a radioterapia direcionada tem varias
vantagens sobre a radioterapia convencional, pois
permite que uma alta dose de radiagdo seja
administrada sem causar toxicidade para o tecido
normal, embora existam algumas limitacdes na
disponibilidade de agentes com alvos especificos e
no calculo da dose administrada.
Consequentemente, para aplicagdes clinicas
rotineiras ¢ ainda necessario um maior progresso.
Neste artigo, o uso potencial da radioterapia
tumor-seletiva ¢ brevemente revisto. Também
resumiremos alguns aspectos e consideragdes mais

mecanismos de direcionamento ao tumor.
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