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introduction 

Recently, there has been a resurgence of interest in nuclear medicine 

therapeutic procedures (1-4). Using unsealed sources for therapy is not a new 

concept; it has been around since the beginnings of nuclear medicine. Treatment of 

thyroid disorders with radioiodine is a classic example. The availability of 

radionuclides with suitable therapeutic properties for specific applications, as well 

as methods for their selective targeting to  diseased tissue have, however, remained 

the main obstacles for therapy t o  assume a more widespread role in nuclear 

medicine (4,5). Nonetheless, a number of new techniques that have recently 

emerged, (e.g., tumor therapy with radiolabeled monoclonal antibodies, treatment 

of metastatic bone pain, etc.) appear t o  have provided a substantial impetus t o  

research on production of new therapeutic radionuclides (4-7). Table 1 lists the 

various categories of therapeutic procedures involving the use of internally 

administered radionuclides. Although there are a number of new therapeutic 

approaches requiring specific radionuclides, only selected broad areas will be used 

as examples in this article. 

Selection Criteria 

The selection criteria for therapeutic radionuclides have t o  include the 

physical and chemical characteristics of the radionuclide, feasibility of large-scale 

production, and the biological factors governing its in-vivo distribution (4,7). 
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Physical properties that are important to consider include half-life, and the type, 

energy, branching ratio and abundances of particulate and gamma-ray emissions. 

Ideally, the physical half-life should be matched with the in-vivo pharmacokinetics 

of the radiolabeled compound. If the half-life is too short, most decay will have 

occurred before the compound has reached maximum target/background ratio. 

Conversely, too long a lifetime would cause unnecessary radiation dose t o  normal 

tissues following the processing of the labeled compound. The nature of the 

particulate emission is also important to  maximize therapeutic effectiveness. The 

potent lethality of high-LET (linear energy transfer) Auger and low-energy 

conversion electrons is well documented (8). This effect, however, can best be 

achieved with intranuclear localization of the labeled compound. Beta particles on 

the other hand are less densely ionizing and thus have a longer range but much 

lower LET. Their distribution requirements are, therefore, less restrictive for 

effective radiotherapy. The gamma-ray energies and abundances are also important 

since the presence of gamma rays allows low dose biodistribution studies by 

external imaging for determining biodistribution and dosimetry. Biodistribution data 

combined with the physical properties of the radionuclide, and with assumptions 

about tumor size, etc., can be used to  calculate radiation atsorbed dose at the 

cellular level (7,9-1 1). 

The important chemical criteria for selecting a radionuclide for radiotherapy 

are the specific activity, radiochemical purity, trace metal contamination, the 

number of metal atoms that can be attached per molecule of the compound without 

compromising biological activity, and in-vivo stability of the radionuclide 
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attachment. The specific activity is dictated primarily by the method of production. 

Trace metal contaminants are a concern as they can compete for binding sites on 

the compound beirig labeled. 

The various above physical and chemical criteria have then t o  be matched 

with the in-vivo pharmacokinetics of the labeled compound. For example, 

substantial variations in localization of radiobioconjugates and the kinetics of their 

uptake and excretion have been reported (3,111. For monoclonal antibodies (MAb), 

it is generally observed that 0.5-3 days are necessary t o  reach maximum tumor 

concentration although optimum tumor to  normal tissue contrast may take longer. 

Despite the numerous available antigen sites on cancer cells, a non-uniform cellular 

distribution of the MAb results in most cases (12). These facts reduce the general 

attractiveness of short-ranged Auger and alpha-emitting radionuclides for 

radioimmunotherapy (RIT) with MAbs except in specific situations such as for 

treating blood tumors and micrometastases. Also, short-ranged particles are more 

attractive if the radiobioconjugate gets internalized into tumor cells, and binds to  

nuclear components, thus making it possible to  target nuclear antigens (1 3). The 

longer range of beta particles, on the other hand, allows more uniform tumor 

irradiation despite the heterogeneity of radioactivity distribution within the tumor 

tissue. Ultimately, it becomes a trade-off as to  which radionuclide is best for a 

particular application. 

4 



Alpha, Auger, and Conversion Electron Emitters 

As mentioned a.,ove, nuclides that emit high-LET radiations can be ;nost 

effective in tumor cell killing (8,9,13). If the nuclide used is an Auger electron or a 

low-energy conversion electron emitter it will deposit the maximum dose within the 

targeted tumor cells. The radionuclide will be most effective, however, if it is 

transported across the cell membrane, and localizes into the nucleus or in close 

proximity t o  it. Representative examples of radionuclides (halogens and metals) 

that emit alpha, Auger, or conversion electrons, and are suitable for therapeutic use 

with this approach, are shown in Table 2. 

' Attractive radionuclides with short range Auger and conversion electron 

emission are 67Ga, 77Br, l17%n, 1231,  and iodine-125. Alpha particles that have a 

high LET effective in cell killing and a range of several cell diameters (40-80 pm) are 

also very attractive. Examples of alpha emitters include 212Bi , 211At, and 255Fm. It 

has been calculated that the dose advantage for 211At compared to  (a long- 

range beta emitter) increases from a factor of 9 for a 1-mm-diam tumor t o  a factor 

of 1200  for a single tumor cell (1 0). However, a high degree of selectivity and 

uniform intracellular localization are necessary to  achieve maximum therapeutic 

advantage. It should be noted that a number of nuclides from this category, in 

particular 123/, 1 2 5 1 ,  67Ga, and 201T1 are commercially available and should be tested 

for effectiveness to  target nuclear antigens. 
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Beta Emitters 

There are a number of beta emitters especially radiometals that possess 

various particle ranges and chemical properties and thus offer a much wider choice 

for specific applications (4,7,1 1 ). Candidate beta emitters can be arbitrarily 

grouped into t w o  classes: 1 ) those emitting low t o  intermediate energy beta 

particles and gamma emission suitable (> 10%) for imaging; and 2) those with 

higher beta energy and little (C 10%) or no gamma emission (Table 3). This 

distinction is only arbitrary since many radionuclides in the second category allow 

imaging at high dose administrations. Low-dose biodistribution and imaging 

experiments are possible with radionuclides in the first group before administering a 

therapeutic dose of the exact same preparation. Because it has been observed that 

the biodistribution can be influenced by the choice of radionuclide alone, even with 

the same antibody system (141, this would be a real advantage. Clinically, it is 

considered highly desirable, even necessary, t o  image each patient prior t o  therapy 

in order t o  assess biodistribution and antigenic status and t o  calculate tumor and 

normal tissue doses. 

From among the radionuclides listed in Table 3, 47Sc, 67Cu, 117mSn, 153Sm, and 

’ 88Re appear particularly attractive because of their favorable chemistry and/or ease 

of production. Copper-67 has given promising results in preliminary studies for the 

RIT of lymphoma (1 5). However, scaled-up accelerator production of 6’Cu of high 

specific activity, required for many applications, has turned out to  be problematic 

l16). Scandium-47 is considered a better substitute for 67Cu since it can be 
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reactor-produced in larger quantities and also because its nuclear and chemical 

properties are favorable for developing radiobioconjugates and other labeled 

compounds (1 7). Tin-I 17m and 153Sm that are being developed for bone pain 

palliation therapy are discussed in a later section. The current specific activity of 

reactor-produced "'"Sn, although not a problem with i ts use for bone pain palliation 

therapy, is not acceptable for developing radioimmunoconjugates. Rhenium-1 88 is 

attractive since it is a generator product from the decay of the 69.4 day parent, 

tungsten-188 (18). It has shown promise in initial investigations as a therapeutic 

label for MAbs and other vehicles, e.g., somatostatin analogs. 

The use of for various radiotherapeutic procedures has been popular 

because of its high-energy beta particle, suitable half-life, and availability. Since 

is unsuitable for quantitative imaging, '"In biodistribution data are utilized t o  predict 

dose from goY-labeled immunoconjugates. However, it has been shown that 

although the intravascular kinetics in patients are often similar for many and 

'''In labeled MAbs, there are significant differences in the tumor uptake and tissue 

biodistribution properties of these radionuclides (1 9). A similar approach has been 

taken for the pair 99mTc and 186Re, the former for imaging, and the latter for therapy. 

These radionuclides share very similar chemistries for radioiabeling MAbs and other 

compounds. 
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Radiobioconjugates for Tumor Therapy 

Research on radiobioconjugates (used here in a generic sense to  include 

radiolabeled monoclonal antibodies, peptides, receptor specific and other bioactive 

molecules) has experienced rapid growth due t o  the promise of a number of these 

compounds l o  serve as selective carriers of radionuclides t o  tumor-associated and 

other specific antigenslreceptors in vivo ('I -4). However, although 

radiobioconjugate therapy has shown initial promise for certain types of  tumors, 

practical benefits of this approach have not matched the expectations that were 

raised more than ten years ago (1).  

generic sense for all radiobioconjugates) is considered best suited for treating 

tumors that cannot be easily resected or for treatment of small disseminated lesions 

and/or secondary micrometastases. From various considerations, especially 

dosimetry, the choice of the optimum radionuclide is a very important factor for a 

successful exploitation of this technique. Although l3'I is marginally suited for RIT, 

most therapy trials have so far utilized this isotope due t o  its commercial availability 

at low cost, the well understood chemistry of iodine, and the experience from the 

use of l3'I  in treating thyroid disorders. 

Radioimmunotherapy (RIT, used here in a 

The radionuclides listed in Tables 2-3 are among the most promising for RIT. 

Those in Table 2 require the labeled molecule t o  be not only efficiently internalized 

into the tumor cells but t o  also preferably bind t o  nuclear antigens. A number of 

monoclonal antibodies have been observed t o  internalize into tumor cells of  various 

types and bind to  nuclear components (13). Various other important factors 
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involved in radiobioconjugate development include the convenience, efficiency, and 

gentleness of different radiolabeling procedures as well as the stability of the 

radionuclide attachment t o  the immunoconjugale. These topics are outside of the 

scope of this article but a very brief discussion a t  this point is considered 

appropriate. 

RIT requires a stable attachment of the radionuclide to  the MAb since free 

radionuclide may target normal tissues thus increasing normal organ and whole 

body doses. Radiolabeling techniques range widely from well established protein 

halogenation schemes, simple direct labeling of "'Re, to  the use of general purpose 

bifunctional chelating agents such as the bicyclic anhydride of DTPA (DTPA-DA) for 

lo9Pd, and '53Sm, to  the use of more structurally complex in-house synthesized 

bifunctional chelating agents for lS6Re, 67Cu, 47Sc and (1 3,14). 

Due to  the chemical similarity between Tc and Re, strategies for labeling 

MAbs with '''Re have directly paralleled those for 99mTc. Direct labeling with lssRe 

has been demonstrated utilizing free sulfhydryl groups on the MAb; these groups 

can be generated either by chemical reduction of MAb disulfide bonds or by the 

reaction of lysines on the MAb with 2-iminothiolane. A more selective approach 

involves chelation of lS6Re t o  a N,S-amide mercaptide ligand (MAG,-GABA) prior to  

conjugation to  MAbs (20). While less convenient, this approach allows more 

control over radiolabeling and may have wider applicability with various MAb 

systems. Antibodies have been labeled with using DTPA-DA; however, in 

clinical trials these preparations showed high bone uptake of 'OY. Substantially 

reduced bone uptake in mice was shown using p-isothiocyanantobenzyl DTPA (the 
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coordination sites on this ligand are 8 compared to  7 for DTPA-DA); however, it 

was still higher than what is generally observed with the corresponding l l l ln labeled 

MAb (21 1. In mice the bone uptake of 

using the macrocyclic bifunctional chelating agent p-bromoacetamidobenzyl-DOTA 

(22). Biodistribution studies in mice of 47Sc labeled MAb prepared using DTPA-DA 

have shown high levels of radioactivity in the liver. Carrier-free 47Sc has been 

prepared at BNL and successfully attached t o  MAbs 17-1A and anti-CEA F(ab'), 

using the semi-rigid bifunctional chelating agent 4-isothiocyanato-cyclohexyl EDTA 

(4-ICE) and others (1 7). Using the preorganized ligand approach, the biodistribution 

in normal and tumor mice of the 47Sc labeled preparations was comparable or better 

than that of the corresponding ll1 In labeled antibodies (23). Antibodies prepared 

using 4-ICE have shown higher tumor uptake with a three t o  four-fold reduction in 

the retention of  "'In in the liver compared to DTPA-immunoconjugates in mice (241, 

and similar results were obtained with scandium-47 (23). 

has been reduced t o  the levels of l ' l ln 

Copper labeled DTPA-immunoconjugates are not stable in serum. Even 

though the serum stability of Cu labeled 4-ICE-immunoconjugates is substantially 

higher they are still unstable in-vivo and produce high nonspecific retention of 

copper-67. Stable Cu labeled immunoconjugates result only by using derivatives of 

the macrocyclic polyaminocarboxylates p-aminobenzyl-TETA (25) and DOTA or 

derivatized cyclic polyamines (cyclams) (26). Preliminary studies in patients with 

pharmacological doses of 67Cu labeled Lym-1 MAb prepared using parabromo- 

acetamidobenzyl-TETA have given promising results (1 5). Little work has been 

done on 153Sm as an antibody label, however. In one study in mice, 153Sm labeled 
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K-1-21 murine IgG (labeled using DTPA-DA) gave a slightly lower tumor uptake 

with higher bone and liver uptake compared to l3'I or "'In labeled K-1-21 (27). The 

use of bifunctional chelator 4-ICE did not improve the '53Sm labeled 17-1 A 

biodistribution compared to  '53Sm labeled DTPA-17-1 A (28). This may be due to  

the fact that since Sm is a lanthanide with f valence electrons having no specific 

cootdination geometry, it does not need a preorganized chelation cavity. A higher 

number of coordination sites on the ligand is more important for samarium. The 

macrocyclic polyaminocarboxylate DOTA (eight coordination sites) produced much 

better results with samarium-1 53 (28). 

The experience with the above mentioned radiometals has been valuable in 

terms of understanding the chelation chemistry for attachment to 

immunoconjugates, and will serve t o  improve our current methodology to produce 

stable radioimrnunoconjugates with these and other promising radiometals listed in 

Tables 2 and 3. 

Treatment of Metastatic Bone Pain 

A number of radiopharmaceuticals appear to  offer advantages over narcotic 

or other conventional treatments for bone pain from osseous metastases in cancer 

patients (29). This concept is not new, and 32P has been investigated for over 

three decades for this purpose (30). However, the recent FDA approval of 89Sr 

chloride (Metastron) has opened up a new era for the development of unsealed 
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sources for bone pain palliation therapy. Introduction of "Sr has catalyzed the 

development of newer competitive agents that may offer improvements in efficacy 

or reduced myelosuppression. The radionuclides under investigation include p- 

emitters la6Re (31) and 153 Sm (32), and the conversion-electron emitter tin-1 17m 

(33,34). Physical and nuclear properties of the various radionuclides for bone pain 

palliation therapy are summarized in Table 4. 

The primary concern from the therapeutic use of this class of bone-seeking 

radiopharmaceuticals is the absorbed dose to  the red marrow. The energy of the 

beta particles seems t o  be an important factor because the dose to  the marrow 

depends on the range of penetration of the particles into the marrow from the 

deposited radioactivity on t o  the bone surfaces. In this respect, '""Sn may offer a 

distinct advantage because of the discrete limited range (0.2-0.3 mm) of its 

conversion electrons in tissue (33-35). It remains t o  be seen which one of these 

agents eventually will become the agent of choice. 

Radionuclides that appear promising for this application (Table 4) are all 

reactor-produced and there does not seem to be a supply/demand problem for most 

cases. Tin-1 17m could be considered an exception since a high-flux reactor is 

required for producing it i r i  sufficient quantities and there are only a few reactors 

worldwide with such a capability. However, future production in sufficient 

quantities now appears feasible (36). 
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Radiation Synovectomy 

Radiation synovectomy is an attractive alternative to  chemical or surgical 

synovectomy for the treatment of inflammatory synovial disease, including 

rheumatoid arthritis. The procedure entails a single injection of a beta-emitting 

radiopharmaceutical directly into the synovium t o  control and ablate inflammation. 

The injected agents, typically colloids or larger aggregates, are assumed to be 

rapidly phagocytized by synoviocytes and then distributed within the synovium, 

primarily at the surface. Most commonly used agents have comprised radiocolloids 

or macroaggregates employing high-energy beta emitters, ''Y, ''*AU, 165Dy, and 

186Re (37). While these agents have shown good treatment efficacy, they are not 

widely used especially in the United States. All display some degree of leakage of 

the radionuclide from the joints leading to an increased radiation dose to  normal 

organs. The size of these raidolabelled particles cannot be adequately controlled 

during formation, and it is assumed that small ( C  10 pm) particles leak from the 

synovium over time. However, a new type of particle, made from hydroxyapatite 

(HA), a natural constituent of bone, has become commercially available in various 

controlled sizes ranging from 1 - 80 pm. Research interest has thus focused 

recently on incorporating HA particles into new agents for radiation synovectomy. 

Initial studies in rabbits with antigen-induced arthritis (AIA) using 153Sm labeled HA, 

shovwd minimal leakage of activity (0.09% over four days) from the treated joint 

compared t o  leakage rates obtained with other radiocolloid agents (5-45 %); results 
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with 186Re-HA, however, showed slightly higher leakage (3.05% over four days) 

The presumed heterogeneous distribution of radionuclide within the synovium 

has limited existing agents to  only those labeled with high energy beta emitters. It 

is presumed that the longer range of these particles is necessary to  treat medium to 

large sized joints. However, low-energy beta emitters may be equally or more 

effective in reducing inflammation for small to  medium joints since a much larger 

radiation dose could be delivered to  the synovium without excessive irradiation of 

surrounding tissue. This could be analogous to the effectiveness of the short range 

conversion electrons from '17"Sn for bone pain palliation, compared to  the high- 

energy beta emitter "Sr (35). The only clinical example t o  date for treating 

synovial inflammation using a low-energy beta emitter is the use of 169Er 

keV) colloids t o  treat inflammation in the small finger joints (37). Based on various 
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considerations, appropriate sized particles labeled with 4 7 S ~ r  '17"Sn, '53Sm, and 169Er 

would seem t o  be the agents of choice for radiation synovectomy. 

Radionuclide Production 

A detailed description of production methods, in particular those that can be 

implemented on an economic scale, is not within the purview of this articte. 

However, it is considered important to  provide a summary of the current status in 

this area including problems and concerns related to  isotope availability. 
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Radionuclides are primarily produced using a nuclear reactor or a charged- 

particle accelerator (mainly cyclotrons), and their properties depend upon a number 

of factor: that include targetry, irradiation conditions and prc :essing chemistry 

(5,6,39). The production and supply of many routine imaging and some therapeutic 

radionuclides that have a commercial market have continued at a satisfactory level 

(5  839). 

In terms of the radionuclides listed in Table 2 that are particularly attractive 

for targeting nuclear antigens (1 3), only lZ3l, lZ5l, 6'Ga and 201TI are available 

commercially. Although the production methodology for others has been worked 

out t o  some extent, they are not readily available in sufficient quantities on a 

regular basis. A notable exception is '17"Sn which has been discussed above for 

bone pain palliation therapy in cancer patients. The current specific activity ( - 8  

mCi/mg), however, that is adequate for this application is not high enough for 

radiobioconjugate development. Its use as a target for nuclear antigens will have to 

await the development of methods that could provide a no-carrier-added product 

(40). Additional radionuclides in Table 2 that have been investigated to  some 

extent include 1241 (41), 211At (42), and bismuth-21 2 (43). Their properties are 

suitable for targeting nuclear antigens using MAb systems or other vehicles that are 

shown t o  be internalized into the tumor cells. However, the production, the 

availability, and the conjugation chemistry of these radionuclides remain t o  be 

developed further. 
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Reactor Production 

Table 5 lists some therapeutic radionuclides that can be produced in a 

nuclear reactor in quantities sufficient for widespread clinical use (4,6). It is 

noteworthy that many of the p-or p-/y emitters discussed in this article are best 

produced using neutron bombardment reactions. 

In reactor production, there are three types of reactions that are employed: (i) 

neutron capture, (n,y); (ii) neutron capture followed by decay; and (iii) fission. The 

n,y reaction using thermal neutrons is the most widely employed technique. The 

reasons are that elemental targets can be used and the yields are generally high. 

However, separation from the bulk of the stable element is not possible and thus 

the specific activities can be low unless the cross sections are very high. No-carrier 

added radionuclides are not producible using the n,y reaction. The other reactions 

allow improvement in specific activity, and can often be used (n,y-p- decay, n, f, 

etc.) under certain situations such as when an intermediate nuclide decays to the 

product o f  interest. In general, high chemical purity reagents and enriched stable 

element targets have to  be employed in reactor production of radionuclides. 

Accelerator Production 

The cyclotron is the most widely used accelerator for producing 

radionuclides. A wide variety of cyclotrons now exist ranging from "baby" 
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cyclotrons of energies as low as 3 MeV to very large isochronous synchrotrons 

with energies in excess of 500 MeV. The variety of accelerated particles 

(p,df3He,a) and the energy range available maka cyclotrons very flexible for 

radionuclide production. Commercial cyclotrons commonly have a range of 5-30 

MeV particles and many are used exclusively for isotope production. 

Certain radionuclides that can be produced only using high-energy linear 

accelerators (e-g., spallation reactions) or whose production is more cost effective 

when made this way are either scarce or not available (5). One of the main reasons 

for this is that high-energy machines are very expensive to  build and operate and 

isotope production is usually in conflict with their primary mission which is physics 

research (44). Consequently, isotope production in these machines has been 

undertaken only as an intermittent and parasitic activity. This situation has created 

considerable concern within the radioisotope research community that includes 

nuclear medicine as well as basic physical and life science investigators (44,45). 

This is especially in view of the fact that a number of high-energy produced 

radionuclides are emerging as being potentially useful and in some cases unique for 

apptications (mostly imaging, some therapeutic) in nuclear medicine. With the 

recent rapid growth in biotechnological and immunological approaches t o  treatment 

of cancer, bone pain, and other diseases, there is an urgent need at  least in the 

U.S. for a continuous and reliable availability of certain high-energy produced 

radionuclides (5). 

A t  the present time, there are about six high-energy accelerators world-wide 

that engage in isotope production for distribution. These are located in the U.S. 
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(BLIP and LAMPF), Canada (TRIUMF), Switzerland (PSI), South Africa (NAC), and 

Russia (45). A few others also have the capability for isotope production but are 

utilized rarely or very little for this purpose. It must be emphasized that the cost of 

production is a critical factor and unless there is a commercial market, high-energy 

produced radionuclides are not produced in any consistent fashion. 

Generator Svstems 

A number of r-latively short-lived therape rtic radionuclides, especially p- 

emitters, can be obtained through generator systems. These are listed in Table 7. 

The 90Sr/90Y generator system has been utilized for quite some time; it has a 

number of practical advantages. The chemistry of yttrium, as mentioned earlier, is 

also favorable for labeling MAbs and other bioactive molecules. A number of 

therapeutic protocols have employed with significant success (46). Another 

generator system, 188W/188Re (1  8), has also been developed and investigated for 

antibody labeling and other applications. The results are still preliminary but quite 

promising. Large-scale production of 188W can be accomplished in a high-flux 

reactor. The generator system for the alpha emitter 212Bi has been available on an 

experimental basis only (43). The use of this isotope because of the 1 h half-life is 

possible only in special situations. The 115Cd/115mln generator system should be 

useful for applications where a short range (it emits a 300 keV conversion electron 

with - 1 mm range) and a short half-life are advantageous. 
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The remaining generator systems listed in Table 7 primarily procedure 

daughter radionuclides with short t% and high p- energies. There is an inverse 

relationship between t?4 and p decay energy and therefore, there are only a few 

radionuclides that have both a several-day t% and a high p- energy. To circumvent 

this problem one could use the approach of labeling with an intermediate t% 

radionuclide that decays in-vivo t o  a much shorter t% daughter with high p 

emission. Since the daughter will be in equilibrium with the parent, it will exert an 

in-situ cytotoxic effect over a prolonged period, essentially as an "in-vivo 

generator" (47). However, a number of critical questions will have t o  be answered 

before his approach can be applied successfully for radiotherapy (e.g., the fate of 

the daughter nucleus following the uptake of the parent by the tumor - will it 

translocate t o  other tissues before decay? etc.). A theoretical test of the feasibility 

of this approach has been attempted with encouraging results (48). 

Conclusion 

There are a number of potential candidate radionuclides for tumor therapy 

and for other therapeutic applications. This article has attempted t o  provide a brief 

discussion of the criteria for selecting radionuclides for specific applications. The 

choice of the radionuclide best suited for a particular application depends upon a 

number of factors that include: (1) Half-life; (2) Type of emission (a, p, y, Auger or 

conversion electrons); (3) Specific activity; (4) Chemistry; (5) Route of 
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administration; (6) Internal dosimetry; (7) Radiation safety and environmental 

concerns; (8) Vehicle used as the carrier; (9) In-vivo biopharmacokinetics of the 

labeled carrier =.\d the free radionuclide; and (1  0) Cost of production and 

availability. 

The various important therapeutic applications, where radionuclide therapy 

may have an important role to  play in, and the radionuclides that are considered 

best suited for the application, are summarized in Table 8 .  It should be noted that 

this listing is not meant to  be exhaustive, and additional radionuclides can be added 

based on present and future work as well as various other considerations. A t  

times, the cost and availability, especially if the radionuclide is "new" and/or 

difficult t o  produce, become issues of paramount importance. 

In summary, there are a number of therapeutic radionuclides that are 

presently under investigation, and some of these may eventually turn out to  be ideal 

or best-suited for specific applications. Although issues relating to  cost and 

availability of many of these are yet t o  be addressed t o  everybody's satisfaction, 

there does not seem t o  be a dearth of new therapeutic radionuclides. As new 

needs and applications develop, appropriate radionuclides will follow. The 

substantial progress of investigations in certain areas, for example, tumor 

radioimmunotherapy and bone pain palliation, offer renewed hope and promise for 

the widespread use of internally administered radionuclides for various novel and 

effective therapeutic approaches. 
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Table 1, Radiotherapy Using Unsealed Sources 

8 

8 

Tumor therapy 
- Radiolabeled monoclonal antibodies 
- .Jon antibody methods 

Receptor-binding radiotracers for tumor and other specific therapies 
- Bioactive peptides 
- Antibody derived agents 
- Molecular recognition units 
- Conventional in-vivo receptors 

Bone pain palliation therapy 

8 Radiation synovectomy 

Miscellaneous therapies 
- Microspheres, colloids (for ascites, etc.) 

Radioimmunoguided surgery 

28 



Table 2. Nuclear and Physical Characteristics of Some 
Alpha, Auger, and Conversion Electron Emitting Radionuclides 

for Targeting Nuclear Antigens. 

Haloaens Metals 
Radionuclide Bromine-77 iodine-1 25 Astatine-21 1 Tin-1 17m Thallium-201 Bismuth-21 2 

Half-life 
Decay mode 

Principal y KeV 
% Abundance 

Principal a KeV 
% Abundance 

Auger Electrons, # 
Range, KeV 
Total % per decay 

57.0h 
ECr P' 
~ 2 5 1 1  
1.5 

None 
--- 

15 
0.1-12 
376 

Conver. Electrons, # 11 

60.ld 7.2h 13.6d 
EC EC,a IT 

35.5 None 159 
6.7 --- 86 

None 5868 None 
-- 41 --- 

20 20 5 
0.7-30 3.2-87 0.6-24 
479 95 281 

6 Negligible 9 

3.04d 
EC 

167 
1 1  

None 
-- 

18 

253 

20 

2.7-77 

61 m 
ar P- 
727 
6.7 

605 1 
25 

1 
2.7 
30 

3 
Range, KeV 149-508 3.7-36 --- 127-1 58 1.6-1 67 25-40 
Total YO per decay 1.5 93 --- 114 115 25 
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Table 3. Potential Beta-emitters for Radiotherapy 

Electron energy Gamma photon 
Radionuclide Half-life (d) (keV b J g )  keV( %) 

Scandium-47 
Copper-67 
Rhodium-1 05 
Tin-1 17m 

Iodine-1 3 1 
Samarium-1 53 
Lutetium-1 77 
Rhenium-1 88 
Iridium-1 94 
Gold-1 99 

Phosphorus-32 
Arsenic-77 
Strontium-89 
Yttrium-90 
Palladium-1 09 
Silver-1 1 1 
Praseodymium-1 42 
Promethium-1 49 
Gadolinium-1 59 
Holmium-1 66 
Rhenium-1 86 

GrouD 1. > 10% Gamma Emission 

3.4 
2.6 
1.5 
13.6 

8.0 
1.93 
6.7 
0.71 
0.80 
3.1 

162 
141 
190 
127' 
152' 
181 
225 
133 
764 
808 
86 
143' 

GrouD II. < 10% Gamma Emission 

14.3 
1.6 
50.5 
2.7 
0.56 
7.5 
0.80 
2.2 
0.77 
1.1 
3.71 

695 
228 
583 
935 
360 
350 
860 
364 
31 1 
666 
329 

159 (68) 
185 (49) 
319 (19) 
159 (86) 

364 (81) 
103 (28) 
208 (1 1) 
155 (15) 
328 (1 3) 
158 (37) 

---- 
239 (1.6) 
---- 
---- 
88 (3.6) 
342 (6.7) 
158 (3.7) 
286 (3.1) 
363 (8.0) 
80 (6.2) 
137 (9.2) 

'Conversion electron 
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Table 4. Physical Characteristics of Radionuclides 
for Bone Pain Palliation Therapy 

Weighted 
Maximum Average Average Gamma 

EP EP Range Half-Life Photons 
Radionuclide (MeV) (MeV) (mm) (days) (MeV (%) 

Strontium-89 1.46 0.583 2.4 50.5 None 

Rhenium-1 86 1.08 0.329 1.05 3.71 0.137 (9.2) 

Samarium-1 5 3  0.81 0.225 0.55 1.93 0.103 (28) 

0.21 ’ 13.6 0.1 59 (86) Tin-1 17m 0.1 27l -- 
0.152l -- 0.29’ 

Monoenergetic conversion electron 
Discrete travel of emitted conversion electron (not an average) 

1 

’ 
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Table 5. Reactor Production of Therapeutic 
Radionuclides 

Radionuclide Nuclear Reaction 

Scandium-47 47Ti (n, p) 
Yttrium- 90 U (n,f)goSr-P 
Rhodium-1 05 natRu (n ,y) 05Ru- p 
Palladium-1 09 O8 Pd ( n , y ) 
Silver-1 1 1 OPd (n , y) -. p 
Tin-1 17m ' ' 'Sn (n, n ' y) ' 7mSn 
Iodine-1 3 1 235U (n, f) 
Praseodymium-1 42 ' 41 Pr (n, y) 
Promethium-1 49 148Nd(n,y)149Nd-f,3 
Samarium-1 53 152Sm(n,y) 
Gadolinium-1 59 158Gd(n,y) 
Holmium-1 66 65 H o ( n , y) 
Lutetium-1 77 l 76 Lu (n, y) 
Rhenium-1 86 85 R e ( n , y) 
Rhenium-1 88 186W(n,y)'87W(n,y)188W-P 
Iridium-1 94 ' 931r (n, y) 
Gold-1 99 98Pt (n,y)199Pt- P 

97 A u ( n , y ) ' A u ( n , y ) 
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i 

Table 6. Accelerator Production of Therapeutic Radionuclides 

~ ~ _ _  ~ 

Radionuclide Nuclear Reaction 

Scandium-47 

Copper-67 

Bromine-77 

Arsenic-77 

Tin-1 1 7 m  

Platinum-1 93m 
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Table 7. Generator Systems for Therapeutic 
Radionuclides 

Dauahter Parent 
Radionuclide T'/z pmax, MeV y, keV (%) Radionuclide TY2 

Copper-6 6 
Zinc-69 
Yttrium-90 
Silver-1 1 2 
Indium-1 15m 

Cesium-1 28 

Iodine-1 32 

Rhenium-1 88 
Bismuth-2 1 Z3 

5.1 min 2.63 
55 min 0.90 
64 h 2.27 
3.2 h 3.94 
4.5 h 0.83 (5%) 

3.6 min 2.89 (p') 
0.30 (49%)' 

2.3 h 

17 h 
60 min 

--- 
617 (41) 
335 (50) 

441 (27) 
511 (110)2 

8 9) 773 

155 
727 

Nickel-66 
Zinc-69m 

Strontium-90 
Palladium-1 12 
Cadmium-1 15 

Barium- 1 28 

Tellurium-1 32 

Tungsten-1 88 
Radium-2241 

Lead-2 1 2 

2.3 d 
0.6 d 

28.6 yr 
0.9 d 
2.2 d 

2.4 d 

3.2 d 

69.4 d 
3.7d 

'Conversion electron 
2 y f  from p+ emission 
3Alpha emitter, also has some @- emission 
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Table 8. Choice of Radionuclides for Principal Therapeutic Applications 

Application Route of Best-suited Radionuclide(s) 
Administration 

I. Tumor Therapy 

(i) Solid Tumors 

a. Large lesions 

b. Micrometastases 

(ii) Leukemias, lymphomas 

11. Palliation 

(i) Soft tissue 
(ii) Bone pain 

Ill. Non-Oncology and Other 

(i) Synovectomy 
(ii) Marrow ablation 
(iii) Microspheres 

(iv) Receptor-positive, 
nuclear antigens 

i.v. 
intra- 
tumoral 
i.v. 

i.v. 

I.V. 
i.v. 

Regional 
i.v. 
i.v. 
or regional 
i.v. 

Sc-47, Y-90, 1-131, Re-188 
Sc-47, Sm-153, Re-1 88  

Sc-47, Sn-l17m, Sm-153, Auger 
emitters 

Sc-47, Cu-67, Sn-l17m, 1-1 31 

Y-90, 1-1 31, Ho-166, Re-1 88 
Sr-89, Sn-l17m, Sm-153, Re-1 86  

Sc-47, Sn-l17m, Sm-153, Er-169 
Sn-l17m, Ho-166 
Y-90, lanthanides 

Auger, conversion electron, and 
short-range p- emitters 

'Based, partially, on a Therapy Isotope Workshop sponsored by Nordion 
International, lnc., at the 43rd Annual Meeting of the Society of Nuclear Medicine, 
Minneapolis, MN, June 1 1, 1995. The order of listing of isotopes here is based on 
atomic mass and not necessarily their degree of effectiveness for a particular 
application. 
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