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ABSTRACT 
 
The potential of alpha-particle emitters to treat cancer has been recognized since the early 1900s.  
Advances in the targeted delivery of radionuclides, in radionuclide conjugation chemistry, and in 
the increased availability of alpha-emitters appropriate for clinical use have recently led to 
patient trials of alpha-particle-emitter labeled radiopharmaceuticals.  Although alpha-emitters 
have been studied for many decades, their current use in humans for targeted therapy is an 
important milestone.  The objective of this work is to review those aspects of the field that are 
pertinent to targeted alpha-particle-emitter therapy and to provide guidance and 
recommendations for human alpha-particle-emitter dosimetry. 

A. Introduction 

Alpha-particle-emitting radionuclides have been the subject of considerable investigation as 
cancer therapeutics (1-4), and a number of reviews on this topic have been published (5-9).  In 
the context of targeted therapy, alpha-particle emitters have the advantages of high potency and 
specificity.  These advantages arise from the densely ionizing track and short path length of the 
emitted positively charged helium nucleus in tissue.  The practical implication of these features, 
as well as, the distinction between alpha-particles and the more widely used beta-particle 
emitters for targeted radionuclide therapy is that it is possible to sterilize individual tumor cells 
solely from self-irradiation with alpha-particle emitters.  This is generally not possible with beta-
particle emitters given achievable antibody specific activity, tumor-cell antigen expression levels 
and the need to avoid prohibitive toxicity (5).  These attributes combine to provide the 
fundamental strength and rationale for using alpha-particle-emitting radionuclides for cancer 
therapy.  Current approaches to cancer treatment are largely ineffective once the tumor has 
metastasized and tumor cells are disseminated throughout the body.  There is also increasing 
evidence that not all tumor cells are relevant targets for effective tumor eradication and that 
sterilization of a putative sub-population of a small number of tumor stem cells may be critical to 
treatment efficacy (10).  The eradication of such disseminated tumor cells, or of a sub-population 
of tumor stem cells, requires a systemic targeted therapy that is minimally susceptible to chemo- 
or radio-resistance, that is potent enough to sterilize individual tumor cells and microscopic 
tumor cell clusters (even at low dose-rate and low oxygen tension) and that exhibits an 
acceptable toxicity profile (11).  Alpha-particle emitting radionuclides address this critical need.  
To accomplish these goals, a reliable, cost-effective source of alpha-particle emitters is needed 
for research and development, and to support their routine use in clinical practice. Improved 
chemical labeling and stability will be needed to achieve the desired biodistribution and 
associated dose distribution necessary for successful therapy with acceptable acute and long-term 
toxicities.  These limitations, have slowed the development and clinical use of alpha-emitter 
targeted therapy relative to the use of beta- and Auger-electron emitting radionuclides. 

The first clinical trial of an alpha-particle emitter in radiolabeled antibody therapy employed 
213Bi conjugated to the anti-leukemia antibody, HuM195, and was reported in 1997 (12,13), 4 
years after 213Bi was first suggested for therapeutic use (14).  This was followed by a human trial 
of the anti-tenascin antibody, 81C6, labeled with the alpha-emitter, 211At, in patients with 
recurrent malignant glioma (15).  In addition to these two antibody-based trials, a clinical trial of 
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unconjugated 223Ra against skeletal metastases in patients with breast and prostate cancer was 
recently completed (16).  More recently a patient trial of 211At targeting ovarian carcinoma has 
been initiated (17).  Future trials of alpha-emitters are anticipated using antibodies labeled with 
211At or 213Bi and directed against tumor neovasculature (18-20).  A conjugation methodology 
for 225Ac was recently described (21), and a Phase I trial of this radionuclide with the anti-
leukemia antibody, HuM195, in leukemia patients has recently been initiated (22).  Table 1 
summarizes clinical trials involving alpha-particle-emitting radiopharmaceuticals. 

This Report focuses on alpha-emitter dosimetry as it relates to human use in targeted therapy.  
This introduction is followed by a brief historical review of alpha-emitters (Section B), focusing 
on early human exposures and highlighting the distinction between the highly toxic and long-
lived alpha-emitters first used in humans and the alpha-emitters that have been used clinically or 
are being projected for clinical use.  Section C provides a review of alpha-emitter studies both in 
vitro and in vivo.  This section highlights the radiobiology of alpha-emitters that is relevant to 
targeted therapy in humans.  Closely related to the radiobiology of alpha-emitters is the concept 
of Relative Biological Effectiveness (RBE), which is reviewed in Section D.  The dosimetry of 
alpha-emitters has been addressed in a large number of publications.  Section E describes the 
criteria for microdosimetry, the different approaches for performing such calculations, and 
briefly reviews studies in which such calculations have been performed.  Section F provides a 
survey of alpha-emitters of interest for human use including the properties of individual alpha-
emitters and a summary of important pre-clinical and clinical studies.  Section G outlines a 
progression of studies and dosimetry analyses that are recommended for feasibility and toxicity 
evaluations.  Recommendations and conclusions are summarized in Section H. 

Therapeutic nuclear medicine is already a highly multidisciplinary field.  Therapy with alpha-
particle emitters is easily one of the more multidisciplinary endeavor within this  enterprise.  This 
review is intended to provide the necessary background including the physics and dosimetry 
perspective to aid in the design, conduct, and analysis of clinical trials using alpha-emitting 
radiotherapeutics. 

B. Historical Review 

Shortly after natural radioactivity was discovered in 1896 by Becquerel, Soddy and Rutherford 
showed that naturally radioactive substances were mixtures of several isotopes.  They separated 
radium-224 from thorium in 1902.  In 1903, Alexander Graham Bell suggested using radium for 
tumor therapy (23).  The abundant alpha emissions from 224Ra and its daughters suggested 
possible medical applications in dermatology for skin lesions and for treatment of rheumatic 
diseases (24).  Radium-224 was first used in 1912 for treatment of ankylosing spondylitis (with 
limited success), and later for tuberculosis (which was not effective).  

Bottled radium solutions as the stimulant "Radithor" were prescribed to cure almost any ailment 
(25).  Radium appeared to ease the pain associated with inflammation, stiffening, and 
crookedness of the vertebral column in ankylosing spondylitis patients, and to ease the 
movement of joints in patients with rheumatoid synovitis. 

Death resulted from acute radiation syndrome in early patients administered large oral doses of 
radium-226 solution, and internal applications were discontinued for a period of time.  The 
intravenous injection of 224Ra against rheumatic disease began again in France in 1922, in 
England in 1946, and in Germany in 1947.  The use of 224Ra in treatment of ankylosing 
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spondylitis resumed in 1964 in France.  Favorable results encouraged further use of radium-224 
against rheumatoid arthritis (26). Radium-224 is still used for treating adult spondylitic patients 
in Germany, but current doses are considerably smaller than those given earlier (27). 

The major late-effects of 224Ra have been bone cancers induced by the bone-surface-seeking 
radium and radioactive daughter products.  A long-term follow-up of radium-226 watch dial 
painters also showed malignant bone tumors and carcinomas of the mastoids and paranasal 
sinuses (28). 

Thorium colloid ("Thorotrast") containing thorium-232 and decay-series daughter products was 
given as a contrast medium for radiographic examinations (such as cerebral angiography), 
primarily in Germany, starting as early as about 1920 and continuing into the 1950s.  Liver 
tumors and leukemia have been the most significant late side-effects of thorotrast (29). 

As noted above, radium-224 was used for a number of ailments in the early 1900s.  This early 
experience, however, did not translate into early use of alpha-emitting radionuclides for targeted 
radionuclide therapy.  Instead, in 1982, 36 years after its initial use in the treatment of thyroid 
cancer (30), iodine-131, a beta-particle/gamma-ray emitter was first used in radioimmunotherapy 
(31).  In contrast, the first targeted therapy using an alpha-particle emitter in humans was 
reported in 1997 (13), 94 years after Alexander Graham Bell suggested placing sources of 
radium “in or near tumors” (23).  The alpha-particle emitter used in the clinical trial reported in 
1997 was 213Bi, a radionuclide that was not identified in the literature as a candidate for therapy 
until 1993 (14).  The contrast between the evolution of beta-particle emitter targeted therapy and 
alpha-particle emitter therapy is instructive in highlighting the differences in human experience 
between alpha-particle emitting radionuclides and other radionuclides used in targeted therapy.  
In the case of beta-particle emitters, prior human experience was helpful and generally positive, 
coming at a time when the potential hazards of radionuclides were better understood.  In 
contrast, early experience with alpha-particle emitters occurred when the hazards were not 
appreciated, resulting in their casual use and subsequent negative consequences (25). 

C. Alpha-Particle Radiobiology 

Introduction 

Interest in alpha-particle emitting radionuclides for cancer therapy is driven by the physical and 
radiobiological properties of alpha-particles as compared to those of photons and electrons (Fig. 
1).  The energy deposited along the path of an alpha-particle per unit path length is shown in 
Figure 2.  As shown on the figure, the energy deposition along the path or linear energy transfer 
(LET) of an alpha-particle can be two to three orders of magnitude greater than the LET of beta-
particles emitted by radionuclides such as 131I, and 90Y  

One of the first studies demonstrating the biological effects of heavy charged particles was by 
Raymond Zirkle in 1932 (32).  He examined the effect of polonium alpha-particles on cell 
division in fern spores and showed a much greater biological effect when the spore nucleus was 
placed in the Bragg peak of the alpha-particle track compared to the plateau region of the track 
(33).  Much of the subsequent radiobiology of alpha-particles was established in a series of 
seminal studies performed by Barendsen and co-workers in the 1960’s (34-42).  These studies 
first demonstrated the now familiar and accepted features of alpha-particle irradiation that are 
outlined in the individual sections, below.  A subsequent series of studies on the mutation and 
inactivation of three different mammalian cell types exposed to helium, boron or nitrogen ions 
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spanning LET values in the range 20 to 470 keV/µm-1 was key in evaluating the various 
biophysical models that had been posited to explain low vs high LET effects (43-46).  The work 
was also instrumental in providing both the experimental results and biophysical analysis to help 
understand the RBE vs LET relationship established by Barendsen.  The biophysical analysis in 
the last paper of the series (43) provided compelling theoretical support for the concept of two 
types of radiation induced cellular inactivation.: 1) that due to the accumulation of multiple 
events that can be repaired at low doses (i.e., sub-lethal damage) but that saturate the cellular 
repair mechanisms at higher doses. This type of inactivation yields the characteristic linear-
quadratic dose-response curve for low LET radiation, corresponding to a small number, 
approximately 3-9, (i.e., ~100 to 300 eV) ionizations in a distance of about 3 nm associated with 
a low probability of producing lethal lesions.  The second type of inactivation arises due to a 
single lethal event for high LET radiation.  In this case, a larger number of ionizations, >10, over 
the 3 nm distance depositing > 300 eV produce lethal lesions with a high probability.  It is 
important, however, to remember that these studies were performed using external beams of 
alpha-particles in which the incident alpha-particles were generally orthogonal to an alpha-
permeable surface upon which the cells were cultured as a monolayer of adherent cells.   

As initially demonstrated, experimentally, by Fisher et al. (47), and then theoretically by Humm, 
et al. (48), and most recently by Kvinnsland et al. (49) the spatial distribution of alpha-particle 
emitters has an important impact on the absorbed dose distribution and, correspondingly, on the 
slope of the cell-survival curve.  Neti and Howell recently provided experimental evidence of a 
log-normal cellular uptake of 210Po citrate among a cell population uniformly exposed to the 
radiochemical and showed that this distribution can substantially alter the cell survival curve 
(50).  Although many of the results obtained from the external beam studies, (summarized in 
Table 2) are generally applicable regardless of the alpha-particle distribution, specific parameters 
such as the average number of alpha-particle traversals to induce a lethal event or the D0 value 
(i.e., the absorbed dose required to reduce cell survival to 0.37) are highly sensitive to 
experimental factors such as the geometry of the cells, the thickness/diameter of the cell nucleus, 
the distribution of DNA within the nucleus (i.e., the phase of the cell cycle) and the number and 
spatial distribution of the alpha-particle sources relative to the target nuclei.   

The distinction between DNA DSBs caused by a single high-LET track versus DNA damage 
caused by multiple low-LET tracks is illustrated in Figure 3.  This basic observation underpins 
almost all of the radiobiology of alpha-particles. 

Traversals required for cell kill 

The average number of α-particle nuclear traversals required to kill a cell, as measured by the 
loss of the subsequent ability  to form a colony ranges from as low as 1 (51) to as high as 20 
(52).  If bystander effects are included, the lower end of the range would include 0.  As noted 
above, the variability in this value when bystander effects are not considered arises because of 
the high sensitivity of this determination to the geometry of the cell and the nucleus during 
irradiation and also the LET of the incident alpha-particles and the LET distribution within the 
nucleus.   

Quoting from a publication of Raju, et al. (53), “The notion that a cell will be inactivated by the 
passage of a single α particle through a cell nucleus prevailed until Lloyd and her associates 
(52) demonstrated that 10 to 20 5.6 MeV α particles were required to induce one lethal lesion in 
flattened C3H 10T1/2 cells.  Studies by Bird, et al (54) showed that approximately four 3He ions 
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were required to pass through the cell nucleus to induce one lethal lesion in V79 cells at the 
G1/S-phase border, cells in late S phase required five to eight 3He ions.  Todd, et al. (55) 
investigated the effect of 3.5 MeV α particles on synchronized T-1 cells, and observed that 
approximately one α particle out of four to five traversing a cell nucleus is effective in inducing 
one lethal lesion.  Roberts and Goodhead (56) estimated that one out of six 3.2 MeV α-particle 
traversals through a C3H 10T1/2 cell nucleus is lethal.  Barendsen (57) concluded that the 
probability of inactivation per unit track length of high-LET α particles is approximately 0.08 
µm-1 for both T-1 and C3H 10T1/2 cells consistent with the results of Roberts and Goodhead for 
C3H10T1/2 cells (56).”  In a study comparing high LET effects of Auger vs alpha-particle 
emitters, Howell and co-workers found that about  9 decays of 210Po were required to reduce cell 
survival to 37% (D0) when it was distributed between the cytoplasm and nucleus of V79 cells; 
the energy deposited in the cell nucleus corresponds to about two complete (maximum chord 
length) traversals of the cell nucleus (58).   In a murine lymphoma cell line, approximately 25 
cell-bound alpha-particle emitting 212B immunoconjugates were required to reduce clonogenic 
survival by 90% (59).  The theoretical efficiency of DSB production when an alpha-particle 
passes through DNA was examined by Charlton et al. (60) and was found to be surprisingly low; 
approximately 1/8 of 10 MeV alphas passing through a 54-nucleotide section of DNA produce a 
DSB.  One passage in four of 1.2-MeV alphas produces a DSB. 

Barendsen’s estimate of the inactivation probability per unit track length and Goodhead et al.'s 
determination of the number of lethal lesions per micrometer track through the nucleus (43) 
suggests another approach for estimating inactivation probability.  Along these lines, Charlton 
and Turner introduced the total alpha-particle path length (or chord length) through the nucleus 
as a useful parameter (61).  This was used to derive, λ, the mean free path between lethal events 
for alpha particles traveling through nuclei.  Drawing from an extensive compilation of 
experimental data, this parameter was found to range from 1.5 to 64.4 µm.  As expected, λ, was 
found to be dependent on the LET (Fig. 4).  The use of an inactivation probability per unit track 
length through the nucleus has also been used  in a model describing radiation-induced cellular 
inactivation and transformation.  By incorporating aspects of a state vector model for 
carcinogenesis (62) into the inactivation/transformation model, Crawford-Brown and Hoffman 
(63) have described a model that successfully predicts both cell survival and transformation after 
irradiation by alphas of different LET at absorbed doses below 1 Gy.  This model was used to 
examine the impact on model predictions of including a correlation between initiation of cellular 
transformation and cellular inactivation.  At absorbed doses greater than 1 Gy a significant 
difference was observed in the predicted probability that a cell is transformed and survives. 

Cell survival curve 

Cell survival curves (i.e., surviving fraction, SF, versus absorbed dose, D)  for low LET radiation 
such as X-rays exhibit an initial “shoulder” which is thought to reflect the repair of radiation 
damage.  This type of cell-survival curve can be represented by the linear-quadratic equation:  

2DDeSF βα −−= , C.1 

with the parameters, α and β, respectively, are equal to the sensitivity per unit dose, D, and per 
unit dose squared, D2.  As the absorbed dose exceeds a certain threshold level, presumably the 
dose at which the radiation damage repair rate is reduced relative to the rate of induced damage, 
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the relationship between surviving fraction and absorbed dose approaches log-linearity.  As 
shown on Fig. 5, the cell survival curve for alpha-particle radiation is log-linear at low as well as 
high absorbed doses, i.e., it does not exhibit a shoulder region, reflecting the reduced capability 
of cells to repair alpha-particle damage.  The equation describing this is: 

0D
D

eSF
−

= , C.2 

with the parameter, 0D , equal to the absorbed dose required to yield a surviving fraction of 37%.  
It is important to note that the log-linear aspect of cell survival curves following alpha-particle 
irradiation reflects a reduced repair capacity, not the absence of repair.  That alpha-particle 
damage is repaired has been demonstrated by a number of studies (see next section).  It is 
important to note that repair of damage is not inconsistent with single-event lethality and a log-
linear survival curve.  The key distinction is whether death is a result of accumulated damage or 
of a single event.  Cell survival curves that exhibit an initial shoulder reflect cell death that 
results from the accumulation of damage, whereas log-linear cell survival curves reflect cell 
death arising from a single event, without the need to accumulate damage.  In both situations, 
repair is possible. 

Double strand break (DSB) yield and repair 

Depending upon the measurement technique used, the reported alpha-particle RBE for initial 
yield of DNA double-strand breaks (DSBs) relative to 60Co γ-rays has ranged from 0.7 to 4.4.  
The higher values are obtained using the cell sucrose sedimentation technique whereas elution 
techniques have tended to give a value closer to 1. (64).  The presence of DMSO (0.5 mol/dm-3) 
reduces the initial yield by 50% and 32% for photons and 238Pu α-particles, respectively (65).  
Pulsed-field gel electropheresis analysis of the size distribution of DNA fragments has revealed 
that the size distribution of fragments obtained following high LET ion (40 kev/µm He ions and 
>80 kev/µm N ions) irradiation is shifted towards smaller fragments than would be expected 
from randomly distributed breaks.  In contrast, the distribution from 60Co γ radiation is consistent 
with a random breakage model (66,67).  This observation suggests that if the measurement 
technique used to assess DNA DSBs cannot resolve fragments in the 10- to 150-kbp (kilo-base 
pair) range, then the extent of DSBs will be underestimated for α radiation.  This apparent 
clustering of DSBs has been found to impact the rate and extent of DSB repair.  While the repair 
rate of repairable damage was found to be independent of LET, the fraction not repaired and the 
fraction repaired very slowly (>22h) both increased with increasing LET.  Interestingly, the 
majority of DSBs were rapidly rejoined (T1/2 ~ 15 min) even after high LET irradiation (68).  
To investigate misrejoining probability in DSB repair, the integrity of a 3.2-MBp restriction 
fragment has been used to measure the joining of wrong DNA ends following high-and low-LET 
radiation.  The misrejoining frequency for filtered (0.5 mm copper) 320 kVp X-rays delivered at 
a dose rate of 2-3 Gy/min was non-linearly related to dose, with less probability of misrejoining 
at low doses than at high doses.  In contrast, the dose-dependence of misrejoining frequency was 
closer to being linear for 7 MeV helium ions (LET = 97 keV/µm), delivered at a dose-rate of 50-
100 Gy/min.  Misrejoining frequencies for the high-LET particles were generally greater than for 
X-rays, particularly at lower doses. (69). 



Alpha-Particle Emitter Dosimetry 

- 10 - 

The experiments outlined above, along with Monte Carlo simulations of track structure and 
ionization events suggest that there are different types of DSB, differing in their “complexity” or 
clustering at the level of individual small damaged segments of DNA (60,70-72).  At high total 
absorbed doses, both high and low-LET radiation yield a similar number of DSB but a 
proportion of the DSBs arising from high-LET radiation are highly complex and repair of these 
either is not possible or occurs very slowly.  This is supported by measurements of the repair 
kinetics for high- versus low-LET DSBs.  A hierarchy of DSBs has, therefore, been envisioned 
in which “simple” DSBs are generated by both high- and low-LET radiations and these are more 
rapidly repaired.  The more complex DSBs are rare for low-LET radiations but frequent for high-
LET radiations; these are more slowly repaired.  Finally, there are highly complex DSB, arising 
from more “severe” ionization clusters, a small number of which are only generated by high LET 
radiation; these are either not repaired at all or are repaired incorrectly and therefore give rise to 
the biological effects observed from high-LET radiation.  This model has been proposed to 
explain the discrepancy in RBE for DSB versus RBE for biological effects (73).  In contrast to 
the popular impression of double and single strand breaks as being two categories of damage, 
this model suggests that within the DSB category there are different types of DSB damage that 
are distinguishable by their repair properties.  An alternative model that retains the DSB as a 
single category of damage has also been proposed.  In this model, the highly complex DSB is a 
result of two DSBs in close proximity to each other.  Reproductive cell death arises because the 
resulting repair effort can lead to loss of part of the DNA or to the exchange of DNA between 
chromosomes (74). 

It is important to note that because of the low sensitivity of detecting DNA DSBs, all of the 
experimental studies described above were performed at average absorbed doses ranging  from  
20 to 400 Gy with most of the results obtained at doses exceeding 50 Gy.  These doses are 
substantially greater than would be expected from  targeted radionuclide therapy and, although 
the initial induction of DSBs was found to be linear with absorbed dose from alpha-particles, it is 
not clear that the results of these studies apply to the lower absorbed doses and dose rates typical 
of targeted radionuclide therapy. 

Oxygen effect 

In addition to dose-rate, the influence of oxygen concentration has long been recognized as an 
important factor in the response of cells to radiation (75,76).  Figure 6 demonstrates that this 
effect is strongly influenced by the LET of the radiation.  The Oxygen Enhancement Ratio 
(OER) or relative radiosensitivity of cells to oxygen concentration is 1 for charged particles with 
an LET greater than 140 keV/µm (34).  The initial LET of 4- to 8- MeV alpha-particles typical of 
the alpha-emitters of interest in targeted alpha-emitter therapy range from 110 to 61 keV/µm.  
The OER values in this LET range are 1.3 to 2.1.  Since the LET of the emitted alpha-particles 
increases well beyond the 140 keV/µm threshold for OER=1 as the Bragg peak is approached, 
the ability of alpha-particles to overcome radioresistance due to hypoxia will depend upon the 
spatial distribution of the alpha emitters relative to the hypoxic region.  It is important to note 
that the potential advantage noted above, is strictly radiobiological.  There are studies suggesting 
that hypoxia may alter the phenotype of the cell via cell signaling pathways associated with 
increased concentrations of HIF1-alpha, the hypoxia inducible factor, leading to a cell phenotype 
that is inherently more resistant to radiation and other cytototoxic agents, including 
chemotherapeutics (77).  The classical OER effect has been explained as a free radical-mediated 
effect in which the presence of oxygen “fixes” free radicals which are then able to induced DNA 
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damage, thereby making repair of the damage more difficult (78).  In this case, the reduced OER 
effect with alpha-particle radiation may be explained by the preponderance of oxygen-
independent direct DNA damage  (versus oxygen-dependent indirect, that is, free radical-
mediated DNA damage) characteristic of alpha particles. 

Dose-rate 

The influence of absorbed dose rate on cell survival for low-LET emissions is well established.  
As the dose rate is lowered and the exposure time extended, the biological effect of a given dose 
is generally reduced (79).   The primary explanation for this effect is that lower dose rates 
provide a greater time interval for DNA damage repair.  Since high-LET damage is not easily 
repaired, dose rate or even dose fractionation should not impact cellular survival.  Barendsen and 
co-workers examined changes in survival following alpha-particle irradiation over a dose-rate 
range of 0.5 to 100 rad/min, and no dose-rate effect was observed (36). 

Dose rates associated with traversal of an alpha-particle through a cell nucleus have been 
studied.  Stevens et al. (80) estimated that an alpha particle deposits a dose of the order of 0.2 Gy 
to a cell nucleus over a time period of approximately one picosecond (ps), the time required for 
an alpha particle to traverse a nucleus.  This gives a dose rate of approximately 108 Gy/s, raising 
the possibility that high-LET effects may be due to the temporal distribution (i.e., increased dose 
rate) rather than the spatial distribution of ionization events.  The question was examined using 
the High Brightness Picosecond X-Ray Source, developed at the Rutherford Appleton 
Laboratory (81), which delivers an X-ray absorbed dose equivalent to that of one alpha-particle 
per cell in approximately 10 ps.  This low-LET, ultrahigh dose-rate source was used to measure 
the OER for cell inactivation by ps X-ray pulses.  An OER of about 2.5 was found, consistent 
with that observed for conventional X-ray and gamma-ray sources and confirming that the 
enhanced biological effects associated with alpha-particle radiation are indeed due to the high 
spatial density of ionization events. 

Oncogenesis 

Although not of prime concern in cancer therapy, a much higher incidence of cancer induction is 
associated with alpha-particle irradiation (82).  Accordingly the weighting factor for alpha 
particles is 20, meaning, that a committee review of the relevant experimental and human data 
has determined that per unit absorbed dose, alpha-particles are associated with a 20-fold greater 
risk of cancer induction as compared to a similar absorbed dose of photons or beta particles (83).  
A review of human and animal data related to cancer risk estimates has called the value of 20 
into question for bone cancer and leukemia risk, particularly at low absorbed doses (84).  
Consideration of dose to target cells on bone surfaces as opposed to the average bone dose gives 
an RBE for bone cancer risk of 3 to 12.  The authors note that these estimates may also change 
since there is evidence that bone cancer risk may be best assessed by calculating dose to a 50-µm 
layer of marrow adjacent to the endosteal bone surface as opposed to a single 10-µm layer as 
currently assumed.  Likewise, a factor of 2 to 3 is more consistent with the experimental data for 
leukemia induction.  It is important to note that all of these estimates are based on alpha-particle 
emitters not projected for use in targeted alpha-emitter therapy.  The few studies that have been 
performed to examine carcinogenesis of the short-lived alpha-emitters that are of interest in 
targeted alpha-emitter therapy have all been performed using 211At.  Neoplastic changes, 
predominately papillary carcinomas in various organs were seen in a few animals but not more 
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than what was expected for untreated mice. Brown and Mitchell (85) reported a 13% incidence 
of plasmocytoma in tumour-bearing mice of the same strain 13-21 months after the treatment 
with 200-750 kBq of 6-[211At]-astato-MNDP. The frequency of low-grade B-cell non-Hodgkim 
lymphoma was high but similar to that of the control population. A high incidence of pituitary 
adenomas and mammary tumours has been seen in rats treated with 211At  (86,87).  These 
tumors, however, were partially attributed to secondary, hormonal effects associated with a 
hormonal imbalance resulting from thyroid or ovarian tissue compromise. 

Bystander effect 

The bystander effect may be loosely defined as a biological alteration (e.g., apoptosis, 
chromosomal damage or genetic mutation) in a population of cells not exposed to or traversed by 
ionizing particles that arises when: 1. these cells are in proximity to cells that have been 
irradiated or 2. are exposed to the cell culture medium of irradiated cells.  A broader definition 
has also been suggested that includes abscopal effects – “the detection of responses in 
unirradiated cells that can reasonably be assumed to have occurred as a result of exposure of 
other cells to radiation” (88).  These effects occur in organs or parts of organs which are remote 
from the original radiation field.  Examples include effects on a contralateral lung when only one 
lung is irradiated or effects on the whole lung when only a portion of the lung is irradiated 
(89,90).  Although the bystander effect is widely considered to be a new observation, reports that 
the inactivation of biological entities may be brought about equally by ionizations produced 
within the entity or by the ionization of the surrounding medium have existed since the 1920s 
(91) and observations of clastogenic factors in plasma from radiotherapy patients were first 
reported in the 1950s (88,92).  The current high level of interest in bystander effects was sparked 
by a report by Nagasawa and Little in 1992 (93).  They found that, using a very low fluence 
alpha particle microbeam, more cells had sister chromatic exchanges than was predicted by cell 
traversal probability calculations.  Since then, most studies have demonstrated, that high-LET 
but not low-LET radiation-induced bystander effects are dependent on intracellular interaction 
and functioning gap junctions (94-98).  The effect has also been shown to depend upon the dose 
delivered to the hit cells.  This is illustrated in Figure 7 which shows that when 10% of the cells 
in a dish are hit with an exact number of alpha particles (average LET = 90 keV/µm), the 
survival of the cells not hit in the dish is reduced, and the reduction in survival depends upon the 
number of hits experienced by the hit cells (99).   

In an elegant study examining both high and low LET-bystander, Boyed and co-workers (100), 
demonstrated high-LET bystander effects that did not depend upon direct intracellular 
interaction.  They transfected two human tumor cell lines with the noraderanline transporter 
(NAT) gene needed for cellular MIBG uptake.  Cells were irradiated by incubation with 131I- 
(low LET β-emitter), 123I- (potentially high LET Auger-emitter), or 211At-(high LET alpha-
emitter) labeled MIBG.  Unirradited cells were incubated in the medium from transfected cells 
that had taken up radiolabeled MIBG.  Both the donor and recipient cells were tested for 
clonogenic survival after radiolabeled MIBG and external beam irradiation of the donor cells.  
This approach made it possible to use as controls the wild-type cell lines that had not been 
transfected and that did not concentrate MIBG.  Using this system they demonstrated that over 
the dose-range 0-9 Gy, external beam radiation of donor cells caused 30 to 40% clonogenic cell 
kill in recipient cultures.  This potency was maintained but not increased by higher dosage.  In 
contrast, no corresponding saturation of bystander (recipient) cell kill was observed after 
treatment with 131I-MIBG at activity concentrations which led to 97% kill in donor cells.  
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Cellular uptake of 123I-MIBG and 211At-MABG induced increasing recipient cell kill up to levels 
that resulted in direct (donor cell) kill of 35 to 70% of clonogens.  Thereafter, the administration 
of higher activity concentrations of these high-LET emitters was inversely related to the kill of 
recipient cells.  Over the range of activity concentrations examined, neither direct nor indirect 
kill was observed in cultures of cells not expressing the NAT, and thus incapable of MIBG 
uptake.  The investigators concluded that potent toxins are generated specifically by cells that 
concentrate radiohalogenated MIBG and that these may be LET dependent and distinct from 
those elicited by conventional radiotherapy.  Using the same basic model, experiments, in 
spheroids demonstrated spheroid sterilization when only 5% of the cells making up the spheroid 
expressed NAT; were also performed with spheroids, wherein greater than expected spheroid kill 
was observed in spheroids with a fraction of the cells transfected.  In this system, 211At-MABG 
was more potent in bystander kill than 131I-MIBG (101) 

Three-dimensional cell culture systems have also been used to investigate the impact that 
different fractions of irradiated cells have on cell cluster survival.  Bystander effects are observed 
when survival of all cells making up the cluster is less than that predicted from the fraction of 
self-irradiated cells (102-104).  These studies have been confined, however, to beta-particle and 
Auger-electron emitters.  A number of excellent and comprehensive reviews on this subject have 
been published (88,97,105,106) and the reader is referred to these for more on this topic.  The 
remainder of this section will focus on the implications of the bystander effect for radionuclide 
therapy with alpha-emitting radionuclides. 

Bystander effect, in vivo 

To date, no studies have been published that examined bystander effects in vivo using alpha-
particle emitting radionuclides that have been discussed as candidates for radionuclide therapy 
(i.e., that are the subject of this review).  Re-analysis of alpha-emitter studies examining the hot 
particle hypothesis provide evidence for alpha-particle induced bystander effects, in vivo, in 
Chinese hamsters using 239Pu oxide particles (106,107).  In these studies, particles of different 
sizes were injected and lodged in the liver to deliver a range of different local doses while the 
total average liver absorbed dose was kept constant.  Plutonium-239 citrate and the small 239Pu 
oxide particles distribute uniformly throughout the liver volume, a large fraction of the cells, 
therefore, experienced an alpha traversal and energy deposition.  In contrast, with the largest 
particles less than 1% of the total cells were likely to have experienced alpha-particle traversals.  
The incidence of both chromosome aberrations and cancer was dependent only on the total mean 
absorbed dose to the liver and not on the distribution or on the number of cells irradiated.  The 
authors concluded from these studies that the mass of the total organ volume was the relevant 
target when estimating absorbed dose for assessment of risk associated with stochastic effects.  
Although these studies were performed to examine the "hot particle hypothesis" postulated by 
Tamplin and Cochran (108), the results also suggest a bystander effect in that alpha-particle 
irradiation of a sub-population of cells within an organ affects the organ as a whole.  Studies are 
required to determine whether these conclusions apply to the higher dose rates that are delivered 
by therapeutic administration of alpha-emitters such as 213Bi and 211At, and to biological 
endpoints related to the acute effects (e.g., toxicity) that are of primary concern in cancer 
therapy. 
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Fractionation 

The fundamental rationale for fractionation in external-beam radiotherapy is based upon the 
differential repair capacity of most normal organs compared to most tumors.  This is expressed in 
terms of early versus late responding tissues, corresponding to high versus low α/β ratios (109).  
Fractionation tends to spare normal organs without a reduced efficacy against tumors.  As shown 
on Figure 8, this is not the case with high-LET radiation (36).  Cultured cells derived from 
human kidneys showed the same surviving fraction for a single total absorbed dose of alpha-
particle radiation or the same total dose delivered in two equal fractions, separated by 12 hours.  
Using the same cell line, similar results have been observed when the total dose was delivered in 
three equal fractions at 4, 8 and 12 hours after cell plating (35).  Extension of the biologically 
effective dose (BED) formalism to account for RBE effects has also demonstrated that 
fractionation is theoretically not likely to confer a normal tissue-sparing effect for high-LET 
radiations (110).  Similar conclusions may be drawn for the chronic, exponentially decreasing 
dose rates delivered by internally administered alpha-particle emitters. 

Radiomodulation 

Few examples of agents that can modulate alpha-particle radiation induced damage have been 
reported.  In the early 1960s, Barendsen and coworkers compared the radioprotective effects of 
cysteamine and glycerol (35).  The surviving fraction of T1 (human kidney-derived) cells 
increased by a factor of 3.7 for 250-kVp X-irradiation and only 1.2 for 210Po alpha-particle 
radiation.  Similar results were observed with glycerol; cell survival was increased by 2.0 and 
1.2, for 250-kVp X-rays and 210Po alpha-particles, respectively.  Qualitatively consistent but 
quantitatively different results have been obtained with the radiosensitizer, Wortmannin (WM). 
This irreversible and potent inhibitor of DNA-dependent protein kinase (DNA-PK), is involved 
in the non-homologous end joining (NHEJ) DNA repair pathway invoked in the repair of DNA 
double-strand breaks (111).  In V79 Chinese hamster cells, WM led to a 3 to 4-fold increase in 
genotoxic damage, as measured by the induction of micronuclei.  High LET irradiation, as 
delivered by a boron neutron -capture reaction, leading to the release of alpha-particles with an 
average energy of 2.3 MeV, yielded an increase in micronucleus induction of ~2-fold.  This 
suggests that the more complex double-strand damage induced by high-LET radiation is a 
substrate of the NHEJ pathway (112,113).  In vivo studies in mouse testes have shown that 
soybean oil, S-(2-aminoethyl)isothiouronium bromide hydrobromide (AET), and cysteamine 
afford some protection against the cytotoxic effects of 5.3-MeV alpha particles emitted by 210Po 
(114-117).  When spermatogonial cell survival was used as the biological endpoint, dose 
modification factors of 2.2, 2.4, and 2.6 were obtained, respectively.  No modification of the 
spermatogonial response to alpha particles was observed when dimethyl sulfoxide or vitamin C 
were used (118,119). 

That DNA damage and its repair are at the core of alpha-emitter radiobiological effects is 
supported by many years of experimental and theoretical work.  It is important, however, to keep 
in mind that all of the foundation work regarding the radiobiology of alpha-emitters was 
performed well before modern molecular biology came into existence.  In light of the remarkable 
and far-reaching gains in our understanding of the molecular mechanisms involved in cancer 
genesis, the cellular response to radiation, and DNA single and double-strand break repair, a re-
examination of alpha particle radiobiology, using modern tools is warranted. 
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D. Relative Biological Effectiveness (RBE)  

Introduction 

The biological effect of ionizing radiation is influenced by the absorbed dose, the dose rate and 
the quality of radiation.  The radiation quality is characterized by the spatial distribution of the 
energy imparted and by the density of ionizations per unit path length, referred to as ‘linear 
energy transfer’ (LET) or stopping power of a charged particle (32,83).  Depending upon the 
effect considered, greater ionization density along a track will increase the probability of 
inducing a biological effect.  Compared to electrons and beta-particles, alpha-particles exhibit a 
very high density of ionization events along their track (120).  Electrons and beta particles that 
are emitted by radionuclides generally range in energy from several MeV to as low as several 
keV with corresponding LET values ranging from about 0.1 to 1 keV/μm  (beta particles actually 
are characterized by a spectrum of energies; the bottom end of the spectrum is zero).  The 
exception to these is Auger electrons which have energies as low as several eV and 
corresponding LET values as high as 25 keV/μm.  Alpha particles emitted by radionuclides 
range in energy from 2 to 10 MeV with initial LET values ranging from 60 to 110 keV/μm.  A 
given tissue absorbed dose resulting from alpha-particles, therefore, is likely to yield 
considerably greater biological effects (again depending upon the effect being considered) than 
the same absorbed dose delivered by typical electrons or beta particles. To account for 
differences in energy deposition pattern exhibited by different quality radiations, the concept of 
relative biological effectiveness or RBE has been established.  An authoritative review of this 
concept, its derivation and appropriate application has been published by the ICRP (ICRP 92 
(83), ICRP 58 (121)) and the reader is encouraged to consult this source for additional 
information.  In radiobiology, RBE equals the ratio of absorbed doses of two types of radiation 
that produce the same specified biological effect.  

RBE defined 

RBE is calculated as the absorbed dose of a reference radiation (e.g., X-rays, γ-rays, beta-
particles), Dr(x), required to produce a biological effect, x, divided by the absorbed dose of the 
test radiation, Dt(x), required to produce the same biological effect: 
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RBE is thus an experimentally determined value defined for a particular biological effect and 
therefore for a particular biological system.  The experimentally determined value can be 
influenced by the following: 1. The variability of the biological system. 2. The methodology 
used for calculating the absorbed dose of the two radiation types.  3. Since, as described above, 
the RBE is related to the pattern of ionizing energy deposition along a particle track, the RBE for 
a particular radiation type will also depend upon the initial emission energy of the particle (i.e., 
how close the particle is to the end of it’s track – the Bragg Peak).  4. If the reference radiation 
yields a dose-response relationship that is not log-linear for the biological system examined, the 
RBE value will depend upon the specific biological quantitative endpoint selected (e.g., D50, D37 
(=D0), D10, etc. which determines whether the comparison falls in the shoulder or in the log-
linear region of a dose-response or survival curve), 5) the type of biological endpoint (e.g., 
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survival, mutation), and 6) the dose rates of the test and reference radiations.  The first of these 
relates to the variability of the model system across different laboratories.  The issue has been 
examined for studies, in vitro (122).  The second of these, the methodology used for dosimetry 
should, ideally, not be on the list.  The methodology used should provide the true absorbed dose 
value or specific energy distribution (Cf. Section E) to the relevant biological target for both the 
test and reference radiations.  In practice, however, this is a challenge even for studies, in vitro 
(123).  In the setting of human alpha-particle emitter dosimetry, consistency and reproducibility 
will be as important if not more important than accuracy.  This issue is discussed in greater detail 
in the recommendations for dosimetry section, below.  The third item listed, above, has been 
examined by Charlton, et al. (124) and Howell, et al. (125).  In the studies by Howell, et al., a 
uniform distribution of decays was assumed to calcuate the D0 for seven alpha-emitting isotopes 
covering a wide range of initial energies.  Using the D0 obtained for X-rays for the cell line used 
in the alpha-emitter calculations, a linear relationship between RBE and initial alpha-particle 
energy was obtained over an initial alpha energy ranging from 5 to 8.5 MeV.  The straight line 
was given by RBE = 2.9-0.167Ei, where Ei is the initial alpha-particle energy in MeV.  As shown 
below, this is an approximate scaling of the equation derived from in vivo experimental data by 
Howell, et al. (125).  In addition to effects related to the Bragg peak, non-uniform biodistribution 
of the alpha-emitters also leads to microdosimetric effects that impact RBE and the slope of the 
cell-survival curve (47-49). 

Strictly speaking, the test radiation should be delivered in an identical manner as the reference 
radiation (e.g., chronic, acute, etc.).  However, acute externally administered x- and γ-rays are 
often used as the reference radiation when RBE values are determined for internally 
administered radionuclides.  Given the often sizeable difference in biological responses to acute 
versus chronic low-LET radiation, the dose rate at which the reference radiation is delivered can 
impact the resulting RBE (126).  The dose-rate pattern delivered by radiopharmaceuticals are 
generally well represented by multicomponent exponential functions.  Howell et al. have 
delivered such patterns with external beams of 137Cs γ-rays (127).  This approach was utilized to 
study the bone marrow response to exponentially decreasing dose rates of  137Cs γ-rays (128).  
The response of granulocyte-macrophage colony forming cells in the marrow to decreasing dose 
rates with half-times ranging from 62 h to ∞ (i.e. constant dose rate) were studied and compared 
with the response to acute exposures.  Mean lethal doses for chonic irradiation were up to 40% 
higher than those for acute exposures.  Thus, care must be taken when comparing RBE values 
based on different reference radiations. 

Based upon a review of experimental literature, an RBE value of between 3 and 5 was 
recommended for cell killing by a panel convened by the Department of Energy in 1996 (129)).  
Since human studies using alpha-particle emitters have yet to be analyzed for deterministic 
effects, an RBE of 5 was recommended for projecting the possible deterministic biological 
effects associated with an estimated alpha-particle absorbed dose. 

RBE vs LET 

The classic relationship between LET and RBE for cell inactivation (38) is shown in Figure 9.  
The figure shows a maximum at an LET of 110 keV/µm close to the LET of alpha particles 
emitted by radionuclides.  The drop in RBE at higher LET values has been interpreted to reflect 
overkill.  If one assumes that a certain amount of damage is required in a particular target volume 
to inactivate a cell, then there will be an optimal LET that will deposit an amount of energy that 



Alpha-Particle Emitter Dosimetry 

- 17 - 

is sufficient to cause that amount of damage.  Once the required energy has been reached, the 
additional energy that is deposited as a consequence of further increases in LET is “wasted.”  
Note that the figure also shows the dependence of RBE on biological end-point with each of the 
individual curves corresponds to a different level of cell survival. 

RBE, in vivo 

A biodistribution, dosimetry and comparative efficacy study of intravenously injected 211At 
performed by Harrison and Royle (130), examined the relative effectiveness of 211At and 250-
kVp X-rays (0.72 Gy/min) on reducing testes mass and sperm number in mice.  At 28 days after 
injection of 211At or exposure to X-rays, an RBE of 4 was reported for testes mass reduction and 
5 for sperm number reduction. 

Using a well-characterized mouse testis model with testicular sperm head survival as the 
biological end-point, the RBE, in vivo, of alpha-particle emitting radionuclides administered 
intratesticularly has been measured relative to acute external 60- or 120-kVp X-rays (~ 0.1 
Gy/min), (116,125,131).  RBE estimates for several alpha-emitters are summarized in Table 3 
and plotted in Figure 10.  These data were used to derive an empirical relationship between the 
RBE and initial alpha-particle energy, in vivo, for this model: 

 RBEα = 9.14 – 0.510Eα; 3 < Eα < 9 MeV. D.2 

This equation was used to derive an RBE for 223Ra when it is in equilibrium with its alpha- and 
beta-emitting daughters.  The calculated value of 5.6, obtained by weighted sum of RBEs for the 
individual emissions, was in agreement with the experimental RBE value of 5.4 (125).  

RBE values, in vivo, for 211At and 213Bi radioimmunotherapy have been reported.  Behr, et al. 
found an RBE of approximately 1 for 213Bi- vs 90Y-labeled Fab' antibody in nude mice when the 
biological end point was the maximum tolerated dose with the bone marrow being the dose-
limiting organ (132).  The absorbed dose to blood was used to derive the RBE.  Blood absorbed 
dose was calculated using a mathematical model that accounted for beta and gamma cross-fire in 
the mouse (133).  When the biological end-point in this same human colon cancer xenograft 
(GW39) model was anti-tumor efficacy, determined as the time for tumor volume 
quadruplication, an RBE of 2 to 3 was observed at tumor doses greater than 10 Gy and in excess 
of 14 at tumor doses less than that (i.e., in the "shoulder" region of the dose-response curve). 

In a recent report by Elgqvist, et al., the myelotoxicity in nude mice of intact MX35 antibody 
labeled with 211At was compared with 99mTc-labeled antibody and with whole-body 60Co 
irradiation (134).  Bone marrow dosimetry was performed by Monte Carlo simulation using an 
anatomical model developed by Muthuswamy, et al (135) and an electron point-kernel (136) or 
ICRU stopping powers (137) for electron and alpha-particle energy deposition, respectively.  The 
energy deposited within marrow sites was calculated by integrating over the track length within 
the marrow.  The photon contribution from 99mTc was added as a whole-body dose.  Leukocyte 
suppression was used as the biological end-point.  RBE± SD values of 3.4 ± 0.6 and 5.0  ± 0.9 
were obtained when 211At was compared with 99mTc and whole-body 60Co irradiation, 
respectively. 

The RBE for tumor growth inhibition of 211At-labeled F(ab’)2 fragments of the MX35 antibody 
was obtained in nude mice bearing subcutaneous xenografts of the human ovarian cancer cell 
line, OVCAR-3 (138).  Growth inhibition was taken as the average normalized tumor volume 



Alpha-Particle Emitter Dosimetry 

- 18 - 

over a 15-day period starting at day 8, post-treatment.  This was plotted against absorbed dose 
and the D0 value for 211At treatment was compared with that for whole-body 60Co irradiation (~2 
Gy/hr). The tumor absorbed dose was estimated as the product of the tumor cumulated activity 
concentration and the total alpha-particle energy per disintegration.  An RBE of 4.8 ± 0.7 was 
reported. 

The RBE of alpha- relative to beta-emitter radioimmunotherapy has also been examined in 
leukemia patients treated with the HuM195 (anti-CD33) antibody.  Data from phase I trials of 
90Y-HuM195 and 213Bi-HuM195 were used to examine the relationship between mean absorbed 
dose and nadir duration of peripheral leukocyte counts (ND) or % reduction in marrow blasts 
(RMB).  Regions of interest around vertebral bodies T11-L5 were used to assess marrow uptake 
and pharmacokinetics; 111In was used as an imaging surrogate for 90Y.  These data were 
integrated over time, then divided by the estimated volume of marrow in T11-L5 and multiplied 
by the total beta- and alpha-particle energy released per disintegration of 90Y or 213Bi to yield red 
marrow absorbed dose. The dose contribution of beta-particle emissions from 213Bi is 7%, the 
photon contribution is substantially lower, both were considered negligible in the analysis.  RMB 
was obtained from histopathological scoring of bone marrow biopsies collected before and after 
treatment.  Absorbed dose-versus-response comparisons for both myelotoxicity and tumor-
burden reduction did not yield a statistically significant difference between 90Y and 213Bi (ND: 
p=0.6; RMB; p=0.08), giving an RBE of approximately 1 for both (139). 

The RBE values reported for radioimmunotherapy studies in vivo are summarized in Table 4.  In 
addition to showing a wide variability in RBE, the table also shows diversity in the biological 
end-points and the reference radiations used.  Such diversity in model systems makes it difficult 
to draw general conclusions and to extrapolate animal studies to the human.  In all cases, 
including the results shown in Table 3, uniform activity distribution was assumed and the 
average absorbed dose was estimated.  Given the administered activities and the total estimated 
absorbed doses delivered, estimation of average absorbed dose as opposed to specific energy 
distribution reflects the assumption that the stochastic relative deviation of the local dose from 
the mean is not likely to exceed 20% (see section on criterion for adopting microdosimetry).  
Additional studies are required, however, to evaluate this for non-target tissue (such as for 
toxicity evaluation). 

An important question for alpha-particle-emitter radionuclide therapy is the degree to which 
RBE values, obtained in pre-clinical biological systems are applicable to predicting tumor 
response or toxicity in humans.  This question is closely related to the ability to perform accurate 
alpha-particle dosimetry in humans.  To date, there is only a small number of reported human 
trials using alpha-particle emitters and these have not been rigorously examined to evaluate RBE.  
Since RBE is strictly defined relative to a reference radiation that is delivered in the same 
manner, it is not likely that human data will yield RBE values in the strict sense.  Rather a 
comparison to historical results with external beam radiation or with beta-emitting radionuclides 
will have to suffice.  Together with the dependency of RBE on the alpha-particle energy, the 
biological effect being considered, and the dose calculation methodology, analysis of patient 
results for estimation of RBEs will likely  yield consistent results only if a standard approach to 
alpha-particle-emitter dosimetry is adopted. 
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RBE, Q, and wR 

The discussion thus far has focused on RBE.  RBE is occasionally confused with quality factors, 
Q, and radiation weighting factors, wR.  This confusion reflects the historical evolution of RBE 
which was originally defined as Relative Biological Efficiency and intended to apply to both 
radiobiology (deterministic effects) and protection (stochastic effects).  As currently 
recommended by the ICRP, however, RBE is not to be used directly in radiation protection but 
only as a starting quantity to derive the radiation weighting factor wR which replaced the quality 
factor Q in the most recent ICRP recommendations (140,141).  The RBE values used to arrive at 
wR relate to stochastic endpoints such as cancer induction, rather than deterministic endpoints 
such as normal tissue toxicity and tumor cell sterilization in cancer therapy patients.  As noted 
earlier, the ICRP radiation weighting factor for alpha particles is 20.  This value, intended only 
for stochastic effects caused by alpha particle irradiation, is based on animal experiments and 
from analysis of historical alpha-emitter exposures.  In contrast to RBE values, weighting factors 
are not directly measured values but rather are consensus recommendations of the International 
Commission on Radiological Protection (142). 

The radiation weighting factor wR, is a unit-less factor that converts average absorbed dose (in 
units of gray (Gy)) to equivalent dose in an organ or tissue.   The SI units for equivalent dose are 
referred to by the special name, sievert (Sv).  The Sv is is not a unit in the conventional sense, 
but rather, is intended to indicate that the absorbed dose value has been adjusted to reflect a 
biological risk that is associated with stochastic effects.  Although the Sv is often used in the 
context of deterministic effects, this is not strictly correct since the ICRP has stipulated that it 
should only be used to designate the risk of incurring stochastic biological effects such as cancer.  
While the ICRP has reported on RBE for deterministic effects (RBEM), no special name has been 
chosen by the ICRP for the product of absorbed dose and a factor such as RBE that specifically 
reflects similar scaling for a deterministic effect (121).   

E. Alpha-Particle Dosimetry  

Introduction 

Radiation dosimetry offers a means for standardizing and comparing the efficacy of different 
radiation-based treatments. It provides a logical basis for understanding the effects that various 
radiation qualities have on biological matter. For alpha particle emitters, accurate dosimetry 
calculations require knowledge of the activity distribution as a function of time at the cellular 
and subcellular level (143).  Furthermore, an accurate representation of the geometry at this level 
is also required. For in vitro experiments (i.e., cell survival studies), the activity distribution is 
straightforward, consisting of uptake on the surface or within the cell, along with a known 
fraction in the surrounding solution. In these experiments, the cell and nucleus can be 
approximated as concentric spheres the dimensions of which can be easily measured. However, 
for clinical applications, these idealizations give way to complex activity and tissue geometries. 
In these cases, modelling the three-dimensional geometry of a spheroid (144,145) or using 
microscopic data from tissue biopsy samples (146) can provide information on the target 
geometry. Determining the activity distribution, however, remains difficult. Autoradiography 
(147) may provide a snapshot of the activity distribution at one instance in time. However, the 
determination of the activity as a function of time may require mathematical modeling (148-150) 
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of the carrier molecules as they diffuse through tissue and bind to markers on cell surfaces.  
Ideally, such modelling should be validated using animal model measurements, in vivo. 

Case for microdosimetry 

There are two methods for calculating the energy deposited by individual alpha particles. One 
method uses the MIRD formalism to calculate the average dose to the target (cell nucleus) for a 
variety of source compartments (cell surface, cytoplasm and nucleus). Extensive tables have 
been produced for various combinations of alpha-particle emitting radionuclides and cellular 
geometries (151,152). The basis for using mean absorbed dose is related to the biological 
properties of low-LET radiations such that a large number, often several thousands, of 
statistically independent radiation deposition events in a single cell nucleus is required to induce 
a demonstrable biological effect.  In such a case, the statistical variation of the energy imparted 
to different cell nuclei is minimal.  In contrast, for high-LET irradiation, such as alpha-particles, 
the effect of even a single event in the cell nucleus is so great that the mean absorbed dose can be 
a misleading index of biological effect. This is due to several reasons. Foremost is that the 
number of alpha particles that traverse a cell nucleus is often very few and therefore stochastic 
variations become important. In addition, the path of the alpha particle through the cell nucleus is 
also critical. An alpha particle that crosses directly through a cell nucleus will deposit a large 
amount of energy, while one that merely grazes the surface will deposit little or no energy. Thus, 
a second method for alpha particle dosimetry – microdosimetry – takes into account the 
stochastic nature of energy deposited in small targets. The fundamental quantities in classical 
microdosimetry are specific energy (energy per unit mass) and lineal energy (energy per unit 
path length through the target) (153). Microdosimetry was originally proposed by Rossi (154) to 
understand the stochastic nature of energy deposited in matter by external ionizing radiation. It 
has subsequently been adapted to the case of internally deposited alpha particle emitters (155-
157). 

Microdosimetric techniques 

Microdosimetric spectra may be calculated using either analytical or Monte Carlo methods 
(158). Analytical methods use convolutions (via Fourier transforms) of the single-event spectrum 
to calculate multi-event distributions (154). The single-event spectrum represents the pattern of 
specific energy depositions for exactly one alpha-particle hit. Kellerer developed a method to 
efficiently determine the multiple-event spectrum through the use of Fourier transforms (159). 
While analytical codes are computationally efficient, they are often limited to simple source-
target geometries as the single-event spectrum must be known for each source-target 
configuration. Monte Carlo codes offer greater flexibility than analytical methods, and can 
simulate a wide variety of geometries and source configurations. Idealizations are often made to 
simplify the coding and reduce calculation time. In nearly all Monte Carlo codes, alpha particles 
are assumed to travel in straight lines. This approximation is valid for alpha particles having 
energies less than 10 MeV (153). In addition, the range of delta rays (energetic electrons 
originating from the alpha-particle track that cause secondary ionizations in the vicinity of the 
track) and the width of the alpha-particle track (~ 100 nm) are often ignored since the targets that 
are studied (i.e., cell nucleus) are much larger than these dimensions (160). The rate of alpha-
particle energy loss is characterized by the stopping power. These data for a variety of media can 
be obtained from the literature (137,161-163). Inherent in the stopping-power formulation is the 
continuous slowing-down approximation (CSDA). As the name implies, this approximation 
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assumes that alpha particles lose energy continuously as they traverse matter. Thus, the 
calculated specific energy imparted depends on the choice of stopping powers used.  

Criterion for adopting microdosimetry 

The rationale for microdosimetry was outlined by Kellerer and Chmelevsky (164). They 
suggested that the stochastic variations of energy deposited within the target must be taken into 
account when the relative deviation of the local dose exceeds 20%.  For example, a small cell 
nucleus with a diameter of 5 µm irradiated by alpha particles would require an average dose of at 
least 100 Gy in order for the relative deviations to be less than the 20% threshold. Thus, the 
necessity for microdosimetric methods will depend on the source distribution, the target size and 
shape and the expected mean dose. For small average doses (such as those expected by non-
targeted tissues) microdosimetry may be important in characterizing the pattern of energy 
deposition and in understanding how this relates to clinical outcomes. However, in tumor, where 
the mean dose may be large, a microdosimetric treatment may not be necessary. 

Microdosimetry implementation techniques 

While microdosimetry has increased our understanding of stochastic patterns of energy 
deposition by alpha particles in both simple and complex geometries and has made it possible to 
explain observations made in vitro, application to clinical practice has been limited because time-
dependent activity distributions at the sub-cellular level are complex and not well characterized 
in vivo.  Roeske and Stinchcomb (165,166) described a technique for determining dosimetric 
parameters that are important in alpha-particle dosimetry. These parameters consist of the 
average dose, standard deviation of specific energy, and the fraction of cells receiving zero hits. 
The individual values are determined using tables of the “S” value, and the first and second 
moments of the single-event spectra. The average dose is determined by multiplying the “S” 
value by the cumulated activity within the source compartment. Dividing the average dose by the 
first moment of the single-event spectrum yields the average number of hits. Subsequently, the 
fraction of cells receiving zero hits (or any number of hits) can be determined by using the 
average number of hits and the Poisson distribution. The standard deviation is the product of the 
average number of hits and the second moment of the single-event spectrum.  Individual 
moments may be determined using either analytical methods or Monte Carlo calculations. 
Stinchcomb and Roeske (167) have produced tables of the “S” value, and the individual 
moments for a number of geometries and source configurations appropriate for alpha particle 
therapy. These tables were also used in the analysis of cell survival following alpha-particle 
irradiation (167). 

Applications of microdosimetry 

Early applications of microdosimetry were performed to assess the probability of cancer 
induction following exposure to alpha-emitters.  These exposures were generally not intended for 
therapeutic purposes and carcinogenesis was of concern.  In one such application, the specific 
energy distributions for plutonium oxide in dog lung were calculated.  The calculations 
accounted for the size distribution of the inhaled aerosol and the associated deposition 
probabilities in the lung for various particle sizes.  The distribution of target sites, the probability 
of an alpha particle intersecting a target site and the range, energy loss, straggling characteristics 
and delta-ray production of alpha-particle tracks was also considered.  The analysis provided an 
improved understanding of the relationship between dose, as described by microdosimetric 
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specific energy spectra, and response, as measured by the incidence of lung tumors in beagle 
dogs (168). 
 
In radioimmunotherapy (RIT), microdosimetry has been used in a number of alpha-particle 
applications. These applications can be broadly characterized as theoretical studies of simple 
cellular geometries, experimental analysis of cell survival following alpha-particle irradiation, 
and the microdosimetry of realistic geometries such as multicellular spheroids and bone marrow. 
The work in each of these categories will be discussed separately. 

Roesch (155) described one approach for calculating microdosimetric spectra. Fisher (47) 
subsequently applied this approach to a number of geometries that have therapeutic application 
including sources distributed on and within individual cells, sources distributed within spherical 
clusters of cells, and sources located in cylinders (i.e, blood vessels) that deposited energy within 
spherical cell nuclei a short distance away. These calculations showed the number of alpha-
particle emissions originating from cell-surfaces that would be needed to inactivate cancer cells 
with high efficiency. The basic geometries that described the spatial distribution of alpha-
emitters relative to the spatial distribution of target spheres have served as the basis of those used 
in several theoretical studies. In one such study, Humm (169) used a Monte Carlo method with a 
model of cell survival to estimate the surviving fraction of cells located outside of a capillary and 
cells located within a tumor with uniformly distributed 211At. Although the mean dose was 
similar for these two types of geometries, there was a significant variation in the expected cell 
survival due to the differences in the specific energy spectra. In particular, the fraction of cells 
receiving no alpha-particle hits increased with distance from the capillary (due to the short range 
of the alpha particles). The surviving fraction versus mean specific energy was bi-exponential. 
That is, for low doses, the slope of this curve was similar to that of a uniformly irradiated tumor. 
However, with increasing doses, the curve was less steep and asymptotically approached a value 
corresponding to the fraction of non-hit cells. Building upon the previous analysis, Humm and 
Chin (48) analyzed how specific energy spectra are affected by cell nucleus size, binding 
fraction, cell volume fraction and nonuniform binding. Their results indicated that nonuniform 
distributions of alpha-particle emitters can result in expected survival curves that deviate 
significantly from the classical mono-exponential curves produced by a uniform, external source 
of alpha particles. In these studies, although the inherent cell sensitivity (zo) was held constant, 
the slope of the cell survival curve as a function of absorbed dose to the medium was highly 
dependent upon the source configuration. Furthermore, simulations in which cells were more 
uniformly irradiated resulted in steeper cell survival curves than those in which the distribution 
of alpha emitters was highly heterogeneous. The effects of cell size and shape on expected cell 
survival were further studied by Stinchcomb and Roeske (170). In their analysis, the cell and 
nucleus were assigned various shapes ranging from spheres to ellipsoids where the ratio of the 
major-to-minor axis was varied from 1 to 5 while the volume of the nucleus was held constant. 
Separately, the dimensions of the nucleus were varied while the shape was held constant. 
Calculations of specific energy spectra and resulting cell survival demonstrated that the expected 
surviving fraction was not a strong function of the target shape, provided the volume was fixed. 
However, significant variations in cell survival were observed as the volume of the nucleus was 
varied.  More recently, Aubineau-Laniece  and colleagues developed a Monte Carlo code to 
simulate cylindrical geometries as a model for bronchial airway bifurcations (171). In a series of 
reports on alpha particles from radon progeny, Fakir and co-workers (172-174) demonstrated 
that for uniform surface emissions, there were significant variations in cellular energy deposition. 
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Larger variations in the hit frequencies and energy deposited were observed when a nonuniform 
distribution of activity was also considered. Palm et al (175) examined the microdosimetric 
effects of daughter products from 211At. Separate simulations were performed assuming the 
daughter products decayed at the site of 211At emission or that they diffused away from the site. 
Based on an analysis of experimental data, the 210Po daughter product seemed to diffuse from the 
decay site, decreasing the energy deposited in the cell nucleus by a factor of 2. All of these 
studies illustrate the need to accurately model the source/target geometry. Moreover, 
approximations, such as using mean values may impact both the specific-energy spectrum and 
subsequent calculation of cell survival (49). 

Application to cellular clusters 

Single-cell survival analyses following alpha-particle irradiation has also been extended to 
multicellular clusters. Charlton (145) described a multicellular spheroid model and simulated 
alpha-particle energy deposition events within individual cell nuclei. A cell survival model that 
takes into account the effects of varying LET (61) was combined with the distribution of alpha-
particle tracks throughout cells within the spheroid. Simulating a uniform source distribution 
(average 1 decay/cell, 50% cell packing), this analysis demonstrated that cell survival decreased 
significantly (from 57% to 37%) as the spheroid diameter increased from 75 to 225 µm. The 
number of hits per cell also increased in larger spheroids when longer-ranged alpha-particle 
emitters were considered. Cell survival subsequently decreased from 46% to 26% in 200-µm 
diameter spheroids as the packing fraction was increased from 40% to 70% (also with, 1 
decay/cell). The decrease in cell survival was due to the increased crossfire dose as the packing 
fraction was increased. In a separate simulation, the total number of decays per spheroid was 
kept constant while a small fraction of cells (20%) was assumed not to take up any activity. This 
process simulated the effects of cells that lacked a specific targeting moiety. It is interesting to 
note that the unlabeled fraction did not significantly alter the expected cell survival. In these 
studies, the specific energy distribution is highly nonuniform and varies with depth below the 
spheroid surface. Thus, a single dose or specific-energy distribution is not representative of that 
through the entire tumor. By combining the specific-energy distribution with cell survival 
models, it is possible to gain insight into those factors which will influence the therapeutic 
efficacy of a particular targeting approach. However most of these cell survival models do not 
take into account second-order processes such as the bystander effect which may play an 
important role in modeling cellular clusters and micrometastases. Refinement of these models is 
currently an active area of research (94,176). 

Application to the bone marrow 

Bone marrow is often the dose-limiting organ in RIT. The dosimetry of bone marrow is difficult 
due to its complex geometry as well as the presence of tissue inhomogeneities. Thus, idealized 
models, as have been utilized in the previous studies, must be replaced by more realistic 
geometries. The work to date on estimating specific energy spectra for bone marrow has focused 
largely on using histological samples obtained from humans or animal models. Akabani and 
Zaltusky (146) obtained histological samples of beagle bone marrow, and manually measured 
chord length distributions. Using a Monte Carlo program, they calculated the single-event 
specific energy distribution for sources both in the extracellular fluid and on the surface of red 
marrow cells. These single-event distributions were combined with a model of cell survival. This 
analysis demonstrated that activity concentrated on the cell surface resulted in significantly 
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greater cell killing than does activity in the extracellular fluid. The effect of LET on the survival 
of human haemotopoietic stem cells in various geometries was studied by Charlton et al. (124). 
These geometries were determined from human marrow samples obtained from cadavers.  
Microdosimetric spectra and cell survival were calculated for three different source/target 
geometries: a) isolated cells labeled on their surfaces; b) a non-targeted distribution of decays in 
an extended volume; and c) non-targeted decays in marrow with 36% of the marrow volume 
occupied by fat. Two different radionuclides, 149Tb and 211At, were considered. These 
simulations indicated that for targeted decays 149Tb was 5 times more effective than 211At when 
compared on a hit-by-hit basis. This enhancement was due to the lower energy of 149Tb resulting 
in a higher LET of the incident alpha particles. They also concluded that cell survival was a 
function of the position of the decay relative to the cell nucleus. Using a similar model as 
Charlton (124), Utteridge et al. (177) considered the risk of developing secondary malignancies 
(i.e., leukemia) from alpha particles. This risk may be important in evaluating the future 
therapeutic application of alpha particles in patients who have an excellent prognosis. Three 
alpha-emitting radionuclides were considered based on the particle’s relative range (short, 
medium and long). In this analysis, the authors calculated the fraction of cells that are hit and 
would survive (as these would potentially cause secondary malignancies). They determined that 
the lowest fraction occurred for low energies and the highest fraction occurred for the highest 
energy alpha-particle emitter. 

F. Alpha-Particle Emitters of Interest for Human Use 
This section provides a survey of alpha-particle emitters of interest for human use including the 
properties of individual alpha-emitters and a summary of important pre-clinical and clinical 
studies.  The section focuses on those alpha emitters that have emerged in the last two decades as 
possible candidates for targeted cancer therapy. Radium-224 (T1/2 = 3.66 d; 5.7 MeV alpha-
emitter), a historically important radionuclide that is still used clinically, does not fall under this 
category but is briefly described for completeness. 

From the mid 1940s until 1990, 224Ra-radium chloride was used for treatment of different bone 
and joint diseases mainly in Germany. Starting in 2000, pure 224Ra-radium chloride was again 
made available in Germany for treatment, by intravenous administraton, of ankylosing 
spondylitis (AS).  Total activities of 10 MBq (10 administrations of 1 MBq over 10 weeks) were 
approved. 

Lassmann et al. (27) examined the dosimetry of this treatment schedule.  Dosimetry was 
performed according to the model proposed by the International Commission on Radiological 
Protection (ICRP) (178). A maximum bone-surface absorbed dose of 4.4 Gy was estimated.  The 
excess absolute risk associated with this treatment was estimated to be 0.2% for malignant bone 
tumors; and 0.4% for leukemia.  

Astatine-211 (211At) 

Radionuclide properties 

Astatine-211 has a half-life of 7.2 hours.  It decays with 58.3% probability through the electron 
capture process to 211Po, which has a half-life of 0.52 s, and decays by emitting a 7.45 MeV 
alpha-particle to stable 207Pb.  As a consequence of the electron-capture process, polonium K X-
rays are emitted that permit external imaging, the two most abundant of these X-rays have 
energies of 77 and 80 keV with yields of 0.1 and 0.2 per disintegration (179) (12 and 20% of all 
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photon emissions (180)), respectively.  In 1% of the 211Po decays, the emitted alpha-particle will 
have a different initial energy (6.57 or 6.89 MeV). The other branch (41.7%) involves the direct 
emission of a 5.87 MeV alpha-particle, leaving a relatively long-lived (T½=32.9 y) 207Bi 
daughter.  The long half-life of this daughter is not problematic because less than 0.001 207Bi 
decays occur for every 211At decay (3). 

Astatine-211 is mainly produced via the 209Bi(α,2n)211At nuclear reaction using cyclotron beam 
irradiation (22.0≤Eα ≤ 28.5 MeV) utilizing external or internal targets (181,182). Isolation of the 
nuclide can be achieved either through solvent extraction or by dry-distillation of the irradiated 
target material. The technique most commonly used to convert 211At to a chemically useful form 
is dry-distillation, and several different kinds of apparatus and procedures have been reported 
(183-186). 

Pre-clinical studies 

Shortly after the first production of astatine (187), made possible by the completion of the 60-
inch Berkeley cyclotron, the first report on the distribution of the new element in the thyroid 
glands of normal and thyrotoxic guinea pigs was published. In that study, 131I was used for 
comparison. Much of the special dosimetry required for internal alpha-particle radiotherapy was 
clear at this early stage. The report states: “The density of ionising radiation produced by these 
alpha-particles is over two hundred-fold greater than that resulting from the radio-iodine beta-
rays. This means that, since the range of the alpha-particles is so short, the thyroid cells which 
accumulate element 85 in the largest quantities would suffer the brunt of its radiation. The action 
of radio-iodine in the thyroid gland would be much more diffuse because of the longer range of 
the beta-rays. Therefore, there would be a considerable radiation effect upon the thyroid cells 
lying at a distance from those areas in which relatively large quantities of radio-iodine have 
been concentrated (188)”. 

Fourteen years later, Hamilton et al. (189) provided complete biodistribution data on all organs 
of rats for both astatine and radio-iodine (i.e., 131I). Two monkeys were used for the assessment 
of astatine uptake in the thyroid gland following intraperitoneal injection. An additional 3 
monkeys were injected with astatine into the anterior chamber of the eyes in order to study the 
biological effect of this radionuclide. The latter study was motivated by interest in the possibility 
of internal irradiation of retention cysts on the anterior chamber of the eye. All experiments 
showed a high degree of accumulation of astatine in the thyroid gland. Early reports estimated a 
lethal whole-body dose in rats of approximately 1.1 Gy.  More recent reports have stated whole-
body LD10 values in mice of 0.5 Gy (BALB/c nu/nu) and 1.0 Gy (B6CF1) (190). 
 
A number of 211At formulations have been investigated for biological use.  The biodistribution 
and resulting biological effects of these have been previously reviewed by Zalutsky and 
Vaidyanathan, (3) and readers are encouraged to consult this highly authoritative review.  A 
summary of the various 211At compounds follows. 
 
As noted above, [211At]astatide was the earliest form of 211At investigated.  Astatine is directly 
below iodine in the periodic table, accordingly, the proclivitity of astatide for the thyroid is 
second only to that of iodide itself.  The retention of astatide in other tissues is consistently 
higher than that of iodide with astatide uptake in macrophage-bearing organs such as the liver 
and spleen an order of magnitude higher than that of iodide.  The toxicity of IV-administered 
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[211At]astatide was investigated in mice (190).  The LD10 in B6C3F1 mice was 28 kBq/g body 
weight; near the LD10, mild changes in the heart, liver and stomach were observed in animals 
followed for 1 year (3,190).  In athymic mice bearing subcutaneous human follicular thyroid 
carcinoma 11-28% of the injected dose per gram accumulated in the tumor. 
 
To overcome the normal-organ uptake of [211At]astatide, 211At-labeled particulates have been 
investigated for intracavitary application.  Bloomer et al. (191) examined the efficacy of 211At-
tellurium colloid for the treatment of malignant ovarian cancer ascites in mice.  Mice were cured 
with intraperitoneal administered activities of 925 to 1850 kBq.  At these activities, mild 
morbidity was manifested as weight loss.  Cured animals, observed for 200 days, exhibited no 
visible radiation effects.  Histological sections of major organs showed no evidence of tumor and 
were unremarkable except for the thyroid.  The thyroids of treated mice, when found, were 
fibrotic and granular.  Radiocolloid activities in excess of 2775 kBq were uniformly fatal in 5 to 
7 days.  These results were compared to 90Y and 32P particulates, for which activities of 7440 to 
5550 kBq prolonged median survival but did not result in cures (1).  The 211At-tellurium colloid 
was rather unstable, with 20% of 211At released after 2-h incubation in fetal calf serum (1).  
Alternative particulate systems have been investigated to overcome the poor stability of this 
colloid (192,193). 
 
Naphthoquinone derivatives labeled with 211At have been investigated for targeted tumor 
therapy.  Naphthoquinone diphosphates selectively accumulate in some tumors due to cell-
membrane associated alkaline phosphatase activity (194).  Intravenous administration of 6-
[211At]astato-2-methyl-1,4-naphthoquinol diphosphate (6-[211At]astato-MNDP) led to cure rates 
of 45 to 65% at admnistered activities of 55-300kBq in a subcutaneous CMT-93 murine rectal 
adenocarcinoma model (195).  As demonstrated by alpha-particle autoradiography, in tumor 
cells, a significant fraction of the labeled compound was taken up in the cell nuclei of tumor cells 
(196).  To address the concern of secondary malignancies with high-LET targeted 
radiotherapeutics, Brown et al. (85) performed a histopathological evaluation of the late tissue 
effects in more than a hundred C57B1/10 mice that had been cured of their CMT-93 tumors 
following the admnistration of upto 750 kBq 6-[211At]astato-MNDP.  Abnormalities were seen 
primarily in mice receiving more than 300 kBq.  The most common of these were lymphoma, 
plasmacytoma and chronic pulmonary fibrosis.  At activity levels in the therapeutic dose range 
(55-300 kBq), the incidence of significant late radiation effects was less than 15%. 
 
Pre-clinical studies investigating melanoma targeting using 211At-methylene blue (MTB) analogs 
have demonstrated a 5-fold greater uptake of 4-[211At]astato-MTB in pigmented B16 murine 
melanoma cells compared to amelanotic cells (197,198).  The therapeutic effectiveness, in vivo, 
was determined by a lung colony-forming assay combined with a search for metastases to organs 
other than lungs.  Athymic mice were IV-injected with a suspension of HX34 human melanoma 
cells.  The number of surviving tumor colonies found in the lungs of 211At-treated animals was 
approximately 95% lower than that in controls.  The reduction was similar for both 1.67 and 3.33 
MBq 4-[211At]astato-MTB but was highly dependent on the cell number injected and the time-
interval between tumor cell innoculation and 4-[211At]astato-MTB injection (199).  In a 
subsequent study, therapeutic effectiveness was evaluated by the growth rate of subcutaneously 
implanted human melanoma xenografts and the onset and size of lymph node metastases; 
efficacy against a highly pigmented cell line, HX118 was compared with HX34, a poorly 
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pigmented cell line.  Growth delay was highly dependent upon the intial tumor diameter and the 
cell line targeted.  Growth delays of 65 and 7 days were obtained for HX118 and HX34 ( 0.5 to 
0.6 mm diameter) tumors, respectively (200).  As these studies were performed in athymic mice 
which do not have melanin in the skin or in their normal ocular and cerebral stuctures, tumor 
targeting in the presence of melanin-positive normal structures could not be evaluated. 
 
To expand upon the efficacy of the thymidine analog, 5-[125I]iodo-2'-deoxyuridine (IUdR) 
against cells in S-phase to cells adjacent to those targeted that may not be in S-phase, an 
astatinated analogue of IUdR, [211At]AUdR, was developed (201).  Studies performed, in vitro, 
demonstrated [211At]AUdR uptake in tumor cells similar to that of IUdR.  Clonogenic assays 
demonstrated remarkable cytotoxicity of [211At]AUdR; reduction in survival to 37%  was 
achieved with less than 3 211At atoms bound per cell.  The yield of DNA DSB was 10 times 
greater for [211At]AUdR compared to [125I]IUdR (202).  The instability, in vivo, of [211At]AUdR 
(201) has led to the investigation of other compounds that can be labeled with 211At and 
incorporated into cellular DNA.  The 211At analogue of [125/131I]FIAU, [211At]FAAU was 
produced but also demonstrated poor stability, in vivo (203). 
 
An astatinated analogue of the radioiodine-labeled compound meta-iodobenzylguanidine 
(MIBG) has been developed (204,205).  [131I]MIBG is used for the diagnosis and treatment of 
neuroendocrine tumors.  In a clonogenic survival assay the activity concentration of 
[211At]MABG required to reduce cell survival, in vitro, to 37% was more than 1000-fold less 
than that of no-carrier-added [131I]MIBG (384 vs 0.215 kBq/ml); the D0 for [211At]MABG was 
equivalent to 6 to 7 atoms/cell.  The importance of specific targeting was confirmed by the 
observation that [211At]astatide was 80-fold less effective than the MABG construct (206).  
Mouse biodistribution studies with [211At]MABG demonstrated peak tumor accumulation 
slightly greater than that of [131I]MIBG.  Similar specific uptake of these two labeled agents was 
observed in the heart and adrenal glands; these two tissues exhibit uptake of MIBG due to an 
active process.  Pre-treatment with unlabeled MIBG increased tumor uptake of  [211At]MABG by 
150% while reducing heart uptake by 30% (204,207).  Fluoro-substituted analogues to increase 
tumor retention have been synthesized and increased tumor uptake has been demonstrated in 
vitro; greater normal organ uptake was also observed, however (208,209). 
 
The shorter range and greater potency of alpha-particles would be expected to reduce marrow 
toxicity relative to beta-emitters in the targeting of bony metastases (146).  To examine the 
potential of 211At to relieve pain and slow tumor progression in bony metastases, 211At-labeled 
bisphosphonates have been developed (210).  The distribution of 211At-labeled bisphosphonates 
in normal mice was similar to that of iodine analogues.  Bone surface to bone marrow absorbed 
dose ratios for these conjugates were approximately 3 times greater than for 131I-labeled 
conjugates.  Co-injection or pre-injection of unlabeled bisphosphonates reduced normal organ 
accumulation without compromising bone accumulation (211). 
 
As noted above, 211At has been examined in a wide variety of formulations for targeted therapy 
in humans.  The greatest effort in terms of radiochemistry and pre-clinical studies has been in 
211At immunoconjugates.  The majority of this work has been performed by the Zalutsky lab at 
Duke University.  More recently, the group at Göteborg, Sweden has also contributed pre-
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clinical 211At immunoconjugate studies; both groups have initiated clinical studies of  211At (see 
below). 
 
Although astatine is directly below iodine in the periodic table, the tyrosine halogenation 
approach to radiolabeling of proteins (e.g., antibodies) does not work with 211At (212,213) and an 
alternative chemistry (N-succinimidyl 3-[211At]astatobenzoate (SAB)) for antibody conjugation 
was developed by Zalutsky and co-workers (214-216).  The cytotoxicity of 211At-labeled 
antibodies has been studied for single cells in suspension, small groups of cells grown as a 
monolayer, and against spheroids (multicellular spherical clusters of cells).  The D0 was sensitive 
to the cellular configuration.  Against single cells, the specific 211At-labeled antibody was 80 
times more potent than 211At-labeled bovine serum albumin (211At-BSA) control in reducing 
clonogenic survival with a D0 equivalent to an average of 40 atoms per cell; against monolayer 
cells, specific antibody was 4 times more cytotoxic than 211At-BSA (217).  The 211At-labeled 
chimeric antibody 81C6, reactive with the extracellular matrix antigen tenascin was effective in 
reducing the doubling time of human glioma spheroids with radii greater than the range of 211At 
alpha-particles (218). 
 
Targeting and biodistribution studies of 211At-labeled Mel-14 antibody F(ab’)2 fragments, 
reactive with a glioma and melanoma-associated antigen, have been performed (219).  Tumor 
retention of 211At in an athymic subcutaneous D-54 MG human glioma xenograft model was 
essentially identical to that of 131I at all times after injection except 24 h, at which time 211At had 
decayed to 10% of the administered activity.  The level of 211At in normal tissues such as 
stomach, spleen and lungs, however, was greater than that of 131I. 
 
To increase the cellular retention of 211At following antibody internalization and lysosomal 
catabolism, a labeling method, using N-succinimidyl 5-[211At]astato-3-pyridinecarboxylate 
([211At]SAPC), that yields positively charged astatopyridine-substituted catabolites was 
developed.  This labeling approach demonstrated greater retention in tumor cells using an 
antibody against a tumor-associated mutant EGF receptor (220,221). 
 
The biodistribution, toxicity and efficacy of the anti-tenascin antibody, 81C6, labeled with 211At 
were evaluated.  In an athymic human glioma xenograft model, tumor accumulation of 211At-
chimeric 81C6 reached 20% injected activity per gram at 16 h and persisted at this level for the 
remaining 48 h data collection period; uptake in normal organs was approximately the same as 
for the 131I labeled antibody (222).  The toxicity and LD10 of intravenously administered 211At-
chimeric 81C6 antibody was established in the B6C3F1 mouse strain (223).  The LD10 was 45.7 
kBq/g and 101.5 kBq/g in male and female mice, respectively.  Perivascular fibrosis of the 
intraventricular septum of the heart, bone marrow suppression, spermatic maturation delay, 
splenic white pulp atrophy and reduction in thyroid mass were observed in some of the long-term 
survivors that had received the highest administered activity.  The toxicity of the IV-
administered antibody was about half of that observed for IV administered [211At]astatide (190).  
The efficacy of 211At-murine 81C6 antibody was investigated in an athymic rat model of 
neoplastic meningitis (224).  No difference in survival was observed between intrathecally 
injected saline and 444 kBq 211At-45.6 irrelevant Ab controls.  At the same level of activity, 3 of 
9 mice were cured (300 day survival, no evidence of disease) following intrathecal 
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administration of the specific antibody; six of ten mice were cured following treatment with 666 
kBq; no therapeutic effect was observed with 131I labeled antibody (225). 
 
Astatine-211 has been used for evaluating the therapeutic efficacy, toxicity, and radiation 
dosimetry in the treatment of disseminated micro-metastatic ovarian cancer in nude mice. The 
therapeutic efficacy for animals as well as the mean absorbed dose in tumors was studied in 
different settings for both intact and fragmented mAbs (MX35, MX35 F(ab)´2, or MOv18) 
(226,227). Animals were inoculated with ~1×107 OVCAR-3 cells. At 1, 3, 4, 5, or 7 weeks after 
inoculation, the animals were intraperitoneally treated with 0.4–1.2 MBq 211At-MX35 or with 
25–400 kBq 211At-MX35 F(ab')2. Eight weeks after treatment the animals were sacrificed and the 
tumor-free fraction (TFF), i.e., percent of animals with no macro- and microscopic tumors and 
no ascites, was determined. The mean TFF was 64% after treatment of 0.4–1.2 MBq 211At-
MX35. The mean absorbed dose was >6 Gy for tumor radius (rtumor) <71 μm. A significant 
increase in the TFF was observed between 50 (TFF = 22%) and 100 kBq (TFF = 50%) 211At-
MX35 F(ab')2. This was confirmed by a model of the metastatic cure probability. The TFF was 
95% for rtumor ≤ 30 μm when 400 kBq 211At-MX35 F(ab')2 was intraperitoneally injected. The 
TFF was significantly higher at later time points (i.e., at 4, 5, or 7 wk after inoculation) for 211At-
MX35 F(ab')2 compared to 211At-Rituximab F(ab')2 irrelevant mAb, explained by a high mean 
absorbed dose (>22 Gy) to the tumors. 
 
The therapeutic efficacy and myelotoxicity was also studied for 50, 400, or 800 kBq 
intraperitoneally injected 211At-MX35 F(ab')2, administered as single or fractionated treatments 
(228). The TFF was 17%, 39%, and 56% for 50, 400, and 800 kBq injected, respectively. The 
TFF was 22%, 28%, and 41% for 3×17, 3×133, and 3×267 kBq injected (4 d between each 
treatment), respectively. No significant difference between single and fractionated treatment was 
noticed (P >0.5). Alleviation in the myelotoxicity was noticed for the fractionated treatment 
compared to the single treatment in terms of a decreased suppression from 46% to 19%, and 
delayed nadir from days 4 to 11 of the WBC counts. 
 
The myelotoxicity and the relative biological effectiveness (RBE) for alpha-particles were 
studied in both tumor- and non-tumor bearing mice (138). For determining the RBE on tumors, 
growth inhibition (GI) after irradiation was studied with subcutaneous xenografts of the human 
ovarian cancer cell line NIH:OVCAR-3 implanted in nude mice. The animals received an 
intravenous injection of 211At-labeled monoclonal antibody MX35 F(ab')2 at different levels of 
radioactivity (0.33, 0.65, and 0.90 MBq). Control mice received unlabeled MX35 F(ab')2 only. 
External irradiation of the tumors was performed with 60Co. The RBE was found to be 4.8 ± 0.7.  
 
For determining the RBE on non-tumor bearing mice, animals were injected intraperitoneally or 
intravenously with 211At- or 99mTc-mAbs. Myelotoxicity was measured as suppression of white 
blood cell (WBC) counts. Whole-body retention was measured with a NaI(Tl)-well detector and 
the absorbed dose to the bone marrow was calculated, for alpha-particles, electrons, and 
gammas. The biodistribution of 211At- and 99mTc-mAbs was also measured. A nadir of the WBC 
counts at 4–7 days after injection was observed. A mean value for the bone marrow-to-blood 
ratio of 0.58 was observed for the 211At-mAbs. The in vivo RBE for alpha-particles was 3.4 ± 0.6 
in relation to electrons from 99mTc and 5.0 ± 0.9 in relation to external 60Co irradiation. 
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Clinical studies 

In 1954, a study on the accumulation of 211At in the thyroid gland in patients suffering from 
various disorders of that organ was reported (229).  In 1990, at the Carl Gustav Carus University 
Hospital in Dresden, Germany, Doberenz and co-workers injected 200 MBq 211At-labeled human 
serum albumin microspheres into the lingual artery of a patient with incurable recurrent 
carcinoma of the tongue.  Complete tumor necrosis was achieved in the region supplied by the 
lingual artery, the necrosis eventually spread to the entire tongue and the tumor reappeared in the 
palate.  Excluding a slight depression of thyroid function, clinical follow-up and paraclinical 
observation did not show any adverse reactions or side effects that could be related to 211At 
microspheres. (230). 
 

The first targeted radiotherapeutic labeled with 211At, evaluated as part of a clinical trial, was 
initiated in the late '90s at Duke University using 211At-chimeric 81C6 antibody.  The 211At-
labeled antibody was administered into the surgically created tumor resection cavity of patients 
with recurrent malignant brain tumors (231).  Seventeen patients have been treated with single 
does of 10 mg ch81C6 labeled with escalating activities of 211At, ranging from 74 to 370 MBq.  
Leakage of 211At from the cavity was determined by imaging and serial blood counting.  An 
average of 96% of all 211At decays occurred within the cavity.  The activity in the blood pool was 
0.032 and 0.26 percent of the injected activity at 2 and 24 h, respectively.  The estimated 
absorbed dose to the tumor cavity margin was 2986 Gy; the absorbed dose to normal brain, liver, 
spleen and bone marrow was less than 10 Gy.  Median survival in these recurrent brain cancer 
patients was increased from the historically expected 25 to 30 weeks to 54 weeks.  As of the last 
review of these data in 2004, two patients with recurrent glioblastoma were alive 151 and 153 
weeks after 211At-labeled chimeric 81C6 therapy (232).  More recently, a paper summarizing 
clinical experience with 211At-ch81C6 has been published (15). 

 

In February 2005, a phase I trial of 211At-MX35 F(ab')2 in patients with ovarian carcinoma was 
started at the Göteborg University in Göteborg, Sweden for study of toxicity at escalating 
activities and pharmacokinetics for absorbed dose assessment. To-date, six (of a planned total of 
9) have been treated (17). All patients had undergone a second-line chemotherapy with good 
remission. At laparoscopy, two days before the therapy, a peritoneal catheter was inserted and 
the peritoneal cavity was inspected. Peritoneal scintigraphy was made with 2L of 99mTc 
LyoMAA to study the fluid distribution in peritoneum. ~500 MBq 211At was labeled to the 
antibody.  50 MBq (3 patients) or 100 MBq (2 patients) in 2L was infused via the peritoneal 
catheter. Gamma camera whole body scan was made at 1, 6, 12 and 24h (occasionally up to 48h) 
and SPECT at 3 - 6h.  Samples of blood, urine and peritoneal fluid were collected at 1 - 48h. The 
specific activity of labeled MX35 F(ab´)2 was  ~150 MBq/mg, the radiochemical purity  and the 
immunoreactive fraction  ~97 %. The 24h and 48h urinary excretion of 211At was (mean values; 
physical decay corrected) 2% and 7%, respectively. Uptake in thyroid at 24h was 1%. No other 
organ uptake was detected. Absorbed doses were 0.08 mGy/MBq to bone marrow, 15 mGy/MBq 
to unblocked thyroid, and 8 mGy/MBq to the peritoneal surface. No adverse effects were 
observed. 
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Bismuth-212 (212Bi) 

Radionuclide properties 
Bismuth-212 is a naturally occurring radionuclide and is part of the Thorium-232 (t1/2 = 1.4 x 
1010 years) decay chain. 212Bi has a half life of 1.01 hrs, and decays through two branches (233). 
Approximately 64% of the decays occur by beta emission (Emax = 2.3 MeV) to 212Po which 
subsequently decays via an 8.78 MeV alpha particle. The remaining fraction decays via alpha 
particle emission (E = 6.08 MeV) to 208Tl (t1/2 = 3.1 min) which is followed by the emission of a 
beta particle. Both branches of the decay scheme terminate with 208Pb (stable). Because of the 
multiple beta emissions that occur with the 212Bi decay, crossfire may result thus irradiating 
unlabeled cells or cells located a short distance from the decay site. In addition, 208Tl, a daughter 
of 212Bi with a 3-min half-life, emits an energetic gamma (E = 2.6 MeV, 99.8%), which requires 
heavy generator shielding. Bismuth-212 can be produced in clinical quantities from a 224Ra 
generator (t1/2 = 3.66 days) (234). This generator was subsequently modified by employing 224Ra 
as a source for 212Pb (t1/2 = 10.6 h) (235). By sorbing the 212Pb on a lead selective 
chromatographic medium, high purity 212Bi can be generated as the daughter product of 212Pb. 
Despite the short half life of 212Bi, multiple milkings of this generator may be used to deliver 
therapeutic doses over several fractions.  

Pre-clinical studies 
One of the earliest investigations of 212Bi in radioimmunotherapy employed a monoclonal 
antibody, anti-Tac, directed against the human interleukin 2 (IL-2) receptor (236).  Antibody 
specific activities of 37 to 1480 kBq/µg were achieved.  Targeting of the 212Bi-labeled antibody 
to the IL-2 positive adult T-cell leukemia cells was demonstrated, in vitro.  Activity levels of 
18.5 kBq/ml, corresponding to 12 cGy to 105 cells in 1 ml volume, reduced the proliferative 
capacity of the target cells by more than 98%; cytotoxicity was diminished by blocking using 
excess unlabeled specific antibody or when an isotype-matched irrelevant antibody was used 
instead of the specific antibody.  Macklis et al. subsequently demonstrated that intraperitoneal 
(i.p.) injection of  212Bi-labeled IgM antibody was, successful in eliminating ascities and curing 
mice of their disease (2).  Mice, previously inoculated i.p. with Thy 1.2+ EL-4 tumor cells were 
administered 212Bi labeled to a specific and non-specific antibody. Gamma camera imaging 
demonstrated high splenic uptake approximately 2 hrs post-injection. Administration of the 
antibody via the i.p route limited the amount of activity in the blood to less than 8% at the same 
time point. Evaluation of therapeutic efficacy demonstrated that control animals died within 20 
days, those treated with a non-specific antibody died within 33 days, and approximately 80% of 
those treated with anti-Thy 1.2 IgM were cured at a dose level of 5.55-8.51 MBq (150-230 μCi). 
However, at high dose levels (14.8 MBq), one of two animals died due to acute toxicity.  
Biodistribution studies in the same model system showed a significant accumulation of 212Bi in 
the kidneys two hours after i.p. injection. Approximately 30% of the remaining activity at that 
time point was associated with the kidneys and bladder, thus indicating the need for stable 
chelates.  Accordingly, considerable effort has been directed toward the development of 212Bi 
chelation complexes that are stable in vivo.  These studies identified the trans-
cyclohexyldiethylenetriaminepentaacetic acid (CHXA-DTPA) chelate as providing the most 
stable, antibody-radiometal conjugate in vivo. (237-242). 
 
Using this chelate, Huneke, et al. (243) assessed the specificity, toxicity and efficacy of 212Bi-
mediated radioimmunotherapy, in vivo, using a virally (Rauscher leukemia virus) induced 
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murine erythroleukemia animal model.  Administration of 5.55 MBq 213Bi-labeled specific 
antibody yielded a median survival approximately twice that of untreated controls (118 days 
versus 63 d; p<0.01).  Since the virus was not eliminated in these studies, all mice eventually 
succumbed to the virally-induced leukemia.  Hartmann et al. (244) evaluated the use of 212Bi 
conjugated to humanized anti-Tac monoclonal antibody.  The antibody was administered via the 
i.p and i.v routes three days after nude mice were inoculated with tumor cells.  For the i.p 
administration, doses of 5.55-7.4 MBq prevented tumor occurrence in 75% of the animals.  In 
animals injected via the i.v route, tumor prevention following s.c. tumor inoculation occurred in 
only 30% of the mice.  In addition, the authors also evaluated the efficacy of treating large 
tumors. Doses of up to 7.4 MBq failed to induce tumor regression.  Closer examination revealed 
that only 5-6% of the injected activity per gram was present in the tumor at 2 hrs post-injection 
(approximately 2 half lives).  Thus, the lack of a response was not surprising.  Furthermore, 
marrow suppression was observed at activities of greater than 7.4 MBq.  Bisumth-212 has been 
studied by Rotmensch et al (245) for treating ovarian cancer. The biodistribution and toxicity of 
212Bi oxychloride was evaluated in rabbits and efficacy was studied in mice. For toxicity studies, 
3 groups of rabbits were injected with graduated doses of 212Bi, imaged and sacrificed at 0.5, 1 
and 3 hours post-injection. Imaging studies showed that 212Bi was uniformly distributed 
throughout the peritoneal cavity. After three hours, 76-84% of the available activity remained in 
the peritoneal cavity. Most of the remaining activity was in the carcass with a small amount in 
the blood, bone marrow, GI tract and other organs. Up to 2.22 GBq (60 mCi) of activity was 
well-tolerated in rabbits with only transient thrombocytopenia and leukopenia. All counts 
recovered within one week after reaching their nadir. Doses of greater than 2.96 GBq were fatal. 
For an administration of 1.85 GBq, the authors estimated the dose to the peritoneal fluid as 4873 
cGy with the highest normal tissue doses to the GI tract, kidneys and ovaries (approximately 50 
cGy). The dose estimated to marrow (2.4 cGy) did not correlate with observed toxicity indicating 
that microscopic evaluation of the activity distribution in marrow may be required. In the 
evaluation of therapeutic efficacy, 3.33 MBq of 212Bi in tumor-bearing mice produced a median 
survival of 82 days compared to 20 days in the control group. Up to 40% of the mice were cured 
of disease. The highest normal tissue doses were estimated to the kidneys and GI tract.  Based on 
the results of the work cited above, it appears that 212Bi would be advantageous for treating 
small, micrometastatic disease confined to a specific compartment. 
 
Macklis et al (246) evaluated the hematoxicity of bismuth produced by low level exposure.  
Results obtained, in vivo, indicated that 212Bi could induce hematosuppression thus making this 
radionuclide a candidate for preparation of patients for bone marrow transplantation.  
 
Hassfjell et al. (247,248) considered the use of 212Bi DOTMP for the treatment of bone 
metastases. While beta-particle emitters have been used for this treatment, alpha particles offer a 
theoretical advantage in that their short range would treat tumor cells while limiting the dose to 
bone marrow. In studies with mice injected through the tail vein, they reported that 212Bi 
DOTMP is rapidly taken up in the bone matrix with a fast clearance from blood and other 
organs. The maximum uptake of 26% ID/g was noted in the femur at 15 min post-injection. In 
addition, the complex was shown to be stable with a significantly smaller quantity of activity 
taken up by the kidneys.  
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Due to the 1-h half-life of 212Bi, the majority of studies with this alpha-particle emitter have been 
in situations that allow rapid targeting of the 212Bi-labeled agent.  To increase the targeting 
potential to less easily accessible targets, the 10.6 h half-life parent, 212Pb, has been examined as 
an in vivo generator for 212Bi delivery.  In this approach, the 212Pb is conjugated to the targeting 
agent.  Miao et al. (249) examined this strategy for delivering 212Bi to melanoma, a highly 
radioresistant tumor.  The melanoma targeting peptide, 1,4,7,10-tetraazacyclodecane-1,4,7,10-
tetraacetic acid (DOTA)-Re(Arg11)CCMSH, a melanotropin analogue, was radiolabeled with 
212Pb.  Biodistribution and therapy performed in the B16/F1 melanoma-bearing C57 mouse flank 
tumor model exhibited rapid tumor uptake and extended retention of the labeled peptide, coupled 
with rapid whole body disappearance. Radiation dose delivered to the tumor was estimated to be 
1.65cGy/kBq (61 rad/µCi) 212Pb administered; the estimated absorbed dose to the kidneys was 
0.97 cGy/kBq 212Pb administered. 212Pb decays to 212Bi by beta emission (average energy of 101 
keV). The dose calculations accounted for cross-organ beta dose from 212Pb using a dosimetry 
model of the mouse (250); alpha energy from 212Bi decay was assumed to be locally deposited.  
Treatment of melanoma-bearing mice with 1.85, 3.70, and 7.40 MBq of 212Pb[DOTA]-
Re(Arg11)CCMSH extended their mean survival to 22, 28, and 49.8 days, respectively, compared 
with the14.6-day mean survival of the placebo control group. Forty-five percent of the mice 
receiving 7.4 MBq doses survived the study disease-free. Treatment of B16/F1 murine 
melanoma-bearing mice with 212Pb[DOTA]-Re(Arg11)CCMSH significantly decreased tumor 
growth rates resulting in extended mean survival times, and in many cases, complete remission 
of disease. 
 
In summary, animal experiments with 212Bi have yielded several important results. First, stable 
chelates are needed to ensure minimum uptake by the kidneys and other organs. Second, 212Bi 
appears suitable for the treatment of micrometastatic disease such as ovarian cancer or bony 
metastases. Bismuth-212 is limited in the treatment of larger tumors due to its short half life and 
range. Finally, as in other forms of radioimmunotherapy, hematotoxicity may be the limiting 
toxicity. Because of the high energy gammas associated with 212Bi decay, a large volume of bone 
marrow may be irradiated particularly in regional therapy situations. Further, studies are needed 
to assess the biodistribution on the microscopic level to ascertain the dosimetric cause of 
observed toxicities.  

Bismuth-213 (213Bi) 

Radionuclide properties 

Bismuth-213 was the first alpha-particle emitting radionuclide to be used in a clinical trial of 
alpha-particle radioimmunotherapy (13,251).  It was proposed as a cancer therapeutic by 
Geerlings, et al. (14) and developed for clinical implementation by the Scheinberg Lab at 
Memorial Sloan-Kettering Cancer Center.  Bismuth-213 decays with a 45.6 min. half-life via a 
branched scheme that leads to the emission of two alpha particles, with energies of 
approximately 6 and 8 MeV and yields of 2 and 98%, respectively.  Three beta particles are also 
emitted with energies of 444, 659, and 198 keV, having yields of 98, 2 and 100%, respectively.  
The last of these betas is emitted by 209Pb which has a half-life of 3.25 h and decays to stable 
209Bi.  Bismuth-213 also emits a gamma ray photon at an energy of 440 keV and a yield of 
16.5%.  This photon has been used to perform patient imaging and dosimetry (252).  
Importantly, 213Bi decay does not lead to a significant emission of highly energetic  (>1 to 2 
MeV) photons and, therefore, the requirement for lead shielding associated with the use of this 
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isotope of bismuth is substantially reduced compared with the requirement associated with 212Bi.  
The reduced requirement for shielding, the availability of a clinical generator system (253), and 
the development of rapid and stable conjugation methodologies (254-256) have been key factors 
in the relatively rapid clinical implementation of 213Bi-labeled antibody therapy of leukemia and 
the widespread study of this radionuclide for therapy of other cancers (see summary below). 

Pre-clinical studies 

Using a lung metastatsis model with an antibody that targets normal lung vasculature, delivering 
up to 50% of the injected activity to the lungs, Kennel, et al (19,257-259), found that intravenous 
injection of 0.925 to 7.4 MBq (25 to 200 µCi) significantly extended the life span of treated 
animals over that of controls (up to 98 ±56 days vs 13.6 ± 1.8 days).  Consistent with the non-
specific targeting approach used in this model, necropsy and histologic evaluation of treated 
animals showed delayed lung fibrosis; all cured animals eventually succumbed to lung damage 
(258).  The same model was also used to demonstrate that131I, 90Y and 211At, although 
therapeutic, were generally not as optimal as 213Bi.  In the case of the beta emitters, 131I and 90Y, 
this was due to increased toxicity associated with the long range of the beta emitters (18,260).  
Astatine-211 was not as effective because of its lower dose-rate, relative to 213Bi.  Behr, et al, 
(132) examined 213Bi- vs. 90Y-labeled Fab targeting of liver metastases and demonstrated 
histologically confirmed cure in 95% of animals treated with the MTD activity level of 25.9 
MBq 213Bi-Fab in lysine pre-treated mice; in the same model, the cure rate following MTD (9.25 
MBq) administration of 90Y-Fab was 20%.  IgG targeting was not examined in these studies and, 
due to rapid uptake of Fab in the kidneys, chronic renal toxicity was observed in treated mice 
that did not receive lysine protection.  Other studies have also shown efficacy against metastases 
(261-263).  These results obtained, in vivo, have also been supported by spheroid studies, in vitro 
(264,265).  In contrast to the efficacy observed against metastases, targeting of sub-cutaneous 
tumors using single-chain variable region constructs and dimers thereof (266) or a DOTA-biotin 
pre-targeting approach (267) did not yield encouraging therapeutic results, either because a 
specific therapeutic effect was not demonstrated (scFv) or because of high renal toxicity (DOTA-
biotin). 

Locoregional targeting of tumor cells by administration of targeted 213Bi into the intraperitoneal 
cavity has been examined by several investigators.  Using an antibody, d9MAb, against a 
characteristic E-cadherin mutation found in diffuse-type gastric cancer, localization of 213Bi to 
tumor cells exhibiting the mutation was observed in an IP tumor model (268).  Median survival 
was prolonged by 62 days when 0.37 MBq 213Bi-d9MAb were IP-administered 1 and 8 days after 
IP tumor inoculation (269).  Cell kill experiments, in vitro, using this model system 
demonstrated that cell death was not due to a caspase 3-dependent pathway suggesting a non-
apoptotic cell death mechanism (270).  Using an IP xenograft model obtained by IP 
administration of colorectal carcinoma cells, Brechbiel and co-workers demonstrated a 23 and 39 
day increase in median survival following IP administration of 18.5 and 27.8 MBq 213Bi-
Herceptin Ab, respectively, 3 days after tumor inoculation (271).  The same group found dose-
dependent delay in the growth of sub-cutaneously inoculated colorectal carcinoma cells 
following IP injection of 213Bi-labeled HuCC49ΔCH2, a CH2-domain deleted construct of the 
humanized CC49 antibody (anti-TAG-72) (272).  Efficacy of 213Bi-labeled antibody has also 
been demonstrated in a B-cell lymphoma xenograft model.  IP injection of 4.03 MBq 213Bi-LL1 
(anti-CD47) antibody 2 days after i.v. tumor inoculation led to apparent cure (182 days) in 6 of 9 
treated mice (273). 
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In addition to the preclinical studies in melanoma (274-276) which have led to patient trials of 
213Bi-9.2.27 antibody, the group at the St. George Hospital in Kogarah, Australia has performed 
pre-clinical studies in ovarian (277), prostate (262), pancreatic (278,279), and breast cancer 
(280).  Studies have been performed using four different 213Bi labeled constructs: C595, an anti-
mucin antibody, Herceptin, anti-HER2/neu antibody, BLCA-38, anti-prostate and bladder cancer 
antibody and PAI2, a human recombinant plasminogen activator inhibitor, type 2 (47 kD) that is 
reactive with membrane-bound urokinase plasminogen activator (uPA) (262,280)  In ovarian 
cancer, the OVCAR-3 cell line was used to show concentration dependent cytotoxicity of 213Bi-
labeled PAI2 and C595 against monolayer and spheroid culture (281).  In prostate cancer, 
targeting of three different human prostate cancer cell lines using a combination of 213Bi-
antibodies and 213Bi-PAI2 gave D0 values of 0.56, 0.63 and 1.0 MBq/ml for the cell lines PC-3, 
DU 145 and LNCaP-LN3, respectively (282).  In a nude mouse xenograft model of prostate 
cancer, a single, 947 MBq/kg ip administration of 213Bi-PAI2, given 3 days after subcutaneous 
inoculation with PC-3 tumor cells showed a 22 day delay in observable tumor formation, relative 
to untreated controls.  Five equal administrations over 5 successive days starting at 3 days after 
inoculation for a total administered activity of 1421 MBq/kg resulted in complete control over 
the 13 week study period.  The same administration protocol at 6, 12 and 18 days after tumor 
inoculation resulted in statistically significant growth inhibition relative to controls (p = 0.008, 
0.03 and 0.02, respectively) (283).  Bismuth-213-labeled PAI2 was also evaluated in a pre-
vascularized subcutaneous model of pancreatic cancer.  A single local injection of ~222MBq/kg 
2 days post-cell inoculation completely inhibited tumor growth over 12 weeks.  Tumor growth 
delays of 7 and 14 days were observed when 111 and 222 MBq/kg were administered, 
intraperitoneally, 2 days after tumor inoculation.  High renal localization of 213Bi-PAI2 was 
noted to be dose-limiting.  In the same animal model, the anti-MUC1 antibody, C595, yielded 
similar results (284).  Using a similar pre-vascularized model of breast cancer a single local 
injection of 0.925 MBq 213Bi-PAI2 at 2-4 day after inoculation yielded complete growth 
inhibition in 23 of 40 treated mice.  When the local injection was delayed to 7 and 14 days after 
inoculation, 2/8 and 1/8 mice showed complete growth inhibition; the remainder exhibited 
statistically significant growth delay relative to untreated mice.  Intraperitoneal injection of 0.93, 
1.85, 3.70 MBq 213Bi-PAI2 at 2 days after inoculation yielded substantial growth inhibition that 
lasted approximately 35 days post-innoculation. 

Efficacy of the anti-PSMA antibody J591 labeled with 213Bi, has been examined in LNCaP cells 
grown in monolayer culture, as spheroids and in a xenograft nude mouse model, in vivo 
(264,285).  An LD50 of 8.1 kBq/ml at a specific activity of 2.4 TBq/g was found for monolayer 
culture.  The time course of spheroid volume reductions was found to be sensitive to the initial 
spheroid volume. J591 labeled with 0.9 MBq/ml 213Bi resulted in a 3-log reduction in spheroid 
volume on day 33, relative to control, for spheroids with an initial diameter of 130 µm; 1.8 
MBq/ml were required to achieve a similar response for spheroids with an initial diameter of 180 
µm. Equivalent spheroid responses were observed after 12 Gy of acute external beam photon 
irradiation. Monte Carlo-based microdosimetric analyses of the 213Bi decay distribution in 
individual spheroids of 130-µm diameter yielded an average α-particle dose of 3.7 Gy to the 
spheroids, resulting in a relative biological effectiveness factor of 3.2 relative to photon 
irradiation.  At 2 days after intramuscular injection of LNCaP cells in matrigel, IV administration 
of 2.96 MBq in equally divided doses over 4 days led to a 21-day improvement in median 
survival relative to non-specific, labeled control Ab therapy. 
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Targeting of 213Bi using the somatostatin analogue [DOTA0,Tyr3] octreotide (DOTATOC) 
against pancreatic cancer has also been examined in a rat model of pancreatic cancer.  Tumor 
growth inhibition was observed in both small (0.75 mm3) and large (1720 mm3) volume tumors 
following IV administration of 12.6 and 22.2 MBq 212Bi-DOTATOC, respectively.  
Nephrotoxicity was generally minimal.  One out of 4 rats that received 22 MBq exhibited mild 
interstitial nephritis lesions.  Rats receiving less than 13 MBq exhibitied nephritis lesions that 
were characterized as minimal; no significant changes in creatinine clearance were observed in 
any of the rats (286). 

A three-step pre-targeting technique using a humanized anti-Tac antibody-streptavidin conjugate 
(HAT-SA) in which the HAT-SA is administered initially and allowed to target.  This is 
followed by a clearing agent to remove HAT-SA that is not tumor-bound and then a 213Bi-
DOTA-biotin conjugate is administered to deliver the radioactivity to the previously targeted 
sites.  Efficacy of this approach was evaluated in an immunodeficient murine model of human T-
cell leukemia.  Median survival was increased by 47.5 and 29.9 days following 9.25 MBq 213Bi-
DOTA-biotin administered according to a pre-targeting protocol in small and large tumor burden 
groups, respectively (287). 

The use of 213Bi labeled anti-CD45 or anti-T cell receptor αβ (TCRαβ) antibody as an alternative 
to total-body irradiation in the preparative regimen for nonmyeloablative allogeneic 
hematopoietic cell transplantation has been examined in a canine model (288,289).  A greater 
than 30 week follow-up demonstrated that 51.8 to 77.7 MBq/kg 213Bi-anti-CD45 or 74 to 100 
MBq/kg 213Bi-anti-TCRαβ resulted in stable engraftment of matched donor marrow.  No signs of 
graft-versus-host disease or other toxicities were noted; mild and transient elevation of liver 
enzymes was observed in 4 of 15 dogs. 

Song et al. investigated the efficacy of an antibody (7.16.4) against the rat variant of HER-2/neu, 
labeled with the alpha-particle emitter 213Bi to treat widespread metastases in a rat/neu transgenic 
mouse model of metastatic mammary carcinoma (290). The model manifests wide-spread 
dissemination of tumor cells leading to osteolytic bone lesions and liver metastases, common 
sites of clinical metastases (291). The maximum tolerated dose was 4.44 MBq of 213Bi-7.16.4. 
The kinetics of marrow suppression and subsequent recovery were determined. Three days after 
left cardiac ventricular injection of 105 rat HER-2/neu-expressing syngeneic tumor cells, neu-N 
mice were treated with (a) 4.44 MBq 213Bi-7.16.4, (b) 3.33 MBq 213Bi-7.16.4, (c) 4.44 MBq 
213Bi-Rituximab (unreactive control), and (d) unlabeled 7.16.4. Treatment with 4.44 MBq 213Bi-
7.16.4 increased median survival time to 41 days compared with 28 days for the untreated 
controls (P < 0.0001); corresponding median survival times for groups b, c, and d were 36 (P < 
0.001), 31 (P < 0.01), and 33 (P = 0.05) days, respectively. Median survival relative to controls 
was not significantly improved in mice injected with 10-fold less cells or with multiple courses 
of treatment. Alpha-emitter 213Bi-labeled monoclonal antibody targeting the HER-2/neu antigen 
was effective in treating early-stage HER-2/neu-expressing micrometastases. Analysis of the 
results suggested that further gains in efficacy may require higher specific activity constructs or 
target antigens that are more highly expressed on tumor cells. 

Bismuth-213-labeled anti-microbial cell antibody has also been used as a possible therapeutic 
against microbial infections (292).  Studies examining the mechanisms involved in microbial or 
fungal cell killing have suggested that efficacy is derived from a combination of radiation and 
immune/inflammatory effects associated with antibody-mediated delivery of the radiation (293). 
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Clinical studies 

The initial phase I trial of 213Bi-HuM195 in patients with acute or chronic myelogenous leukemia 
demonstrated safety, feasibility and anti-leukemic effect but no complete remissions.  The large 
leukemic cell burden in relapsed/refractory leukemia patients (up to 1012 cells, yielding 
approximately 1016 target sites), the short range of alpha-particle emissions, and the specific 
activity of 1 213Bi atom per 2700 molecules precluded the 99% reduction in cell number required 
to achieve a tumor burden that would qualify as a complete remission in leukemia patients 
(12,294).  Accordingly, this trial has been followed by an on-going Phase I/II trial in which 
patients are first treated with cytarabine, to reduce tumor burden, and then by escalating activity 
levels of 213Bi-HuM195.  No remissions were seen at the first two activity levels of 18.5 and 27.8 
MBq/kg (0.5 and 0.75 mCi/kg).  At the higher activity levels – 37 and 46.25 MBq/kg, complete 
remissions lasting up to 12 months in very high risk patients have been observed (22,295). 

In addition to the on-going studies at Memorial Sloan-Kettering Cancer Center in New York, 
there are also two on-going trials in Europe.  At the German Cancer Research Center in 
Heidelberg and at the University Hospital Duesseldorf, Germany, a Phase I trial investigating the 
safety and efficacy of 213Bi-labeled anti-CD 20 (Rituximab) antibody in patients with relapsed or 
refractory Non Hodgkin's Lymphoma (NHL) is on-going.  The most recent report on this study 
indicated that 9 patients had been treated in three dose groups with activities of 555 to 1591 MBq 
of antibody-conjugated 213Bi (296,297). 

At the University Hospitals in Basel, Switzerland, radiolabeled substance P, an 11-mer peptide 
that targets the neurokinin type-1 receptor, which is overexpressed in the majority of gliomas 
was used to deliver, into the tumor or tumor resection cavity 213Bi (2 of 20 patients), 177Lu (3 of 
20) or 90Y; with 213Bi or 177Lu being used to reduce the cross-fire in critically located tumors.  
The feasibility, biodistribution and early and long-term toxicity were assessed in this pilot study.  
In one of the two 213Bi treated patients (progressive glioblastoma; 375 MBq administered) 
response assessment was difficult due to bulky residual tumor.  In the second patient (low-grade 
oligodendroglioma; 825 MBq administered) resection of a mass lesion 33 months after alpha 
therapy disclosed radiation necrosis and absence of viable tumor cells and the patient is still alive 
67 months after initial diagnosis (298). 

The safety and efficacy of intralesional injection of 213Bi -labeled 9.2.27 antibody in patients 
with metastatic melanoma has been investigated by Allen et al. (299), at the St. George Hospital 
in Kogarah, Australia.  Sixteen patients were treated with escalating activity levels of 11.1 MBq, 
starting at 5.55 MBq.  Escalation to 50 MBq did not result in toxicity; histology showed almost 
complete cell kill at 16.65 MBq and above with few viable cell clusters.  

Actimium-225 (225Ac) 

Radionuclide properties 

Actinium-225 can be obtained either from the natural decay of 233U and its production of 229Th or 
from the neutron transmutation of 226Ra by successive n,b capture decay reactions via 227Ac, 
228Th to 229Th (300-302).  Geerlings et al. (14) described an 225Ac generator based on a design 
that adsorbs 229Th oxide onto a titanium phosphate resin.  Elution of this 229Th cow yields a 
mixture of radionuclides: 225Ac, 225Ra, and 224Ra; a subsequent downstream (Dowex 50 WΧ8) 
column was used to purify the 225Ac by removing the other decay products. Boll and Mirzadeh et 
al. (303) have described the steps for isolating 225Ac from the 229Th at Oak Ridge National 
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Laboratory.  Apostolidis et al. have described the method for separation and purification of 225Ac 
from a 229Th source that is currently employed at the Institute for Transuranium Elements (304).  
A liquid 229Th/225Ac generator has also been proposed by Khalkin et al (305,306).  An alternate 
strategy to 225Ac production employs proton irradiation of 226Ra which can lead to 225Ac via 
[p,2n] reactions (300,302,307) using a cyclotron.  Recently, the feasibility of cyclotron produced 
225Ac was demonstrated and maximum yields reached with an incident proton energy of 16.8 
MeV (307) using the 226Ra(p,2n)225Ac reaction.  In this work, 0.0125 mg of 226Ra yielded 77.7 
kBq (0.0021 mCi) 225Ac after irradiation of a 36 mm2 target with a 10 μA proton current for 7 h.  
No significant differences were found in the radionuclidic purity of the cyclotron product when 
compared to 225Ac produced via the 229Th method (304).   

 

There are six key (>0.05% yield) radionuclide daughters of 225Ac that are produced in the 
cascade to stable 209Bi (5).  A single 225Ac (t1/2 = 10.0 d; 6 MeV α particle) decay yields net 4 
alpha and 3 beta disintegrations, most of rather high energy and 2 gamma emissions of which the 
213Bi 440 keV γ emission has been used in imaging drug distribution (252).  These daughters are 
221Fr (t1/2 = 4.8 m; 6 MeV α particle and 218 keV γ emission), 217At (t1/2 = 32.3 ms; 7 MeV α 
particle), 213Bi (t1/2 = 45.6 m; 6 MeV α particle, 444 keV β− particle and 440 keV γ emission), 
213Po (t1/2 = 4.2 μs; 8 MeV α particle), 209Tl (t1/2 = 2.2 m; 659 keV β− particle), 209Pb (t1/2 = 3.25 h; 
198 keV β− particle) and 209Bi (stable).  Given the 10.0 d half-life of 225Ac, the large alpha 
particle emission energies, and the favorable rapid decay chain to stable 209Bi this radionuclide 
was recognized as a potential candidate for use in cancer therapy (14).   

In order to take full advantage of the therapeutic potential of 225Ac and the several radionuclidic 
progeny, an approach was taken which focused on i) stably chelating the 225Ac for delivery in 
vivo to a target cell; ii) internalizing the 225Ac-antibody construct into the target cell; iii) retaining 
the decay products within the target cell and harnessing their cytotoxic potential; and iv) 
reducing the loss of the daughters to non-target tissues and mitigating systemic radiotoxic events.  
This was called the 225Ac nanogenerator system.  Targeting agents such as internalizing IgGs 
transported the 225Ac into the cell where decay daughters were retained if the drug was 
internalized.  This approach proved extremely cytotoxic to the targeted cancer cells and limited 
the systemic toxicity to the host.  The 225Ac delivered to the cancer cell was effectively a 
therapeutic nanogenerator of multiple alpha particle emissions within the target cell (4).   

Pre-clinical studies  

One of the initial reports on the biodistribution and metabolism of actinium was performed with 
227Ac by Taylor, et al. (308)  Taylor performed intraveneous injections of 18.5 kBq (500 nCi) of 
227Ac nitrate solution mixed with serum proteins from isologous rat serum, nitrate ion, 1% 
sodium citrate or 0.5% sodium diethylenetriaminepentaacetic acid (DTPA).  Forty percent of the 
injected activity of 227Ac-serum protein was excreted in 28 d, and the remainder cleared the rat 
with a t1/2 of 700 d.  DTPA, used as a rescue agent for 227Ac contamination, was capable of 
effecting a 60% reduction in the body burden, but only if administered within 30 minutes of 
exposure. 

The cytotoxicity in vitro of an [225Ac]DTPA-antibody construct was reported by Kaspersen et al. 
using a murine IgG1 that targets the EGF receptor expressed on the human epidermoid A431 
tumor cell line (309).  More target cells were killed by the specific than the control radiolabeled 
antibody, however the DTPA chelate moiety was not able to stably bind the 225Ac in these 
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experiments as demonstrated by the 225Ac constructs being capable of killing target cells only 
slightly better than similarly labeled 213Bi-antibodies. 

In another study, Beyer et al. examined the influence of varying ethylenediamine-
tetramethylenephosphonic acid (EDTMP) solution concentrations on the biodistribution of 225Ac 
and radiolanthanides in tumor-bearing mice (310).  [225Ac]citrate control and [225Ac]EDTMP 
solutions (up to 0.1 mM EDTMP) demonstrated high liver uptake (40 %ID/g).   

Davis et al. examined the biodistribution, dosimetry and radiotoxicity of 225Ac complexed with 
acetate, ethylenediaminetetraacetic acid (EDTA), 1,4,7,10,13-pentaazacyclopentanadecane-
N,N’,N’’,N’’’, N’’’’-pentaacetic acid (PEPA), and the A” isomer of N-[(R)-2-amino-3-(4-
nitrophenyl)propyl]-trans-(S,S-cyclohexane-1,2-diamine-N,N,N’,N’’,N’’-pentaacetic acid (CHX-
A”-DTPA) in female BALB/c mice (311).  Data expressed as the %ID/g again demonstrated that 
the liver is the major site of 225Ac localization for all four small molecule complexes studied.  
Liver accumulation increases according to the decreasing strength of the 225Ac-complex: CHX-
DTPA ~ PEPA > EDTA > acetate.  The biodistribution of an antibody carrier molecule was 
examined in this study.  The antibody 201B targets and binds to mouse lung endothelial 
thrombomodulin and was chemically coupled with CHX-A-DTPA to yield a DTPA-201B 
construct that was radiolabeled with 225Ac.  The [225Ac]DTPA-201B construct efficiently 
targeted the lung but the 225Ac had a very short tissue t1/2 of 4-5 h as compared with the 
[125I]201B construct with a t1/2 of 4-5 d.  The DTPA was unable to stably bind the 225Ac at the 
site in vivo.  At the 92 kBq dose level, the WBC, spleen and bone marrow were rated as having 
loss of cellular numbers, integrity, orientation, or structure.  At the 185 kBq dose level the WBC, 
spleen, bone marrow, liver, GI tract, and kidney all were rated as having loss of cellular 
numbers, integrity, orientation, or structure and evidence of cellular necrosis. 

Deal and co-workers prepared a series of 225Ac-labeled chelate complexes and surveyed their 
biodistribution in normal BALB/c mice (312).   One of the complexes was reported to exhibit 
improved in vivo stability relative to the others in the series examined.  The chelates included 
EDTA, CHX-A-DTPA, PEPA, DOTA, HEHA, and acetate.  92.5 kBq of each complex (2500 
nCi) in MES buffer at pH 6.2 was injected into normal female BALB/c mice via the tail vein.  
All of the complexes rapidly cleared the blood with < 2 %ID/g in 1 h.  The order of most 225Ac 
distributed into tissue to the least was acetate > EDTA > CHX-A”-DTPA ~ PEPA > DOTA > 
HEHA.  The interest in the HEHA chelate led to the synthesis of the isothiocyanate derivative, 
the conjugation to three different antibodies, and radiolabeling of with 225Ac by Chappell et al. 
(313).  Serum stability testing of the [225Ac]HEHA-IgG constructs demonstrated <50% stability 
after 48 h. 

In the first reported radiotherapeutic study using 225Ac, in vivo, Kennel et al. evaluated an 
[225Ac]HEHA-201B antibody construct for vascular targeted therapy of lung tumors and 
performed biodistribution, dosimetry and therapeutic efficacy studies (314).  These and other 
(315) therapeutic studies did not demonstrate a substantial survival advantage in treated mice 
because of the high systemic toxicity associated with the release of free 225Ac using the HEHA 
chelate. 

McDevitt et al. described the design and two-step synthesis of 225Ac-DOTA-
radioimmunopharmaceuticals and also the first practical application of 225Ac in targeted drug 
therapy without accompanying systemic radiotoxicity (4,21).  
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To investigate the therapeutic efficacy in vivo of the generator construct, [225Ac]DOTA-J591, 
McDevitt, et al. (4) utilized an intramuscular (i.m.) LNCaP tumor model in male nude mice.  
Male nude mice were treated on day 15 or 12 post-tumor implantation and received 7.2 kBq 
[225Ac]DOTA-J591 in a single administration.  These animals had significantly improved, 63  (P 
< 0.006) and 158 (P < 0.0001) day median survival for day 15 or 12 post-tumor implantation, 
respectively, compared to a 37 -day median survival for mice treated with unlabeled J591 
antibody; 14 of the 39 treated animals exhibited prolonged survival.  These mice survived at least 
10 months and had no measureable PSA or evidence of tumor at the time of sacrifice (293 days).  
The therapeutic efficacy was dependent on antibody specificity, the administration of the 225Ac-
generator, and the treatment time after implantation.  Similarly positive results were obtained in a 
disseminated human Daudi lymphoma cell mouse model.  Mice receiving a single injection of 
[225Ac]DOTA-B4 showed dose-related increases in median survival times of 165 (6.3 kBq), 137 
(4.3 kBq), and 99 days (2.1 kBq), respectively.  This dose response of [225Ac]B4 was significant 
with P = 0.05.  About 40% of mice treated at the highest dose were tumor-free at 300 days and 
the experiment concluded on day 310.  Control mice receiving the irrelevant labeled antibody 
had median survival times from xenograft of 43 days (5.6 kBq) and 36 days (1.9 kBq).  Mice 
receiving 0.003 mg unlabeled B4 per mouse had a median survival time of 57 days.  The time of 
treatment from tumor innoculation was found to be less relevant in this model, compared to the 
prostate cancer model. 

Borchardt et al. explored i.p. radioimmunotherapy in a mouse model of human ovarian cancer 
using 225Ac-DOTA-trastuzumab, an anti-HER-2/neu antibody (316).  Therapy, initiated 9 days 
after tumor seeding, yielded median survival of 52-126 days with [225Ac]DOTA-trastuzumab at 
various doses and schedules and 48-64 days for [225Ac]DOTA-labeled control IgG.  Groups of 
untreated control mice and those administered native trastuzumab had median survivals of 33 
and 44 days, respectively.  .  Deaths from radiotoxicity occurred with only the highest activity 
levels administered, the other dose levels were safe.  It was concluded that i.p. administration 
with an internalizing [225Ac]DOTA-labeled anti-HER2/neu antibody could significantly extend 
survival in a nude mouse model of human ovarian cancer at levels that produce no apparent gross 
toxicity. 

Miederer et al. evaluated the pharmacokinetics, dosimetry and toxicity of [225Ac]DOTA-
HuM195 (anti-CD33) in disease-free (no CD33 sites) Cynomolgus monkeys (317).  The blood 
half-life of [225Ac]DOTA-HuM195 was 12 days and 45% of generated 213Bi daughters were 
cleared from the blood. Monkey anti-human antibody (MAHA) production was not detected.  
About 28 kBq/kg of 225Ac caused no toxicity at 6 months, whereas a cumulative dose of about 
377 kBq/kg caused severe toxicity.  Histopathological evaluation revealed mainly renal tubular 
damage associated with interstitial fibrosis.  Multiple doses of intrathecally administered 225Ac 
conjugated to an antibody that specifically binds to ganglioside GD2 for neuroblastoma targeting 
in tumor-free Cynomolgus monkeys did not show any signs of toxicity based on blood 
chemistry, CBC or clinical examination. Therapeutic efficacy of this labeled antibody was 
examined in a nude rat xenograft model of meningeal carcinomatosis.  In an extremely 
aggressive nude rat xenograft model of meningeal carcinomatosis, [225Ac]DOTA-3F8 treatment 
i.t. improved survival time two-fold (p = 0.01).  Increasing the construct specific activity to > 1 
MBq/mg improved the therapeutic efficay relative to lower specific activity preparations (318). 

The targeted deletion of T-cell clones was examined by Yuan et al. using 225Ac-MHC tetramers 
(319).  Major histocompatibility complex (MHC) tetramers are multimeric complexes capable of 
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binding to specific CD8 T-cell clones.  These molecules were conjugated to 225Ac using a 
streptavidin platform to create an agent for CD8 T-cell clonal deletion.  The 225Ac-MHC 
tetramers specifically bound to, killed, and reduced the function of their cognate CD8 T cells 
while leaving the nonspecific control CD8 T-cell populations unharmed.  Biotinylated DOTA 
was prepared and labeled with 225Ac in high yield (≥ 96%).  The 225Ac-LMP1 tetramers (which 
confer T-cell specificity) effectively killed the targeted LMP1 CD8+ T-cell clones at small doses 
in vitro (ED50 = 0.185-0.296 kBq/mL (5 - 8 nCi/mL) or 0.001-0.0016 mg/mL); irrelevant 
tetramers exhibited much less toxicity.  In a murine system, specific cell killing by 225Ac-
LLO91-99 tetramers was also demonstrated.  LLO91-99 peptide–specific CD8+ T cells were 
effectively killed after incubation with 225Ac-LLO91-99 tetramers.  These results demonstrate 
that 225Ac-labeled tetramers can selectively delete both numbers and function of specific 
cytotoxic T lymphocytes (CTLs) with high specificity and induce little cytotoxicity within the 
other CD8+ T-cell populations.  

Ballangrud et al. investigated the efficacy of [225Ac]DOTA-trastuzumab against breast cancer 
spheroids with different HER2/neu expression levels (320).  The breast carcinoma cell lines 
MCF7, MDA-MB-361, and BT-474 with relative HER2/neu expression (by flow cytometry) of 
1:4:18 were used. Spheroids of these cell lines were incubated with different concentrations of 
[225Ac]DOTA-trastuzumab, and spheroid growth was measured by light microscopy over a 50-
day period.  The activity concentration required to yield a 50% reduction in spheroid volume at 
day 35 was 18.1, 1.9, and 0.6 kBq/mL (490, 52, 14 nCi/mL) for MCF7, MDA, and BT-474 
spheroids, respectively. The radiosensitivity of these three cell lines evaluated as spheroids was 
described as the activity concentration required to reduce the treated-to-untreated spheroid 
volume ratio to 0.37, denoted DVR37.  The external beam radiosensitivity for spheroids of all 
three cell lines was found to be 2 Gy.  After α-particle irradiation a DVR37 of 1.5, 3.0, and 2.0 
kBq/mL was determined for MCF7, MDA-MB-361, and BT-474, respectively.   

Novel liposomal carriers, multivesicular liposomes (MUVELs), were designed and constructed 
to enhance the retention of the α-particle emitting daughters of 225Ac by Sofou et al. in targeting 
applications (321-324).  PEGylated MUVELs yielded 98% 225Ac retention, and 18% retention of 
the last daughter 213Bi for 30 days.  MUVELs were then conjugated to an anti-HER2/neu 
antibody, trastuzumab, and exhibited strong binding to and significant internalization (83%) by 
ovarian carcinoma SKOV3 cells.  With the i.p. administration of 225Ac-containing MUVELs to 
animals with disseminated i.p. tumors, significant tumor uptake of 225Ac and its daughters was 
detected.  

The efficacy of 225Ac in peptide receptor radionuclide therapy was examined by Miederer, et al. 
using the somatastatin analogue, 1,4,7,10-tetra-azacylododecane N,N',N'',N'''-J-tetraacetic acid-
Tyr(3)-octreotide (DOTATOC) (325).  Activities up to 20 kBq had no significant toxic effects in 
mice; at 30 kBq renal tubular necrosis was observed. Actinium-225-DOTATOC over 12-20kBq 
reduced the growth of neuroendocrine tumors and showed improved efficacy compared with 
177Lu-DOTATOC. 

Even with stable chelation of 225Ac to internalizing antibodies, a significant release of alpha-
emitting daughters may be expected if targeting and internalization are not rapid.  Further efforts 
to understand and control the progeny of 225Ac have been described by Jaggi et al. (326).  The 
results indicate that metal chelation, diuresis with furosemide or CTZ, and competitive metal 
blockade may be considered as adjuvant therapies to modify the potential nephrotoxicity of 225Ac 
daughters.   
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The mechanism of radiation nephropathy resulting from targeted radionuclide therapies is poorly 
understood and was examined by chronologically following the kidneys of Balb/c mice 
administered 12.95 kBq of [225Ac]DOTA-HuM195 (327).  These findings suggest that internally 
delivered alpha particle radiation-induced loss of tubular epithelial cells triggers a chain of 
adaptive changes that result in progressive morphological damage accompanied by a loss of 
renal function.  In an effort to ameliorate alpha-particle radiation-induced renal toxicity Jaggi et 
al investigated captopril (ACE inhibitor), L-158,809 (Angiotensin II receptor-1 blocker, 
spironolactone (aldosterone receptor antagonist) or a placebo control.  Low-dose spironolactone, 
and angiotensin receptor-1 blockade to a lesser extent, were found to offer renal protection in a 
mouse model of internal alpha particle irradiation (328). 

In order to study the pharmacokinetics of an individual daughter nuclide, 221Fr, the cyclotron 
production of 132Cs from a natural xenon gas target was undertaken by Finn et al. (329).  In order 
to determine whether 132Cs is biochemically analogous to 221Fr, a source of 221Fr was developed 
and comparative biodistribution studies of saline solutions were performed for comparison.  The 
studies showed that 132Cs is not biochemically analogous to 221Fr in mice.   

In anticipation of the on-going effort to model the dosimetry of 225Ac and its daughters, 
Hamacher et al. developed a schema for estimating absorbed dose to organs following the 
administration of radionuclides with multiple unstable daughters (330).  Such calculations are 
complicated by the potential differential biological distribution of each of the progeny.  The 
number of decays or cumulated activity of a daughter radionuclide present in a particular tissue 
is estimated using a probability matrix which describes the likelihood of daughter decay in a 
particular tissue as a function of the decay site of the parent.  An example of three initial 
compartments is provided to illustrate the use of this formalism. 

Clinical studies  

Recently, the first patient was treated with [225Ac]DOTA-HuM195 in a Phase I clinical trial at 
Memorial Sloan-Kettering Cancer Center.  The patient presented with relapsed secondary acute 
myelogenous leukemia (AML).  A dose of 1.18 MBq (0.032 mCi) of 225Ac (18.5 kBq/kg) on 0.9 
mg HuM195 (0.015 mg/kg) was prepared and administered (22).  No significant toxicity has 
been observed   

Radium-223 (223Ra) 

Radionuclide properties 
Radium-223 is a short-lived (half-life = 11.4 d) alpha emitter which decays through a cascade of 
short-lived alpha- and beta-emitting progeny with the emission of about 28 MeV of energy per 
starting atom through complete decay of the progeny to stable lead.  On average, four alpha 
particles and two beta particles are emitted.  The primary alpha particles emitted by 223Ra are 
5.61 and 5.72 MeV; for 219Rn are 6.82 MeV; for 215Po are 7.39 Mev, and for 211Bi are 6.62 MeV.  
The principal gamma lines for 223Ra in equilibrium with its daughters are at 154 keV, 270 keV, 
351 keV, and 405 keV, and 223Ra may be imaged in vivo with a gamma camera and low-energy 
collimator. 

The parent (227Ac) of 223Ra can be produced efficiently in thermal or fast reactors by neutron 
irradiation of common radium (226Ra) according to the reaction: 
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226Ra(n,γ)227Ra(T1/2 = 42 m) → β-  + 227Ac(T1/2 = 21.7 y), and             (a) 

227Ac → β-  +  227Th(T1/2 = 18.7 d)  →  α +  223Ra(T1/2 = 11.4 d)         (b) 

After irradiation, the 227Ac may be radiochemically separated from the target irradiation product 
mixture.  Actinium-227 can then be purified to remove silica solids, actinide contaminants, and 
elemental iron.  The 227Ac in equilibrium with decay products may then be transferred to an 
anion exchange column for elution with 0.35 M nitric acid.  The 227Th remains alone on the 
column.  Actinium-227 and 223Ra may be recycled.  Ten days later, the anion exchange column 
may be eluted again with 0.35 M nitric acid to obtain pure 223Ra.  The resulting solution may 
then be boiled down with hydrochloric acid to form the final product (223RaCl2). 

Pre-clinical studies 
Radium is an alkaline earth element and 226Ra is among the most-studied elements in terms of its 
biological behavior and radiation effects in the body.  Biological data on the pharmacokinetics of 
radium (chloride form) in animals and human are available from literature reviews (331) of 
radium dial-painters (between 1908 and 1925), human 226Ra injection and ingestion studies, 
human use of 224Ra for treating ankylosing spondylitis and other diseases, and from numerous 
laboratory experiments on dogs, rats, mice, and other species. 

Radium in circulation deposits on bone surfaces, recycles back into blood, and is redeposited 
again on bone surfaces.  The International Commission on Radiological Protection (ICRP) Task 
Group on Alkaline Earth Metabolism in Adult Man proposed an early compartmental model for 
radium (332).  Biokinetic models of radium recycling were first proposed by Johnson and Myers 
(333) and later by additional investigators (334-337).  Committee 2 of the ICRP updated the 
ICRP-20 radium model to include systemic recycling and age-dependent factors (332).  In the 
ICRP-67 model, bone was divided into cortical and trabecular components, each of which was 
further divided into bone surface and bone volume.  These models dealt primarily with the long-
term uptake, retention, exchange, and excretion of 226Ra (half life = 1600 years) in humans, and 
were applied for setting radiation protection standards for radiation protection.  Although radium 
deposits initially on bone surfaces, over time it becomes part of bone volume.  Radium-223 is 
mainly a surface seeker in bone because it decays long before exchange processes among the 
bone volume compartments can take place.  Although some information is available on the 
uptake, retention, and clearance of 223Ra in humans, the radium recycling models do not 
adequately address the short term biokinetics in the soft tissues.   

Radium-223 generally mimics the biokinetic behavior of calcium, strontium, and barium.  
Accordingly, 223Ra circulates in blood and is present in all soft tissues in small amounts, as with 
calcium, strontium, and barium.  The ICRP Task Group on Alkaline Earth Metabolism in Adult 
Man (332) assumed that all short-lived decay products of radium remain with the parent.  
Follow-up studies by several investigators confirm that in general, the daughter products decay at 
the same location of 223Ra decay (125). 

Radium-223 shows no preferential uptake in any organ or soft tissue other than the large 
intestines, which is transitory and part of the excretion pathway.  Clearance half-times from 
muscle, the lungs, gastrointestinal tract and other soft tissues are relatively short (7 to 12 hours).  
Radium-223 clears from the liver, kidneys, and spleen with half times of about 58 hours, 75 
hours, and 92 hours, respectively.  Only a small fraction (2 to 3 percent) of systemic 223Ra clears 
through the kidneys into the urinary tract.  The remainder clears by secretion through the large 
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intestines directly into the bowel, and less than 1 percent clears the liver through the biliary 
excretion pathway.    

Durbin et al. (338) showed that the primary effects of injected 223Ra in rats were due to cell 
depletion (inhibition of skeletal growth, avascular red marrow, reduction in cartilage cells and 
osteocytes, and reduced blood counts).  At high doses (greater than 185 kBq/kg body weight, or 
about 5 microcuries/ kg body weight), animal death was attributed to hemorrhage.   Acute effects 
were loss of body weight and reduction in organ weights, with hemorrhagic areas in the lymph 
nodes, gastrointestinal tract, stomach, and lungs.  The effects on kidneys included mild, transient 
tubular degeneration and atrophic glomeruli not correlated with increasing dose, which quickly 
returned to normal at times beyond 200 days.  Testicular responses to 223Ra showed that it was 
5.4 times more lethal to spermatogonial cells than acute external x-rays (125).  

Henriksen et al. (339,340) studied the effects of 223Ra in 19 Han rnu:rnu nude rats to determine 
therapeutic efficacy in a bone metastis model.  They administered about 60 kBq/kg to 5 rats and 
110 kBq/kg to 14 rats.  They found that 223Ra exhibited a substantial anti-tumor effect at 
administered activities that were well-tolerated by red marrow, and without significan bone loss 
(339).  In a follow-up study, Henriksen et al. studied the comparative biodistributions of 89Sr and 
223Ra in five female BALB/C mice (340).  Although both 89Sr and 223Ra selectively concentrated 
on bone surfaces with relatively little uptake in the soft-tissue organs, the skeletal uptake of 223Ra 
was greater than that for 89Sr.  Soft-tissue 223Ra activity cleared quickly.  Daughter products of 
223Ra remained with the parent on bone surfaces, with less than 2% translocating to other parts of 
the body.  Calculations of dose to bone marrow showed a sparing of marrow by the short-range 
alpha particles compared to high-energy 89Sr beta particles, which more uniformly irradiated the 
marrow cavities.   

The uptake, retention, and clearance of 223Ra were studied in two beagle dogs at the Radium 
Hospital in Oslo, Norway (178).  Investigators found that 223Ra cleared circulating blood by 
direct excretion into the intestines, with activity accumulating in bowel contents (rather than by 
clearing from liver through bile into the small intestines.) 

Fisher and Sgouros (341) described methods for calculating radiation doses to tissues and organ 
from systemically administered 223Ra.  For a sphere with large radius and assuming electronic 
equilibrium, progeny equilibrium, and unit tissue density, the absorbed dose constant for 223Ra 
and daughters is 163 mGy mBq-1 (600 rad mCi-1).  Alpha-emission contributes about 93 percent 
of the total radiation absorbed dose.   

Clinical studies 

More than 200 patients have been treated with 223Ra-chloride (Alpharadin, Algeta ASA, Oslo, 
Norway), in several European countries.  Radium-223 has been approved for investigational use 
in the U.S.  As noted above, the principal characteristics of this radionuclide are high skeletal 
uptake with long-term retention, minimal uptake in normal organs and other soft tissues, and 
clearance via the gastro-intestinal tract. 

Clinical investigations in humans using 223Ra for treating prostate and breast cancer metastases 
(342,343) confirmed that intravenously administered RaCl2 clears quickly from circulating blood 
via the intestinal route and not by urinary excretion with a half-time of 3 to 6 minutes (about 94 
percent), with a longer-term fraction due to recycling remaining in blood with a half-time of 
about 9 hours (6 percent).  After 223Ra for therapy of painful skeletal metastases in prostate and 
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breast cancer patients, a strong and consistent, activity-dependent, reduction in alkaline 
phosphatase levels occurred, showing that the regions mostly benefiting from treatment included 
the regions with elevated bone metabolism from developing metastases (342).  Quality of life 
was determined compared to baseline at weeks 1, 4, and 8 after infusion, and pain relief was 
determined for all time points.  Myelosuppression was minimal and thrombocytopenia was not 
dose-limiting.  Levels below 200 kBq/kg (5.4 μCi/kg) in adult cancer patients appear to be well-
tolerated (342,343).  Patients receiving 223Ra showed reduced prostate-specific antigen relative to 
baseline. 

In a follow-on phase I study involving six patients with advanced prostate cancer, the feasibility 
of repeated lower-dose 223Ra administrations was evaluated (178).   Patients received up to 250 
kBq/kg either as two fractions of 125 kBq/kg each, separated by six weeks, or as five fractions of 
50 kBq/kg each.  Repeated infusions of 223Ra were well-tolerated, and no added toxicity related 
to repeated injections was observed.  Overall hematological toxicity was lower for the patients 
receiving fractionated therapy.  The spacing of fractionated therapy allows blood cell counts to 
normalize between injections (178).   

In a phase II randomized clinical trial, late-stage prostate cancer patients received either external 
beam radiation plus saline injections, or external beam radiation plus four fractions of 223Ra of 50 
kBq/kg, at 4-week intervals, for a total of 200 kBq/kg (344).  Adjuvant treatment with 223Ra 
resulted in decreased biomarker for metastatic disease (bone alkaline phosphatase relative to 
baseline) compared to patients receiving the placebo saline injections.  Skeletal regions with 
elevated bone metabolism were most likely to benefit from 223Ra administration.  Fifteen of 31 
patients also exhibited a decrease (more than 50% from baseline) in prostate-specific antigen 
compared to only five of 28 patients in the group that received adjuvant placebo after external 
beam radiation therapy (344).  This study showed the applicability of 223Ra treatment for skeletal 
metastases from a wide variety of cancer types.   

Terbium-149 (149Tb) 

Radionuclide properties 

Terbium-149 was first produced by bombarding 141Pr with 14N ions or by spallation reaction on 
Ta (345). However, its potential role as an alpha emitter for targeted cancer therapy was first 
recongnized in 1996 (346). 149Tb, being a lanthanide, was amenable to standard chelation 
chemistry as for 153Sm. Further, it emits positrons with a 7% branching ratio and its analogue 
152Tb could  be used for imaging and pharmacokinetics, as it emits a 2.8 MeV positron with 13% 
branching ratio, offering the potential for PET (347).  The characteristics of 149Tb are: half-life 
=4.15 h, alpha energy =3.966 MeV (16.7 % yield),  average LET = 143 keV/μm, range in tissue 
= 28 μm.  Terbium-149 also decays by positron emission (7%) and electron capture (76%) 

As an analogue for 149Tb, 152Tb (347) has been produced at the National Tandem Accelerator, 
ANU, Australia using the natNd(12C,xn) reaction at 85 MeV for 15.3 h to produce 100 MBq of 
152Dy, which decays to 152Tb. Radiochemical purification was achieved by cation exchange 
column chromotographuy with alpha-hydroxyisobutyric acid as eluent. Yields of Tb-151,152 and 
153 were 36, 47 and 13% respectively. Similar activities of 149Tb have also been produced using 
the 10 MV tandem accelerator (348). 

The on-line isotope separator ISOLDE at CERN (349) was used to produce clinical activities of 
152Tb (347). A tantalum foil target with thickness of 120 g cm-2 was irradiated with 1 GeV 
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protons from the CERN PS-Booster accelerator. The radio-lanthanide ions generated in the 
spallation process were released from the 2200oC target and separated electromagnetically 
according to the charge-mass ratio. Mass number 152 was collected on a high purity aluminium 
foil over a period of 12 h. The 152Tb was purified  by cation exchange chromatography using 
Aminex A5 resin and α-hydroxyisobutric acid as eluent., then evaporated to dryness and 
redissolved in 50 μL of 100 mM HCl. Pr and Ce oxide impurities were only 0.2%. The final 
152Tb fraction concentration was 770 MBq with 80% yield after chemical separation. The first 
152Tb PET image was obtained using a Jaszczak phantom with only 22 MBq. 

In a later study, the A-149 isobar radioactive beam was selected, containing 149Dy and 149Tb, as 
well as the 149Tb daughter nuclides 149Gd and 149Eu. In addition, 133CeO+ and 133LaO+ molecular 
ions were also found in the beam. 

The 149Tb was purified  as above and the 149 fraction  evaporated to dryness and redissolved in 
50 μL of 100mM HCl. The final 149Tb concentration was 2 GBq/mL with an isotopic purity of 
~100% (350). 

Pre-clinical studies  
The anti-melanoma MAb 9.2.27 was labeled with 152Tb and 153Sm, to study comparative labeling 
efficiency, conjugate stability and cytotoxicity (351). 

In colorectal caner (CRC), the c30.6, (chimeric version of the mouse antibody) and 35A7 
antibodies against CRC cell surface antigens have been investigated with this radionuclide (348).   
Results showed that both cDTPA and CHX-A” chelators gave similar stability and in vitro 
specificity. 149Tb was produced and conjugated with the C30.6 and 35A7 monoclonal antibodies 
and the first cytotoxicity results for 149Tb AIC were reported for colorectal cancer and compared 
with 213Bi (352). The D0 value for cells in suspension in exponential growth phase was calculated 
to be 0.24MBq (6.4 μCi) for the 213Bi-35A7, and 11.25 MBq (304 μCi) for free isotope. The D0 
values for 149Tb labeled antibodies were 37 kBq and 140.6 kBq for c30.6 and 35A7 respectively, 
and 3.66 MBq for the free 149Tb.  For 152Tb, a positron emitter, the D0 values were 27.4 and 88.8 
MBq for c30.6 antibody and free 152Tb respectively. These results showed that, in suspension, 
149Tb was more cytotoxic to targeted cells than 213Bi. On the other hand, both alpha emitters were 
very much more toxic than the targeted beta emitter. 

Terbium-149 has rather different alpha properties to 213Bi, in that the half-life is much longer (4 
h vs 46 min), the alpha energy is about half (3.97 vs 8.4 MeV), the range is less than half (28 vs 
72 μm) and the LET is 27% greater (143 vs 113 keV/μm). Further, the branching ratio for alpha 
emission is much less (17 vs 100%). Of these parameters, the longer half-life provides more time 
for distribution to hospitals, conjugation and labeling, and for penetrating targeted cell clusters 
and tumours. The shorter range of 149Tb means that microscopic cross-fire would be less than for 
213Bi. The higher LET could be important but overkill may reduce this effect. The lower 
branching ratio seems like a major disadvantage, but in reality, the dominant EC decay channel 
is benign, and does not contribute to the non-specific background radiation.  

Clearly, specific applications might favour the application of one alpha emitter over the other. 
Comparative studies have been made using 149Tb produced at the ISOLDE facility at CERN 
(263). The alpha emitters were coupled using the bifunctional chelate CHX-A”-DTPA to the 
monoclonal antibody d9 that targets the d9 E-cadherin antigen transfected in MDA MB 435S 
cells. Internalisation of the conjugate was very low (8 % in 240 min). 213Bi and 149Tb were 
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attached to the MAb with similar efficiency (~100%). The 213Bi conjugate was 1.6 times more 
cytotoxic at 100 kBq/mL. However, this reflects the relative alpha yield; Bi-213 emits 5.88 times 
as many alphas per decay as 149Tb.  On a per emitted alpha basis, 149Tb was calculated to be ~3.7 
times more cytotoxic. Other effects were subject to experimental conditions and the relatively 
low antigenic expression (5x104 antigens per cell) that required near saturation to achieve an 
effect at the specific activity of 111 MBq/mg. 

These results were rather indecisive in favouring one emitter over the other. However, it is 
unlikely that any advantage of 149Tb, for which a local spallation source would be essential, 
could outweigh in the clinic the practical advantage of the Ac:Bi generator. 

Thorium-227 (227Th) 

Radionuclide properties 

Thorium-227 (T1/2 = 18.7 days) is a member of the 235U series.  It can be obtained from the 
decay of 227Ac which has a 21.8 year half-life.  Actinium-227 itself can be produced by thermal 
neutron irradiation of 226Ra followed by beta decay of 227Ra (T1/2 = 42 min) to 227Ac.  
Consequently, long-lived generators for 227Th can be prepared (353,354). 

Thorium-227 decays to 223Ra (see above) by alpha-particle emission with alpha energies ranging 
from 5.03 (0.00031%) to 6.04 (24.5%) MeV; the average alpha energy is 5.9 MeV.  The most 
abundant alpha emissions have energies of 5.75 (20.3%), 5.98 (23.4%) and 6.04 (24.5%) MeV.  
High yield photons occur at 12.3 (17%), 15.2 (21%), and 236 (11%) keV (180). 

Pre-clinical studies 

Up until the mid to late 1990s, interest in this radionuclide was driven by its use as a “short 
lived” bone seeker that could be used, along with 224Ra, to study stochastic biological effects, in 
particular bone cancer induction.  In the 1990’s 227Th became important as a generator for 223Ra 
which was being investigated as a targeted alpha therapeutic (see section above).  Most recently, 
with the demonstration that 223Ra, the immediate daughter of 227Th, yields acceptable 
myelotoxicity in patients at a dosage level of 250 kBq/kg (6.75 µCi/kg) (16), 227Th itself has 
been evaluated as a canddiate for targeted alpha-emitter therapy (355). 

Although not directly relevant to the use of this isotope for cancer therapy, the literature 
describing the stochastic effects of 227Th is briefly reviewed.  In a series of publications, starting 
in the mid-70’s, Müller and co-workers examined the biodistribution and long-term sequelae of 
227Th inhalation and intraperitoneal injection in mice and rats (356-359).  Inhalation of 227Th in 
nitrate form by 250-300 g male Sprague-Dawley rats gave a biological half-time of 227Th in the 
lungs of approximately 20 days.  An initial deposition of 3.7 kBq (100 nCi) in the lungs resulted 
in mean total doses (including 223Ra and daughters) of 150 cGy to lungs and 36 cGy to bone; the 
kidneys and liver received 2 and 0.1 cGy, respectively (356).  In a separate study, Muller and co-
workers (358) reported that long-term follow-up of 3-4 week old mice IP injected with 0.1 (3.7 
kBq/kg) to 50 (185 kBq/kg) µCi/kg of 227Th produced an osteosarcoma incidence of 3% at 3.7 
kBq/kg and a maximum incidence of 60% at 18.5 kBq/kg.  The latency time for first appearance 
of osteosarcoma ranged form 8 to 26 months.  The tumor incidence vs. time curve dependend 
strongly on the activity.  From 3.7 to 18.5 kBq/kg, the mean tumor latency time decreased with 
increasing activity.  At administered activities >18.5 kBq/kg, the latency time remained constant 
at approximately 6-24 months.  At the higher dose range, an almost linear increase in incidence 
with activity was observed; the increases occurred in the skeleton of the head (primarily the jaw 
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region).  Skeletal absorbed doses were estimated assuming uniform deposition of 227Th alpha-
particles in the individual bones considered; the biodistribution and dosimetry of the daughter, 
223Ra, was considered separately and added to the 227Th dose; 223Ra daughters were assumed to 
decay at site of 223Ra decay (360).  According to these calculations, the range of administered 
activity listed above resulted in mean skeletal absorbed doses ranging from 0.2 to 100 Gy.  At 
100 Gy, corresponding to 185 kBq/kg, bone necrosis preceded the appearance of bone tumors.  
Drawing upon comparative studies with fractionated administrations of the shorter lived alpha-
emitter 224Ra (T1/2 = 3.64 days), the authors concluded that the initial dose-rate and protracted 
exposure were key factors in the risk of osteosarcoma induction (357,359).   

To evaluate 227Th- ethylene-diamine-tetramethylene phosphonate (EDTMP) as a therapeutic 
agent for bone metastases Washiyama et al. (361) measured the biodistribution of 227Th - 
EDTMP and 227Th-citrate, following tail vein injection, over a 14-day period in mice; the 
biodistribution of the daughter nuclide 223Ra in bone was also evaluated.  Uptake of 227Th-
EDTMP by bone was higher (9.6 and 6.2 %ID/gm in femur and parietal bone, respectively, at 30 
min PI) than that in soft tissue (a maximum of 2.7 %ID/gm in the kidneys at 15 min PI).  Femur 
and parietal bone uptake rapidly reached maximum at 30 min and remained at a that level 
throughout the 14-day measurement period.  Except for the kidneys, soft tissue uptake was less 
than 1 %ID/gm at all measured time-points.  Uptake in the femur (maximum of 28 %ID/g at 1 
day PI) and parietal bone (17.2 %ID/g at 1 day PI) was higher following 227Th-citrate compared 
to that seen with 227Th-EDTMP.  The concentration in soft tissue remained above 1%  (2.3 
%ID/gm in kidneys at day 7 PI) even though blood clearance was rapid (0.006 %ID/gm at day 
7).  Radium-223 was retained in bone throughout the measurement period with approximately 
90% of 223Ra produced by the decay of 227Th in bone at day 7 and 14 post-injection. 

The initial evaluation of 227Th for low dose rate alpha-particle radioimmunotherapy was 
completed by Dahle and co-workers (353).  A two-step approach (21) was used to conjugate 
227Th to the anti-CD20 antibody, Rituximab, via the metal chelate DOTA.  To evaluate stability 
of the 227Th-labeled antibody, in vivo, uptake in balb/c mice of free 227Th, the chelated form, 
227Th-p-nitrobenzyl-DOTA, and the radioimmunoconjugate, 227Th-DOTA -p-nitrobenzyl-
Rituximab was compared for several organs and over a range of time periods.  The 
immunoreactive fraction of the antibody radioimmunoconjugate was 56-65%.  By measuring 
227Th redistribution to bone the authors demonstrated high stability of the 
radioimmunoconjugate, in vivo.  Activity in the femur and skull 28 days after injection was 4 to 
6 times higher for free 227Th compared to the 227Th-labeled Rituximab.  The activity of 223Ra 
increased with time in the femur and skull up to 21 days after injection and then decreased.  The 
amount of 223Ra in soft tissue was relatively low except for the spleen.  The biodistribution for 
223Ra generated in vivo was in good agreement with results obtained following IV injection of 
223Ra (340).  The measured kinetics were used to estimate tissue absorbed doses for 227Th and 
223Ra (including its daughters) separately assuming a 100 kBq/kg administration of 227Th labeled 
Rituximab and uniform deposition of alpha-particle energy.  The femur and skull received the 
highest total absorbed doses of 1.75 and 1.05 Gy, respectively.  The total dose to the spleen was 
also relatively high at 0.53 Gy.  The blood received 97% (0.21 Gy) of the absorbed dose from the 
decay of 227Th.  Incubation of lymphoma cells with the labeled antibody resulted in significant 
antigen-dependent inhibition of cell growth at Bq/ml concentration levels. 

Based upon the promising results obtained in the initial evalution, Dahle and co-workers 
examined the therapeutic efficacy of 227Th-Rituximab  (355).  In Raji lymphoma xenografted 
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mice the radioactivity concentration of 227Th in the tumor peaked 4 days after injection of 227Th-
Rituximab at a level (1400 Bq/g) approximately 3.5-fold greater than that concentration in any of 
the normal organs; the concentration of 223Ra in the tumor was 12 times lower than the227Th 
tumor concentration at this time and also below the concentration observed in the femur and 
skull (approximately 220 and 170 Bq/g, respectively).  Tumor 227Th and 223Ra concentrations 
were highest for the specific antibody.  The radiation doses to normal tissues and tumor for 
227Th-Rituximab were determined by calculating the area under the biodistribution curves and 
multiplying the resulting cumulated activity with the mean alpha-particle energy from 227Th or 
223Ra and daughters; only the contribution of alpha-particles was considered and the daughters of 
223Ra were assumed to decay in the same tissue as 223Ra.  Tumor doses were 0.5, 2 and 4 Gy, 
respectively, for 50, 200 and 400 kBq/kg injected.  At the 200 kBq/kg injected activity, the femur 
and skull absorbed dose was about 80% and 50% of the tumor dose, respectively; the absorbed 
doses to liver and spleen (the two highest normal organs) was approximately 0.5 Gy.  Sixty 
percent of mice treated with 200 kBq/kg 227Th-Rituximab survived > 200 days; corresponding % 
survival following 50, 400 and 1000 kBq/kg was 20, 55 and 40%, respectively.  Treatment with 
50 kBq/kg had no significant effect on tumor growth or median survival.  At 1000 kBq/kg a 
significant increase in growth delay was observed but long-term survival was reduced.  At 200 
kBq/kg bone marrow suppression, as measured by drop in white blood cells (WBC) was modest 
and after 4 weeks WBC counts were in the range of untreated mice.  At 400 kBq/kg WBC count 
recovery required 7 weeks.  At 1000 kBq/kg hematologic toxicity was more pronounced and 1 of 
37 mice was terminated due to fatigue and weight loss.  However, even at this high administered 
activity only two mice had WBC below 1.3 x 109 counts/l.  After 14 weeks WBC counts were in 
the range of controls for this group of mice also.  The platelet count was within control range for 
the majortiy of samples; 3 mice in the 1000 kBq/kg group had slighly lower counts three weeks 
after treatment. 

G. Recommendations for Dosimetry of Deterministic Effects 

Introduction 

Beyond providing a rational basis for a starting administered activity value for a phase I study, 
dosimetry has an important role in guiding clinical trial design to help maximize the likelihood 
of a successful, minimally toxic implementation.  This is particularly important since alpha-
emitter targeted therapy has the potential to be both highly effective and also very toxic.   Which 
of these two aspects emerges in a therapeutic trial will depend upon having an understanding of 
the physical and biological factors that impact response and toxicity.  It is essential that clinical 
trials investigating targeted alpha-particle therapy be rationally designed; otherwise there is the 
risk that alpha-emitters may be abandoned before they have been properly tested in the clinic. 

This increased importance of dosimetric analysis is coupled with a greater difficulty in obtaining 
the human data necessary to perform dosimetry.  In contrast to the majority of targeted therapy 
trials to date, collection of biodistribution data for dosimetry from pre-treatment imaging studies 
will not be possible for the majority of alpha-particle emitting radionuclides with therapeutic 
potential.  This places a greater emphasis on pre-clinical studies and extrapolation of results 
obtained from such studies to the human.  Several of the alpha-emitting radiotherapeutics decay 
to alpha-emitting daughters whose distribution may not be that of the carrier.  Aside from 
understanding the biodistribution/dosimetry of the alpha-emitter labeled carrier, therefore, the 
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biodistribution/dosimetry of the daughter must also be considered 
(317,330,341,353,355,360,362,363). 

In this section the focus of the discussion and the recommendations that are made are specific to 
deterministic effects. 

Recommendations 

After stability and radiochemical purity of the radiopharmaceutical has been established and an 
appropriate target identified, the following progression of studies is proposed.  Elements of these 
recommendations have also been described elsewhere (364-366). 

1. Determine cellular targeting kinetics and properties 
number of sites per cell and fraction of cells expressing target 
distribution of binding sites per cell among the targeted cells 
binding and dissociation constants for cell targeting (e.g., Ab affinity) 
internalization rate and fraction internalized 
fate of internalized radionuclide 
LD50 in targeted versus non-targeted cells 
cell-level dosimetry for targeted and non-targeted cells 

2. Animal (xenograft or transgenic) model studies 
evaluate maximum tolerated administered activity (MTD) 
identify likely dose-limiting organs (DLOs) 
collect macroscopic (whole-organ) pharmacokinetics 
collect microscopic (e.g., by autoradiography or optical imaging) biodistribution in DLOs 
evaluate stability of the radiopharmaceutical in vivo 
evaluate efficacy at MTD 
perform cell- and organ-level dosimetry for the animal model 

3. Extrapolate data obtained in 1 and 2 to the human to arrive at initial activity for phase I study. 
develop and fit a pharmacokinetic model to data obtained in 1 and 2 
replace model parameter values with estimated human values, simulate biodistribution in 
human 
use model-derived biodistribution to estimate absorbed dose to DLOs identified in 2b. 

4. Assess radiopharmaceutical distribution during the phase I study. 
Image (if possible) 
Collect and count blood samples 
Collect, count and autoradiograph biopsy samples (if practical) 
 

If there are concerns related to possible renal, urinary bladder wall or GI toxicity related to the 
localization of activity in luminal contents versus the organ wall that have not been addressed by 
animal studies:. 
 

Collect and count urine samples 
Collect and count fecal samples 

Items 1-3, above are general guidelines.  The primary objective is to collect adequate pre-clinical 
data so as to have an understanding of the alpha-emitters' likely biodistribution and kinetics in 
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humans.  This is particularly important since pre-therapy patient imaging will not be possible.  It 
is essential that this approach not be seen as mandatory for moving alpha-emitter labeled 
radiopharmaceuticals to the clinic, in particular, step 3 may be replaced by a projected 
conservative (worst-case) scenario analysis or by a direct translation of small-animal 
pharmacokinetics to the human using standard methods to adjust for differences in body size and 
organ mass (367).  The autoradiography proposed in items 2d and 4c will clearly be subject to 
the practical constraint of alpha-emitter half-life.  For short-lived alpha-emitters, microscopic 
imaging of fluorescently tagged agents may be a viable alternative to autoradiography in animals 
models. 

Conventional versus cell-level dosimetry 

In most cases a microdosimetric analysis will not be necessary for targeted therapy applications 
because the activity level administered and mean absorbed doses to targeted cells are larger than 
in the cases described above and the resulting stochastic deviation is expected to be substantially 
less than 20%.  In such cases standard dosimetry methods may be applied (166,252).  The 
standard approach to dosimetry calculations has been described by the Medical Internal 
Radionuclide Dose (MIRD) Committee (166).  In this formalism the absorbed dose to a target 
volume from a source region is given as the total number of disintegrations in the source region 
multiplied by a factor (the S value) that provides the absorbed dose to a target volume per 
disintegration in the source region.  The sum of these products across all source regions gives the 
total absorbed dose to the target.  MIRD cellular S values have been published for cell level 
dosimetry calculations for situations in which the number of disintegrations in different cellular 
compartments can be measured or modeled (151).  Using these S values, the absorbed dose to the 
nucleus may be calculated from alpha-particle emissions uniformly distributed on the cell 
surface, in the cytoplasm or in the nucleus. 

Conventional dosimetry for organs and tumors 

Estimation of the average absorbed dose to a particular normal organ or tumor volume is based 
upon the assumption that the radioactivity is uniformly distributed in the organ and that the 
energy deposited by the emitted alpha particles is also distributed uniformly within the organ.  
With some exceptions (368-372), the cross-organ dose from alpha-particle and electron 
emissions can be assumed negligible for human organ and tumor dosimetry.  Care is required in 
applying S-values for alpha-emitters since alpha emitters may have multiple decay pathways as 
well as multiple radioactive daughters that should be taken into account.  For example, S values 
for 213Bi will not include the emissions from the 213Po daughter which has a 4 µs half-life and 
which contributes 98% of the alphas emitted by 213Bi decay (the remaining 2% come from decay 
of 213Bi itself)..  This consideration and also the importance of separately accounting for 
absorbed dose due to electron and photon emissions from that due to alphas requires that the 
dosimetry calculations be performed based upon absorbed fraction calculations rather than upon 
S-values.  The methodology is described by the following equations (presented using the recently 
published updated MIRD schema) (373) 
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with: 

 
( )DTx TrD ,  absorbed dose to target region, rT from emission type x. 

( )DTRBE TrD ,  RBE-weighted dose to target region, rT. 

rT, rS target, source region (or tissue), respectively. 

( )DT TrA ,~  time-integrated activity or total number of nuclear transitions in target region, 

rT. 

M(rT) mass of target region. 

x
iΔ  mean energy emitted per nuclear transition for ith emission of particle type x 

(= alpha, electron or photon). 

( )X
iST Err ;←φ  fraction of energy emitted per nuclear transition in source region, rS, that is 

absorbed in target region, rT by the ith emission of particle type x that is 

emitted with initial energy, E. 

RBEα, RBEe 

RBEph relative biological effectiveness for alpha-particles (α), electrons (e) and 

photons (ph).  RBEe = RBEph = 1 
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The total number of nuclear transitions in a particular tissue or region is typically obtained by 
longitudinal imaging, or counting tissue samples for radioactivity.  Values for the Δi’s are 
obtained from decay-scheme tabulations published for each radionuclide (233).  The absorbed 
fraction for each decay type, φ, must be calculated from tabulations of absorbed fractions for the 
particular tissue geometry.  In almost all cases non-cell-level dose calculations, the absorbed 
fractions for alpha-particles can be assumed equal to 1; the absorbed fractions for electrons are 
likewise usually assumed equal to 1.  A description of the methods used to calculate these values 
is beyond the scope of this review but are provided in references (372,374,375).  Reference 
(372), in particular, describes absorbed fractions that are tabulated by alpha-particle energy for 
bone marrow trabeculae.  For alpha-emitters that decay via a branched decay scheme, as in 213Bi, 
for example, (Fig. 11) it is important to account for the relative yield of each branch in 
determining the total energy emitted by each type of emission (i.e., the Δi’s).  In the case of 213Bi, 
Tables 6 and 7 summarize the electron and alpha-particle emissions.  The tables illustrate how to 
tally the total electron and alpha-particle energy.  As shown, 2.2% of 213Bi decays result in 209Tl 
with the emission of an alpha particle, the initial energy of the emitted alpha is either 5.5 or 5.8 
MeV with the probability of each given by the yields shown on table 2.  In the remaining 97.8% 
of decays, 213Bi decays to 213Po with the emission of a beta particle.  Polonium-213, itself decays 
very rapidly via the emission of an 8.4 MeV alpha to 209Pb which in turn decays to 209Bi with the 
emission of a 198-keV beta particle.  The exercise illustrates that a careful accounting of 
emissions is required in tallying the energy emitted per disintegration of the administered alpha-
emitter, even when the decay scheme is relatively simple as for 213Bi.  Although outside the 
scope of this review, the photon S values (Table 8) can be calculated based on tabulations of 
photon absorbed fractions to different source-target organ combinations and photon energies 
(376). 

Units 

The issue of identifying the most appropriate dosimetry quantities and units is particularly 
important for alpha emitters because, as noted earlier, there can be confusion regarding the 
calculation of dosimetry quantities that relate to stochastic versus deterministic effects.  It is 
incorrect to assign the unit sievert (Sv) to the quantity defined by equation G.4.  The sievert is 
not a unit in the conventional sense, but rather, is intended to indicate that the absorbed dose 
value has been scaled to reflect a biological risk that is associated with stochastic effects.  
Although the product of deterministic RBEs and absorbed dose in Gy has been referred to as a 
Sv, this is not strictly correct since Sv should only be used to designate the risk of incurring 
stochastic biological effects such as cancer.  No special named unit has been widely adopted to 
reflect a dose value that has been multiplied by an RBE and that specifically reflects the 
magnitude of deterministic effects.  The MIRD Committee has proposed that the barendsen (Bd) 
be defined as the special named unit for the product of deterministic RBE and absorbed dose has 
published a commentary to this effect (377). To avoid confusion during the transition period, the 
MIRD Committee recommends that the three absorbed dose values, for alpha, electron and 
photon emissions be provided separately, and reported in the absorbed dose unit, Gy.  This 
removes any ambiquity as to interpretation of reported absorbed doses for alpha-emitter therapy 
applications. 

Daughters 
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The example provided above is for an alpha-emitter with a relatively simple decay scheme.  Each 
disintegration of the parent 213Bi leads to a single alpha-particle emission; there are no long-lived 
alpha-emitting daughters.  This is not the case for the longer-lived alpha-emitters 223Ra, 225Ac 
and 227Th which decay via alpha-emitting daughters.  Because emission of an alpha by the parent 
atom leads to a 50- to 100-nm recoil of the resulting daughter, daughter atoms may not remain 
conjugated to the molecular carrier.  In the most complex scenario, the biological distribution of 
the daughter will depend upon the site of parent decay (330).  In practice, the biological 
distribution of long-lived daughters tends to be dominated by the chemical fate of the daughter 
atom.  For example, 213Bi, the longest lived daughter of 225Ac concentrates in the kidneys.  
Likewise, 223Ra, the daughter of 227Th localizes to bone.  Dosimetry calculations for such 
radionuclides must, therefore account for the biodistribution of both the parent and all daughters. 

Efficacy Modeling 

A key parameter for evaluating tumor cell kill is the cumulated activity (i.e., number of nuclear 
transitions) per target cell, Ã(cell).  An estimate of this would provide information regarding the 
likelihood of effective cell killing for a single, isolated cell, defined as a cell that is irradiated 
only from emissions on its surface as is especially relevant in radiolabeled antibody targeting of 
micrometastases or low tumor burden leukemia or ascetic disease.  Using a formulation adapted 
from (378), this can be estimated as follows: 

( ) ∫=
2

1

),(~ t

t
tcellAcellA  G.5 

)(),( 0 tSAAgtcellA ⋅=  G.6 

t
0 eSAtSA λ−⋅=)(  G.7 

where: 

 

( )cellA~  Number of disintegrations per cell. 
( )tcellA ,  Disintegration rate per cell at time t. 

0Ag  Number of target sites (receptors or antigens) per cell 

0SA  Initial specific activity of the targeting agent. 
t1,t2 Estimated start and end time that define time-interval during which activity is 

target cell associated. 
λ  effective decay rate constant of the radionuclide (= ln(2)/radionuclide half-life).  

This folds in the physical decay as well as biological elimination from the cell as a 
consequence of cell division or migration of the radionuclide. 

Once the number of cell-associated decays are known, then the MIRD cellular S values 
(151,363) may be used to estimate the absorbed dose to the cell nucleus (n) or to the whole cell 
from a cell-surface (cs) and/or cytosolic (cy) distribution of the total number of decays: 
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( ) ( ) ( ) )(~)(~ cynScyAcsnScsAnD ←⋅+←⋅=  G.8. 

where Ã(cs) and Ã(cy) are the cumulated activity on the cell surface and in the cytoplasm, 
respectively.  The quantities S(n←cs) and S(n←cy) are the absorbed dose to the nucleus per 
nuclear transformation (Bq s) on the cell surface and in cytoplasm, respectively.  Calcuation of 
cellular absorbed dose in this manner applies only to isolated cells.  This is a worst-case 
approximation for a tumor cell eradication since, depending upon the range of the emitted alpha-
particle and the cellular geometry of the target tumor tissue, some cross-fire from adjacent cells 
may otherwise be expected.   

The estimated absorbed dose to the nucleus can then be used with an estimate of the 
radiosensitivity (D0) of the cell line to calculate surviving fraction (SF) and, from this, the tumor 
control probability (TCP) for a given number of target cells (N): 

0D
D

eSF
−

=  G.9. 

SFNeTCP ⋅−=  G.10. 

It is important to note that equation G.9 is strictly valid only if D0 is measured for the 
source/target configuration for which one is doing the TCP calculation.  If this condition is not 
approximated, the microdosimetric parameter, z0, should be used and the microdosimetric spectra 
should be calculated and used to calculate SF (379).  Equation G.10 is derived assuming that the 
probability distribution for cell survival is given by Poisson statistics and reflects the probability 
of 0 cells surviving when the average number surviving is SFN ⋅  (380).  If, for a given number 
of initial target cells, N, the surviving fraction is such that, on average, only a single cell is 
expected to survive then the probability of no cell surviving is 0.37.  If the therapeutic efficacy of 
the approach is such that ten times n cells could be reduced to 1 (i.e., efficacy is improved by a 
factor of 10 giving, 1.0=⋅SFN ), then the TCP would be 0.9. 

Recently, the non-uniformity in antigen expression was identified as having an important impact 
on the TCP (49).  The effect of accounting for a variable antigen distribution among targeted 
cells compared to a single value for Ag0 can be examined by assuming Ag0 follows a normal 
distribution centered about a mean value.  By performing a simulation to randomly sample the 
normal distribution the number of antigens, Ag(i), on the surface of cell i, are obtained for N 
cells.  Using the equations listed above,  the number of disintegrations for each cell, i, and its 
survival probability (given by the expression for SF) can be calculated. The TCP for a single 
simulation is then given by: 

∑
= =

−
N

i

iSF

eTCP 1
)(

 G.11. 

The average of the TCP obtained from multiple simulations provides an estimate of the final 
TCP for a cell population with an assumed variable antigen expression. 
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Illustrative example 

The following example, illustrates use of equations G.5 through G.11. 

The cell-surface expression of HER2/neu is set to 0.5 or 1 x 106 sites/cell; these values are 
consistent, with established values on HER2/neu-expressing breast cancer cells  (320,381).  The 
specific activity of 213Bi-trastuzumab is approximately 440 MBq/ mg Ab (12,256); a breast 
cancer cell is modeled as two concentric spheres with nuclear radius of 4 µm and a cellular 
radius of 5 µm.  The radiosensitivity is set to 0.7 Gy (61); the half-life of 213Bi is 45.6 min.  For 
purposes of illustration, rapid targeting of intravascularly disseminated metastases is assumed 
such that all administered activity decays occur on the target cells ( ∞== 21 ;0 tt ).  The relevant 
parameter values are: 

0Ag  0.5, 1 x 106 sites/cell 

0SA  440 MBq/mg Ab 
RN 4 µm 
RC 5 µm 
D0 0.7 Gy 
T1/2 45.6 min 
 

The values chosen do not necessarily simulate any one specific experiment, but rather are taken 
as reasonable values to illustrate use of equations G.5-G.11.  Using the values for t1 and t2 
provided above, Equation G.5 reduces to: 

( ) 0
0~ AgSAcellA ⋅=

λ
 G.12 

The effect of variable antigen expression is illustrated by assuming Ag0 is normally distributed 
with a mean of 0.5 or 1 x 106 and standard deviations of 10 or 25%. 

Results are depicted in table 5. 

The analysis reveals the exquisite sensitivity of tumor control to the number of cell-associated 
decays and to the uniformity of expression.  Note that the same results would be obtained by 
increasing the specific activity by a factor of 2.  Estimation of the number of cell-associated 
decays is one of the most important parameter values in targeted alpha-emitter therapy. 

It is important to note that the calculations described above are provided for illustration, and the 
results reflect the worst case of an isolated cell that is subject only to self-irradiation and the best 
case that all of the target sites on the cell surface will be occupied by the delivery molecule.  
Whether these conditions are met will depend upon the geometry of the cancer; for example, in 
the targeting of leukemia after substantial cytoreduction, the assumptions are a reasonable 
representation of what might happen.  In the targeting of metastastic tumor cell clusters, the 
results will be a balance between the fraction of sites occupied and the cross-fire from one cell to 
another.  If the cells are clustered together then the assumed 100% target antigen occupancy is 
optimistic, on the other hand, clustering will increase cross-fire and the assumption of only self-
irradiation is convervative.  It is also important to note that a microdosimetric calculation was not 
performed.  In most cases, given a sufficient number of cell-associated decays, microdosimetry 
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will not be necessary and the use of cellular S-values is valid.  A microdosimetric treatment of 
TCP for alpha-particle emitting radionuclides has been developed by Roeske and Stinchcomb 
(379). 

Hematologic toxicity 

Depending upon the data available, the delivery vehicle and the alpha-emitting radionuclide a 
number of different approaches may be used to evaluate hematologic toxicity prior to an initial 
therapeutic administration.  If the stability of the radiolabeled delivery molecule has been 
confirmed in pre-clinical studies and data are available for the kinetics of the delivery molecule 
in humans using a radionuclide that has similar chemical properties and a similar catabolic and 
intracellular fate, then human data may be used to obtain the residence time or cumulated activity 
in the marrow of the alpha-emitter.  If these conditions are not met, then the initial estimate can 
be based on pre-clinical biodistribution data. 

Once the total number of radionuclide decays in the red marrow (RM) has been determined 
( ( )RMrA~ ), a first-order estimate of the absorbed dose to the red marrow ( ( )RMrDα ) may be 
obtained by reformulating equation G.1: 

( ) ( )
( ) ( )∑Δ⋅=

i
iRMi

RM

DRM
DRM Er

rM
TrATrD ααφα ;,~

,  G.13 

with  

MRM  red marrow mass. 

Note that in equation G.13, the photon and electron dose contributions are assumed negligible 
relative to the alpha-particle contribution.  The estimate outlined above, along with pre-clinical 
toxicity studies can be used to provide the rationale for a starting administered activity level in a 
human Phase I trial.  During the phase I trial a more detailed estimation of red-marrow absorbed 
dose should be obtained.  This would require either direct (e.g., biopsy) or indirect sampling 
(e.g., by imaging or the use of blood kinetics as a surrogate) of the red marrow. 

Illustrative example 

The example provided previously is expanded to illustrate initial estimation of red marrow 
absorbed dose in targeting breast cancer metastases using 231Bi-labeled Trastuzumab.  Since the 
circulation half-time of intact antibody is much greater than the 45.6-minute half-life of 213Bi, all 
IV-administered 213Bi may be assumed to decay in circulation, with the radioimmunoconjugate 
assumed to be stable over the relevant 5 to 6-hr time-period.  Under these conditions, the 
cumulated activity in the marrow may be calculated as the administered activity divided by the 
physical decay rate constant, λ, for 213Bi.  This actually gives the total number of disintegrations 
or cumulated activity in the blood.  Dividing this by the blood volume yields the blood 
cumulated activity concentration.  Multiplying the cumulated activity concentration in blood by 
the red marrow to blood (activity concentration) ratio (RMBLR) gives the cumulated activity 
concentration in the red marrow.  Assuming a blood volume of 3.9L (with density ≈ 1 g/cc) 
(382) corresponding to the adult female and RMBLR = 0.36 (383), the cumulated activity 
concentration is 3.6 x 106 Bq-s/gm per MBq 213Bi injected.  Recognizing that this value replaces 
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the quotient in equation G.13 and using ( ) =Δ∑
i

iRMi Er ααφ ; 1.33 x 10-12 Gy-kg/Bq-s 

(17.7 g-rad/µCi-hr) (252) by assuming ( ) =αφ iRM Er ; 1 for all alpha emissions, i, the red marrow 
absorbed dose is 4.85 mGy/MBq (17.9 rad/mCi). 

The estimate of red marrow absorbed dose shown was obtained assuming all alpha-particle 
energy is absorbed in the red marrow ( ( ) =RMrφ 1).  If the microarchitecture of the marrow 
(pelvis) is considered and a cellularity of 50%, which is typical of 30- to 50-year old adults is 
used (384,385), ( ) =RMrφ 0.57 for 213Bi alpha-particle emissions (372,386), and the mean red 
marrow absorbed dose is 2.76 mGy/MBq.  To relate this value to red marrow toxicity experience 
with beta-particle emitters or with external beam, the dose estimate should be multiplied by an 
RBE value.  Human data on red marrow RBE are limited but suggest RBE ≈ 1 (see Table 4).  
However, until additional data are collected, a more conservative RBE factor of 2 to 3 is 
recommended if the red-marrow absorbed dose will be used to establish a starting administered 
activity in a dose-escalation trial. 

H. Summary 
The potential of alpha-particle emitters to treat cancer has been recognized since the early 1900s.  
Early experience with alpha-particle emitters, however, occurred when the hazards were not 
appreciated, resulting in their indiscriminant use and negative consequences.  Continuing interest 
in alpha-particle emitting radionuclides for cancer therapy is driven by the physical and 
radiobiological properties of alpha-particles as compared to photons and electrons.  The energy 
deposition along the path of an alpha-particle can be two to three orders of magnitude greater 
than that of emissions arising from the decay of 131I, 90Y, and other beta-particle emitters.  The 
number of alpha-particle nuclear traversals required to kill a cell (excluding bystander effects) 
has been found to range from as low as 1 to as high as 20.  The variability in this value arises 
because of the high sensitivity of this determination to the geometry of the cell and nucleus 
during irradiation and also the LET of the incident alphas and the LET distribution within the 
nucleus.  The alpha-particle RBE for initial yield of DSB relative to acute 60Co gamma-rays 
ranges from 0.7 to 4.4.  While the repair rate of repairable damage is independent of LET, the 
fraction not repaired and the fraction repaired very slowly both increase with LET.  Since high 
LET damage is not easily repaired, a minimal OER effect is observed with alpha-particle 
radiation; at an LET greater than 140 keV/µm, OER = 1.  The initial LET of 4- to 8-MeV alpha-
particles which are typical of the alpha-emitters of interest in targeted alpha-emitter therapy 
ranges from 110 to 61 keV/µm.  The OER values in this LET range are 1.3 to 2.1.  Since the 
LET of the emitted alpha-particles increases well beyond 140 keV/µm as the Bragg peak is 
approached, the ability of alpha-particles to overcome radioresistance due to hypoxia will depend 
upon the spatial distribution of the alpha-emitters relative to the hypoxic region.  Alpha-particle 
induced kill is also minimally susceptible to differences in dose rate.  Over a dose-rate range of 
0.005 to 1 Gy/min no dose-rate effect is observed.  Reported values for the RBE of alpha-
particles, for cell killing in vivo, range from approximately 1 to 5, depending upon the reference 
radiation, alpha particle energy, and the biological end-point. 

Because of the high LET of alpha-particles, a single energy-deposition event in the nucleus of a 
cell can deposit an absorbed dose that corresponds to  a large fraction of the total energy 
deposited.  When the relative deviation of the local dose exceeds 20%, the stochastic variation of 
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energy deposited within a target must be taken into account and microdosimetric methods must 
be used.  In most cases of alpha-emitter therapy it is expected that the number of alpha-particle 
energy deposition events will be large enough so that each individual event will contribute 
substantially less than 20% of the total dose.  In most cases, therefore, a mean absorbed dose 
calculation will be valid.  

Beyond providing a starting administered activity for Phase I studies, dosimetry has an important 
role in guiding clinical trial design to help maximize the likelihood of a successful, minimally 
toxic implementation.  An outline of recommended studies has been provided as well as specific 
examples illustrating how dosimetry/modeling analyses can provide valuable information for 
trial design.   

Finally, it should be recognized that although DNA damage and its repair are at the core of 
alpha-emitter radiobiological effects, almost all of the foundation work in support of this 
conclusion was performed well before modern molecular biology came into existence.   Gains in 
knowledge and the emergence of new experimental techniques have made it possible to examine 
the role of cell signaling and DNA repair pathways on cell and tissue response to alpha-particle 
radiation.  Such studies will contribute to our understanding of the biological effects of targeted 
alpha-particle therapy and very likely impact the recommendations made in this review. 
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Tables 
Table 1 – Summary of recently reported clinical trials using alpha-particle emitters 

Radionuclide Delivery 
vehicle 

Cancer Comments reference 

211At Anti-
Tenascin 
IgG 

Glioblastoma 
Multiforme (GBM) 

On-going Phase I using surgical cavity injection of labeled 
anti-Tenascin IgG, median survival 60 wks, 2 patients with 
recurrent GBM survived nearly 3 years. 

(15) 

 MX35 
F(ab')2 

Ovarian On-going Phase I using MX35 F(ab')2, BM, peritoneal 
absorbed dose = 0.08, 8 mGy/MBq, respectively 

(17) 

213Bi Anti-CD33 
IgG 

Leukemia (AML or 
CML) 

Phase I completed with no toxicity, substantial reduction in 
circulating and BM blasts.  Phase I/II in cytoreduced patients, 
4/23 very high risk patients showed lasting CRs (up to 12 
months). 

(12,22) 

 Anti-
neurokinin 
receptor 
peptide 

glioblastoma 2 patients treated with 213Bi, one w/ oligodendroglioma treated 
by distillation in resection cavity alive more than 67 months 

(298) 

 Anti CD20 
IgG 
(Rituximab) 

Relapsed/refractory 
Non-Hodgkin's 
lymphoma (NHL) 

Phase I study, 9 patients treated to date (387) 

 9.2.27 IgG melanoma 16 patients, intralesional administration led to massive tumor 
cell kill and resolution of lesions; significant decline in serum 
marker melanoma-inhibitory-activity protein (MIA) at 2 weeks 
post-treatment was observed. 

(299) 

223Ra RaCl2 Skeletal breast and 
prostate cancer 
metastases 

Phase IA dose-escalation studies completed involving single-
dose infusion of 46 to 250 kBq/kg in 25 patients with no dose-
limiting hematological toxicity.  Phase IB study in six patients 
to evaluate repeated injections (two or five fractions) totaling 
up to 250 kBq/kg.  Phase II randomized trial in 33 metastatic 
breast or prostate cancer patients with external beam plus 
saline or four times 50 kBq/kg  223Ra at 4-week intervals;  
shows significant (-66%) decrease in bone alkaline 

(342,344) 
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phosphatase compared to placebo and 15 of 31 patients with 
PSA decrease >50% PSA reduction from baseline vs 5 of 28 in 
the control group. 

225Ac Anti-CD33 
IgG 

AML  Phase I trial, on-going, at first dose-level of 0.5 µCi/kg (18.5 
kBq/kg), one of 2 patients reported had elimination of 
peripheral blasts and a reduction in marrow blasts. 

(22) 



Alpha-Particle Emitter Dosimetry 

- 93 - 

Table 2 – Alpha-particle beam findings that are also applicable to internally administered alpha-
particle emitters 
 
1. RBE>1 for cell sterilization, chromosomal damage/cancer induction relative to low LET 
radiation 
2. Reduced susceptibility to modulation by radiosensitizers and radioprotectors 
3. Reduced capacity to repair sub-lethal damage 
4. Higher induction of double-strand DNA breaks at low total absorbed doses 
5. Monoexponential surviving fraction curve after uniform irradiation (absence of a shoulder) 
 
Table 3 – RBE values for testicular sperm head survival 

Radionuclide initial alpha-particle 
energy (MeV) 

RBE at D0 Reference 

148Gd* 3.2 7.4 ± 2.4 (125) 
210Po* 5.3 6.7 ± 1.4 (116) 
212Bi† 6.0 6.0 (131) 
212Po† 8.8 4.6 (131) 

*Citrate 
†In equilibrium with the parent, 212Pb, and with its daughters, 212Bi, 212Po and 208Tl. 
 
Table 4 – RBE values for radioimmunotherapy studies, in vivo 

Radionuclide biological end-point reference 
radiation 

RBE Reference 

213Bi (Fab') MTD (marrow) 90Y (Fab') ≈1 (132) 
213Bi (Fab') tumor growth delay 90Y (Fab') 2-14 (132) 
211At (IgG) WBC reduction whole-body 60Co 5.0 ± 0.9 (134) 
211At (IgG) WBC reduction 99mTc (F(ab')2) 3.4 ± 0.6 (134) 
211At (F(ab')2) tumor growth delay whole-body 60Co 4.8 ± 0.7 (138) 
213Bi (IgG) nadir duration,  90Y (IgG) ≈1 (139) 
213Bi (IgG) leukemia reduction 90Y (IgG) ≈1 (139) 

 
Table 5 – Tumor Control Probabilities for simulated targeting analysis 

 TCP 
N (cell number) 102 104 105 108 
0.5 x 106 sites/cell 1 0.99 0.87 0 

0.5 x 106 sites/cell ± 10%* 1 0.97 0.71 0 

0.5 x 106 sites/cell ± 25% 0.98 0.04 0 0 
1 x 106 sites/cell 1 1 1 1 
1 x 106 sites/cell ± 10% 1 1 1 0.99 
1 x 106 sites/cell ± 25% 1 0.49 0.002 0 

*Standard deviation 



Alpha-Particle Emitter Dosimetry 

- 94 - 

Table 6. Electron emissions considered in the absorbed dose calculations; mean energy and range 
values are listed for beta emissions.  The dominant contributors to electron absorbed dose are 
shown in bold. 
 

 ELECTRONS 

 

ISOTOPE 

Energy 
(keV) 

Isotope 
% per disint. 

Effective 
% per disint. 

Mean energy 
(keV/disint.) 

Δe 
(Gy-kg/Bq-s) 

Elec. range 
(mm) 

Bi-213 200 0.20 0.20 0.40 6.41E-17 0.5 
Bi-213 347 2.55 2.55 8.85 1.42E-15 1.4 
Bi-213 423 0.40 0.40 1.69 2.71E-16 1.9 
Bi-213 (beta) 444 97.80 97.80 434.23 6.96E-14 2.1 
Tl-209 (beta) 659 100.00 2.20 14.50 2.32E-15 4.2 
Pb-209 (beta) 198 100.00 100.00 198.00 3.17E-14 0.5 
SUM    657.67 1.05E-13  

 
Table 7. Alpha particle emissions considered in the absorbed dose calculations. 
 

 ALPHA PARTICLES 

 

ISOTOPE 

Energy 
(keV) 

Isotope 
% per disint. 

Effective 
% per disint. 

Mean energy 
(keV/disint.) 

Δα 
(Gy-kg/Bq-s) 

Alpha range 
(μm) 

Bi-213 5549 0.16 0.16 8.88 1.42E-15 42.0 
Bi-213 5869 2.01 2.01 117.97 1.89E-14 45.5 
Po-213 7614 0.003 0.003 0.22 3.58E-17 66.0 
Po-213 8375 100.00 97.80 8190.75 1.31E-12 75.6 
SUM    8317.82 1.33E-12  

 
Table 8. Individual photon S-factors and summed photon S-factor used for 213Bi photon 
dosimetry (26). 
 

 
ISOTOPE 

Photon Energy 
(keV) 

S-factor 
(Gy/MBq-s) 

Bi-213 440 5.78E-11 
Bi-213 79 9.84E-13 
Tl-209 117 1.60E-12 
Tl-209 467 6.71E-12 
Tl-209 1566 2.37E-11 

SUM=SWB←WB  9.08E-11 
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Figures 
 
Figure 1 
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Fig. 1 – Illustration of difference in ionization density between low and high LET tracks.  (from 
D.T.Goodhead, CERRIE Workshop 2003; with permission). 
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Figure 2 
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Fig. 2 – LET vs distance traveled in tissue for alpha-particles with two different initial kinetic 
energies.  Note that alpha-particles emitted with a lower initial energy are closer to their Bragg 
peak and, therefore, start out with a higher LET.  The LET of electrons with initial energy of 100 
to 500 keV is also shown at the bottom of the plot for comparision.  The plot was generated 
using data from ICRU 49 (137). 
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Figure 3 
 

Double breaksDouble breaks  
 
Figure 3 – Single high LET track has a high probability of yielding a double-strand DNA break 
while probability of DSB induction with low LET tracks becomes comparable only at higher 
absorbed doses. (Figure from Essentials of Nuclear Medicine Physics, Powsner RA and Powsner 
ER, Blackwell Science, Inc., Malden MA, 1998) 
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Figure 4 
 

 
 
Figure 4 – Dependence of mean free path on LET.  Note that LET is plotted (e.g., from 200 to 
100 keV/µm after 250 keV/µm) so that the stopping powers on the low energy side of the Bragg 
peak can be identified ( (from Charlton DE, et al. Int J Radiat Biol 69:213-217, 1996.) 
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Figure 5 
 
 

 
Figure 5 – Survival curves obtained with different cell lines and 210Po alphas (1-4) or 250 kVp 
X-rays (5-8). 1 and 8: R1 cells derived from a rhabdomyosarcoma of a rat. 2 and 5: sub-line of 
the human kidney cell line T1 with a mean chromosome number of 121. 3 and 6: sub-line of T1 
with 62 chromosomes. 4 and 7: sub-line of T1 with 63 chromosomes. (adapted from Barendsen 
GW in Theoretical and Experimental Biophysics, Cole A, editor, Marcel Dekker, Inc. New York, 
1967) 
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Figure 6 
 

 
 
Figure 6 – OER as a function of LET.  OER was measured using cultured human kidney derived 
cells incubated in air or nitrogen.  Closed circles correspond to alpha-particles of different 
energies generated by cyclotron.  The open circle corresponds to 250 kVp X-rays (average LET 
≈ 1.3 keV/µm). (Data re-plotted from Barendsen, et al., Int J Radiat Biol 10:317-327, 1966.) 
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Figure 7 
 

 
 
Figure 7 – Illustration of the bystander effect.  The square symbols correspond to cell  
survival of non-hit cells when 10% of the cells in the dish are hit with a defined number of alpha-
particles (circles).  Since the results are normalized to plating efficiency, survival below 100% 
for the non-hit cells reflects a bystander effect.  In this study, the effect appears to be dose 
dependent; the alpha-particles were aimed at the centroid of the nucleus of each of the targeted 
cells. (From Hall EJ. The Bystander Effect.  Health Phys 85:2003). 
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Figure 8 
 
 

 
 
 
Figure 8 – Effect of fractionation on cell survival.  a. cell curvival curve obtained with single 
doses of 200 kV X-rays.  b. curve obtained when 200 kV X-ray doses are separated by 12 hours 
(4.5 Gy, then 2.5 Gy or 4.5 Gy). c. curve obtained with 3.4 MeV alpha-particles; circles 
correspond to single exposure, squares to 2 equal exposures, separated by 12 hours. (Adapted 
from Barendsen GW. Annals, NYAS 114:96-114, 1964). 
 
 
 

Absorbed dose (Gy) 
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Figure 9 
 

 
Figure 9 – LET-RBE relationship.  RBE for surviving fractions of 1: 0.8, 2: 0.2, 3: 0.05, and 4: 
0.005.  Alpha-particles were used for LET 24.6-140 keV/µm; deuterons for LET 5.6-17.4 
keV/µm; X-rays for LET 2.5 and 6 keV/µm; beta particles for LET = 0.3 keV/µm.  Kidney cells 
of human origin (T1) were used for all experiments. (Copied from Barendsen GW, et al. Rad Res 
18:196-119, 1963.). 
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Figure 10 
 
 
 
 

 
 
 
Figure 10.  Relative biological effectiveness of alpha particles for killing of spermatogonial cells 
in mouse testes.  The ordinate represents the initial energy of alpha particles emitted by 
radionuclides that were injected into the testes.  (○) 3.2 MeV from 148Gd, ( ) 5.3 MeV from 
210Po, (Δ) 6.0 MeV from 213Bi, (◊) 8.8 MeV from 212Po .  Reprinted from Reference (125). 



Alpha-Particle Emitter Dosimetry 

- 105 - 

Figure 11 
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Figure 11.  Decay scheme for 213Bi 


