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Targeted Alpha Therapy: Current Clinical Applications  
 
Abstract 
 
Alpha emitting radionuclides have been approved for cancer treatment since 2013, with 

increasing degrees of success. Despite this clinical utility, little is known regarding the 

mechanisms of action of 𝛼𝛼-particles in this setting, and accurate assessments of the 

dosimetry underpinning their effectiveness are lacking. However, Targeted Alpha 

Therapy (TAT) is gaining more attention as new targets, synthetic chemistry approaches, 

and α-particle emitters are identified, constructed, developed and realised. 

From a radiobiological perspective, α-particles are more effective at killing cells 

compared to low linear energy transfer (LET) radiation. As well as these direct effects it 

is now evident from preclinical and clinical data that α-emitters are capable of both 

producing effects in non-irradiated bystander cells and stimulating the immune system, 

extending the biological effects of TAT beyond the range of α-particles. 

The short range of α-particles makes them a potent tool to irradiate single cell lesions 

or treat solid tumors by minimizing unwanted irradiation of normal tissue surrounding 

the cancer cells, assuming a high specificity of the radiopharmaceutical and good 

stability of its chemical bonds. Clinical approval of 223RaCl2 in 2013 was a major milestone 

to the widespread application of TAT as a safe and effective strategy for cancer 

treatment. Additionally, 225Ac-PSMA treatment benefit in metastatic Castrate Resistant 

Prostate Cancer refractory to standard therapies patients is another game-changing 

piece in the TAT clinical application short history. Investigations on TAT are growing with 

active clinical studies with different radionuclides, combination therapies or in different 

clinical settings.    



Despite the remarkable advances in TAT dosimetry and imaging, it has not yet been used 

to its full potential. Labelled 227Th and 225Ac appear to be promising candidates and could 

represent the next generation of agents able to extend patient survival in several clinical 

scenarios.  

  



Introduction  
 
Targeted Alpha Therapy (TAT) is an attractive therapeutic option in patients with 

multiple micrometastases. It offers many advantages including easy administration, the 

ability to treat multiple lesions simultaneously, and the possibility of combination with 

other therapeutic approaches for improved efficacy.1 TAT utilizes an α-particle emitting 

radionuclide, primarily for treatment of cancer but also, much less commonly, in some 

other diseases, such as HIV, bacterial and fungal infections.2,3  

TAT is typically delivered by attaching an α-emitting radionuclide to a biological 

molecule with targeting capabilities, such as a monoclonal antibody, with the help of a 

bi-specific chelating agent. This selectively delivers a high radiation dose directly to the 

target, with generally limited toxicity to the surrounding normal tissues.4 Advances in 

the understanding of tumor biology together with progress in monoclonal antibody 

technology, chemical labeling techniques and other related disciplines are providing 

significant advances in the development of new clinical applications of α-emitting 

radionuclides in novel therapeutic agents.  

The concept of clinical targeted therapy is not new and has been discussed since the 

“magic-bullet” concept was first presented by Paul Erlich at the beginning of the 20th 

century 5. As a key example, hyperthyroidism and thyroid cancer have been successfully 

treated using 131I for over 80 years.6 Other 𝛽𝛽-emitting radionuclides, including 

samarium-153 (153Sm) and stromtium-89 (89Sr), have been used for palliative treatment 

of bone metastases since the middle of 20th century.1 Remarkably, Radium-223 (223Ra) 

is the first radiopharmaceutical agent to demonstrate improved overall survival among 

castration resistant prostate cancer patients with symptomatic bone metastases, with 

mild side effects owing to its localized dose deposition.7 Its clinical use was approved by 



the FDA in 2013, as Xofigo® (223RaCl2, formerly Αlpharadin) from Bayer Healthcare after 

the publication of the ALSYMPCA trial. Recently, a new class of therapeutic 

radiopharmaceuticals for TAT have been proposed. They consist of an α-emitting 

radionuclide (225Ac or 227Th) complexed to a chelator conjugated to a monoclonal 

antibody.  

Despite the expanding interested in TAT, in many preclinical and clinical studies, 

dosimetry and biological information at the microscopic level is sparse or not accurately 

defined.8 A better understanding these factors will provide better tools to maximize the 

benefits of TAT, avoid undesired toxicity and determine the optimal quantity of an α-

emitting radiopharmaceutical to be injected to a given patient. Similarly, routine clinical 

use of TAT will require new approaches with respect to dosimetry and imaging to 

monitor treatment efficacy.  

TAT therapy has been shown to be a potent weapon in the treatment of some cancers, 

and many novel refinements are now being published, expanding the number of 

potential applications. Therefore, it is timely to provide an overview of recent progress 

in the field of TAT research. 

 

Radiobiological Properties and Dosimetry of α-Therapy 
 
An α-particle is an energetic (4 to 9 MeV) positively charged Helium-4 (4He) nucleus, 

with a +2 electrical charge.9 They have a short path length, typically less than 100 µm, 

that is characterized by high a LET (60-230 keV/µm), depositing 1500 times more energy 

per unit path length than a 𝛽𝛽-particle.10 Simulations and experiments have shown that 

a few 𝛼𝛼-particles crossing a cell nucleus are enough to kill a cell whereas more than 

10000 𝛽𝛽-particles are needed to achieve the same biological effect.11 This combination 



of short range and highly cytotoxic interactions means alpha particles primary kill target 

cells by self-irradiation, offering true selectivity with only minor collateral damage to 

nearby healthy tissues.12 

This biological effectiveness of high LET radiation, in particular 𝛼𝛼-particles, is understood 

in terms of their propensity to induce complex DNA double-strand breaks (DSBs) and 

multiple clusters of DSBs in target cells, making cellular repair mechanisms ineffective.13 

Also, the greater efficacy of 𝛼𝛼-particles has been demonstrated to be independent of 

the oxygenation status of the cell. Conversely, low LET radiotherapy is less effective in 

hypoxic cells and at low dose rates. Values for relative biological effectiveness (RBE) for 

in vitro and in vivo cell survival have been reported ranging from 3 to 8 for 𝛼𝛼-particles, 

indicating that, for an equal amount of energy deposited in a cell, the probability of 

cellular death is much greater than for low LET radiation.14 Radiobiological 

characterization of targeted radionuclide therapy has been reviewed by Pouget et al. 8,15 

However, the relevant radiobiology of 𝛼𝛼-particle radionuclides is far from being entirely 

understood and new insights are needed to maximize the effectiveness of this new 

modality.  

Moreover, given the complex and stochastic nature of 𝛼𝛼-particle interactions, their 

dosimetry presents a number of challenges. Although most of 𝛼𝛼-emitting radionuclides 

can be imaged in 𝛾𝛾-cameras, at present neither treatment planning nor post-therapeutic 

dosimetry are performed in clinical practice, due to the technical limitations of these 

techniques. But it has been an active area of research with several advances in clinical 

imaging and dosimetry in recent years.16 

As stated above, following the in vivo biodistribution and pharmacokinetics of 223Ra is 

feasible by 𝛾𝛾-camera imaging, but poor spatial resolution makes it impossible to produce 



accurate quantitative information at a cellular scale.16 Nevertheless, this can still 

produce useful clinical information. Hindorf et al. defined the imaging characteristics of 

223Ra and its feasibility17, which enables the study of biodistribution and 

pharmacokinetics in human patients.18,19 Also, Abou et al. confirmed in animal models 

that 223Ra is deposited at the bone surface surrounding the tumor and skeletal 

accumulation was dependent on the local blood vessel density.20  A correlation has been 

demonstrated between uptake of 223RaCl2 with that of 99mTc and 18F , which was also 

associated with the absorbed dose in the lesion.21,22 Recently, studies have also been 

conducted to explore the usefulness of SPECT/CT 223Ra.23,24 

With regards to dosimetry, most conventional approaches are limited to average 

parameters such as absorbed dose to a macroscopic volume. Current dosimetry 

calculations predict a much higher level of hematotoxicity than experienced clinically. 

For example, a phase I clinical trial where patients received up to 925 kBq of 213Bi 

reported 𝛼𝛼-particles doses of 1 Gy to the blood system. However, from microdosimetric 

calculations the actual dose to important cell targets was 2 cGy for endothelial cells and 

10 cGy for lymphocytes, less than 10% of the macroscopic dose to the blood.9 This 

highlights that conventional dosimetric approaches are not always valid, highlighting the 

need to understand the distribution of dose at the cellular level to accurately predict 

biological effects.25 Meaningful dosimetry studies with TAT require detailed information 

on the geometry of the target, as well as pharmacokinetic data of the 𝛼𝛼-emitting 

radionuclide and possible fate of daughters at a cellular and subcellular scale.14 Usually, 

this is achieved with geometrical approximations and mathematical modelling to 

describe the uptake, clearance and concentration of the radiopharmaceutical. 



Palm et al. constructed a model to optimize radionuclide therapy, using radionuclide 

pharmacokinetics to estimate the absorbed dose in different tissues.26 Hobbs et al. 

developed a bone marrow toxicity model for 223RaCl2 and concluded that cellular scale 

dosimetry is necessary to explain the good toxicity profile of 223Ra clinically observed.27 

Recently, Moreira et al. modelled different tumour growth models and three possible 

223Ra uptake scenarios to determine the most realistic scenario based on clinical data 

from the ALSYMPCA trial.28 The authors concluded that only a sub-population of target 

cells are directly affected by 223Ra with strong evidence of saturation in these hot-spots. 

This data confirms that TAT has not yet been used to its full potential, and using body 

weight to calculate the administered activity in a treatment fraction may potentially lead 

to many patients being overtreated (high toxicity) or undertreated (no clinical effect). 

Furthermore, Taprogge et al. showed by mathematical models that retention of 223Ra in 

the human skeleton requires 2 different compartments, with an initial location to the 

bone surface followed by incorporation into the bone matrix.29 

 

Off-Target Effects of α-Particles  
 
It is clear from the physical characteristics of TAT that due the short path length of 𝛼𝛼-

particles relative to target dimensions and incomplete targeting, some cell nuclei receive 

multiple hits while others receive no direct irradiation, giving rise to an inhomogeneous 

irradiation profile.30 Those cells which are not directly irradiated may diminish the 

overall therapeutic benefit. Because of this, early studies had predicted some advantage 

of 𝛽𝛽-emitting radionuclides in macrolesions due the crossfire effect (dose delivered 

outside the targeted cell due to long particle ranges) reducing problems associated with 

heterogeneous uptake in the target.31 



However, biological off-target effects have been observed in response to ionizing 

radiation, including high LET irradiation. These are frequently termed “the bystander 

effect” and are most commonly seen as cell killing occurring in cells which see no direct 

irradiation.32 These effects may particularly important in heterogeneous regimens, 

where indirect killing of non-targeted cells is required to ensure maximal therapeutic 

benefit. In addition to local bystander effects, longer-range adaptive effects, mostly 

inflammatory responses in distant tissues, have also been reported. In some pre-clinical 

studies, bystander effects have been as effective as the direct effect after low-dose 

exposure, suggesting that under these conditions and in a low-dose rate scenario, a 

bystander response could have a large impact on overall effectiveness.33 These effects 

are not currently considered in conventional treatment planning.  

A series of elegant studies have clarified the role of bystander effects after irradiation 

with several radionuclides. In 2002 Xue et al. showed contradictory bystander responses 

in the same in vivo model after treatment with 125I and 123I, short range Auger emitters 

with substantial differences in half-life (13.3 hours and 60.5 days respectively).34 

In a different study, Boyd and colleagues compared the bystander effect induced by 

different radiation qualities.35 In particular, they compared the effectiveness of indirect 

effects following external beam 𝛾𝛾-radiation exposure with that following exposure to a 

𝛽𝛽-emitter (131I), an Auger emitter (123I), or an 𝛼𝛼-emitter (211At) in two different tumour 

lines. The standard bystander response mediated by external beam irradiation is an 

increase at low doses followed by a plateau. In contrast, treatment of cells with an 𝛼𝛼-

emitting radionuclide led to a U-shaped response curve, with an increased cell kill in the 

recipient cells at low activities, but a decreased effect at increasing activities. This U-

shape bystander curve response was also reported by Karthik et al. in human 



lymphocytes exposed to external 𝛼𝛼-particles.36 Finally, Ladjohounlou et al. reported that 

bystander effects contributed up to 36% of cell killing when 𝛼𝛼-emitters were used in in 

vivo and in vitro experiments37  

Understanding the mechanism of bystander effects may help TAT achieve its full 

potential and have profound implications on the clinical applications of radionuclides. 

Bystander effects in in vivo and in vitro radionuclide therapy have been reviewed by 

Brady et al.38 In addition, there is now evidence that TAT can stimulate the immune 

system to deliver a better and more robust antitumor response.39,40 

Another mechanism by which 𝛼𝛼-emitting radionuclides may overcome heterogeneous 

uptake is through tumor anti-vascular 𝛼𝛼-therapy (TAVAT) as shown by Allen et al.41 

TAVAT assumes that 𝛼𝛼-emitting radionuclides deposit energy in multiple hot-spots near 

capillaries in the target volume, causing closure of capillaries and subsequent reduction 

of oxygen and nutrients, leading to regression in solid tumors. 

 

New TAT Radionuclides 

The approval of 223RaCl2 for clinical use has stimulated clinical interest in TAT, with an 

increasing number of clinical trials around the world. 𝛼𝛼-emitting radionuclides which 

have been proposed for therapeutic application and are undergoing clinical 

investigation include Astatine-211 (211At), Bismuth-212 (212Bi), Bismuth-213 (213Bi), 

Actinium-225 (225Ac) and Thorium-227 (227Th), summarized in Table 1. Production of 

these radionuclides ranges from nuclear reactors to cyclotrons and generator systems. 

There is a continuous effort to develop simpler and more efficient production methods 

to make 𝛼𝛼-emitting radionuclides more widely available. Another key aspect of TAT is 



the need to establish efficient chemical procedures to bind the 𝛼𝛼-radionuclide to a 

suitable carrier. The merits of these different α-emitters are summarized below. 

 
Astatine-211 
 
Astatine-211 is a radiohalogen with a half-life of 7.2 hours and offers many potential 

advantages for TAT due to its average range in soft tissues of 57 µm, average LET of 97 

keV/µm and single 𝛼𝛼-particle emission per decay. However, its use is constrained by its 

limited current availability.42 211At decays through two different paths, via electron 

capture (58%) with emission of 77-92 keV X-rays or via emission of an 𝛼𝛼-particle (42%) 

with energy of 5.87 MeV (Figure 1). The decay product of the electron capture, 

Polonium-211 (211Po T1/2= 0.52 s) then decays by 𝛼𝛼-emission (100%) with energy of 7.45 

MeV and a range in soft tissues of 71 µm.43 Therefore, each 211At decay results in one 𝛼𝛼-

particle with mean energy of 6.78 MeV, leaving stable 207Pb.43 

Although 211At can be produced by 𝛼𝛼-bombardment of enriched bismuth via the 

209Bi(𝛼𝛼,2n)211At nuclear reaction, the availability of cyclotrons offering 𝛼𝛼-particle beams 

of sufficient energy (20-30 MeV) is limited. Typically, isolation of 211At from bismuth is 

performed either by dry distillation or wet chemical approaches. Currently, 211At is 

routinely produced via cyclotron nuclear reaction in the United States (Seattle, 

Bethesda, Durham) and Denmark (Copenhagen). Even with his short half-life it can be 

distributed to centers distant from production sites. 

Alternative methods for producing 211At involve production of Radon-211 (211Rn), which 

can be obtained by proton spallation of uranium or thorium targets or by irradiation of 

natural bismuth with lithium-7 (7Li) atoms. 211Rn/211At generators may facilitate easier 

distribution due to the longer half-life of 211Rn (T1/2= 14.6 h).44 



The inherent cost for production of 211At is relatively inexpensive and comparable to 

that of commercially available 𝛽𝛽-emitters. 

The 7.2 hours half-life of 211At is acceptable for chemical labelling and clinical 

pharmacokinetics even with slower target tissue uptake. Another advantage is that its 

second decay branch to 211Po emits X-rays with energy of 77-92 keV, enabling 

biodistribution and dosimetry studies. Currently, its radiolabeling chemistry with 

proteins and antibodies is the subject of extensive studies in pre-clinical trials. 

Nevertheless, in vivo instability of the labeled compound and scarce availability of the 

radionuclide remains major challenges with 211At.42 

Elgqvist et al. investigated the therapeutic efficacy of 211At labeled with a fragment of a 

monoclonal antibody (mAb) in a pre-clinical model of ovarian cancer.45,46 The results of 

these studies showed that dosimetry to the cell nuclei is strongly dependent on the 

tumor size - while in small tumors (radius < 30 µm) all cells are eradicated, in tumors 

with radii greater than 75 µm, there is a small fraction of unirradiated cells in the core 

that explain the low tumor-free fraction despite the high mean absorbed dose in the 

tumor (>22 Gy for an injected activity of 400 kBq of 211A-MX35 F(ab’)2).46 Previously, 

Charlton reported similar results using Monte Carlo simulation.47 

Moreover, promising results were also obtained in two Phase I trials of 211At conjugated 

for treatment of malignant gliomas or ovarian cancer, which confirmed its safety and 

failed to identify a dose-limiting toxicity.48,49 Several radiolabeled complex antibodies 

with 211At have been shown to be selective in different preclinical models, and highly 

cytotoxic for several types of cancer.50–54 

Recently, a novel 𝛼𝛼-emitting radiopharmaceutical was developed by incorporating 211At 

into the chemical structure of a small-molecule PARPi (211A-MM4). This novel 



radiopharmaceutical showed promising efficacy both in vitro and in vivo.55 Additionally, 

it was shown that low-dose-fractionated therapy improved its toxicity profile in animal 

models and gave a more durable antitumor response. Different cell lines also 

demonstrated differential sensitivity to 𝛼𝛼-particle irradiation in vitro, suggesting 

sensitivity to this agent depended on underlying biology. Fractionated treatment with 

211At labeled to the anti-prostate stem cell antigen (PSCA) A11 minibody also showed 

strong tumor growth inhibition on both macro- and micro-lesions.52 There is also an 

ongoing phase I/II clinical study using 211At labeled to anti-CD45 antibody for the 

treatment of acute myeloid leukemia (AML) and acute lymphoblastic leukemia, before 

bone stem cell transplant.42 

 

Bismuth-212 and Bismuth-213 
 
Bismuth-212 with a half-life of 60.6 min is a hybrid 𝛼𝛼/𝛽𝛽-emitter with an 𝛼𝛼-emission with 

mean energy of 7.8 MeV available from the decay of 228Th to stable 208Pb.56 Since its 

half-life is too short for realistic transportation between sites a generator that uses 224Ra 

as parent radionuclide provides on-site production of 212Bi for radiolabeling of target 

vectors. As its half-life is very short making radiopharmaceutical preparation 

challenging, the idea of an in vivo 212Pb/212Bi generator came, as 212Pb is a longer-lived 

parent (T1/2= 10.6 h) and decays into 212Bi after emission of an electron.57 (Figure 2 a). 

The 10.6 h half-life of 212Pb allows time for preparation of the radiopharmaceutical as 

well as tissue targeting before much of the 212Bi is produced and decays. 212Pb has 

demonstrated significant utility in both in vitro and in vivo models.57 The major 

disadvantage of 212Bi is the high-energy gamma (𝛾𝛾) emission of 208Tl (𝐸𝐸𝛾𝛾= 2.6 MeV), that 



requires heavy shielding to minimize radiation exposure, thereby limiting the clinical 

utility of this radionuclide.  

There are some studies of 212Bi radiolabeled with tumor-specific antibodies reporting 

prolonged survival compared with controls.58,59 So far, no clinical trials have been 

reported for 212Bi compounds. However, a Phase I clinical trial which investigated the 

use of 212Pb-trastuzumab for treatment of HER2+ ovarian, colon and pancreatic tumors 

has been completed, showing minimal toxicity.60 

Bismuth-213 is also a hybrid 𝛼𝛼/𝛽𝛽-emitter with a half-life of 45.6 min, derived from the 

α-decay of 225Ac.56 The major disadvantage is the cost, as large amounts are needed to 

attain an effective treatment due to the short half-life.61 213Bi predominantly decays via 

𝛽𝛽-emission to the ultra-short lived 213Po (T1/2= 4.2 µs), which in turn decays by pure 𝛼𝛼-

emission with energy of 8.37 MeV. The remaining 2.2% decays to Thallium-209 (209Tl) 

via 𝛼𝛼-particle emission (𝐸𝐸𝛼𝛼= 5.55 MeV, 0.16%, 𝐸𝐸𝛼𝛼= 5.9 MeV, 2.01%).62 Finally, 209Tl decay 

via 𝛽𝛽-emitter 209Pb (T1/2= 3.25 h) into stable 209Bi (Figure 2 b). Most of the total particle 

energy emitted in each 213Bi disintegration originates from 𝛼𝛼-decay (92.7%), which 

drives its cytotoxic effects, while only 7.3% of decay energy is contributed by 𝛽𝛽-emission. 

Additionally, the decay of 213Bi is accompanied by a 440 keV photon emission 

(probability of 26.1%) that allows 213Bi biodistribution to be monitored for dosimetry 

and pharmacokinetic studies. The major impediment for its clinical use has been 

concern regarding the natural accumulation of free bismuth in the kidneys.63 

The therapeutic potential of 213Bi labeled with antibodies and peptides has been 

demonstrated in patients with leukemia.59 Additionally, 213Bi labeled with plasminogen 

activator inhibitor type 2 (PAI2) has been reported to inhibit tumor growth in prostate 

and breast cancer models, resulting in a dose-dependent tumor growth inhibition with 



minimal toxicity up to 3.7 MBq of systemically administered 213Bi-PAI2 in mouse 

models.64,65 Derrien et al. showed a survival benefit of labeled 213Bi in mouse models of 

peritoneal carcinomatosis of ovarian origin.66 A Phase I trial for AML treatment showed 

feasibility and safety with activities up to 37 MBq/kg being well tolerated.67 A 

subsequent Phase I/II trail with sequential administration of chemotherapy (cytarabine) 

and 213Bi-lintuzumab has concluded it is well-tolerated and capable of inducing 

remission in patients with AML.68 

Additionally, TAT with 213Bi-labeled DOTATOC in 25 patients with challenging 

neuroendocrine tumors refractory to therapy with 𝛽𝛽-emitters resulted in a long-lasting 

antitumor response.69 Thus, in a similar concept 213Bi-PSMA-617 was administrated in 

two cycles in a patient with metastatic Castrate Resistant Prostate Cancer (mCRCP), that 

was progressive following conventional therapy. With a total delivered activity of 592 

MBq, these patients also demonstrated biochemical response and remarkable tumor 

regression.70 Furthermore, 213Bi-labeled Substance P analog have been tested by 

locoregional administration in 67 patients with grade II to IV glioma.71–73 Treatment was 

fractionated in up to 8 cycles at 2 month intervals, with remarkable tumor regression. 

Recently, a pilot study used intravesical administration of 213Bi-labeled anti-EGFR in 12 

bladder cancer patients who were resistant to standard therapy, and showed 

remarkable tumor remission with a safe toxicity profile.74 

 

Radium-223 
 
Most current research activity in TAT is focused on 223Ra. As a calcium mimetic, 223Ra has 

an intrinsic affinity to bone, forming complexes with the bone hydroxyapatite crystals 

at sites of high bone turnover, with almost no redistribution of daughter nuclides.75  



223Ra has a physical half-life of 11.4 days with a six-stage decay chain, emitting 4 α-

particles with mean energy of 5.87 MeV and tissue penetration of 54 µm prior to 

reaching the stable 207Pb. 223Ra releases 95.3% of its energy as 𝛼𝛼-particles, 3.6% as 𝛽𝛽-

particles with very little (1.1%) 𝛾𝛾-emission (Figure 3).7 223Ra is generally artificially 

produced, via a generator from the 227Ac (T1/2= 21.8 years) parent.76 

The long physical half-life of 223Ra provides appropriate time for its preparation, long 

distance distribution and administration to patients. Its low 𝛾𝛾-emission is favorable from 

the point of view of handling, radiation protection and treatment on an outpatient basis. 

Nonetheless, due to its poor chemistry the availability of appropriate chelating agents 

with sufficient in vivo stability is an issue for applications other than treatment of bone 

metastases. The maintenance and biological follow-up of the decay daughter products 

continues to be a continuing challenge.61 

A major milestone was reached in the ALSYMPCA study which demonstrated a survival 

benefit of 223Ra admission together with a favorable safety profile.7 223RaCl2 (Xofigo®) 

was approved for clinical use by the FDA and European Medicines Agency (EMEA) in 

2013 and has been widely used for men with symptomatic mCRPC. Its peak skeletal 

uptake occurs within 1 h of injection, with no subsequent redistribution. Its blood 

clearance is rapid after intravenous administration and the skeletal uptake is estimated 

to range between 40% to 60% of the administered activity.77 Additionally, non-negligible 

levels of 223RaCl2 can be found in the spleen, stomach and intestinal organs that rapidly 

transits to the gastrointestinal tract for excretion.78 

In clinical reports 223RaCl2 had a pain response in up to 71% of patients, and had 

significant positive effects in bone alkaline phosphatase (ALP), prostate-specific antigen 

(PSA) levels and overall survival.79,80 Data from these studies showed that there was no 



evidence of long-term toxicity during the 2-year follow-up and the most common forms 

of adverse events were transient diarrhea, fatigue, nausea and vomiting.75 

The improvement in overall survival and low toxicity of 223Ra opens the possibility for it 

to be combined with other modalities, such as docetaxel or external beam radiotherapy, 

and the extension of its application to skeletal metastases from other primary tumors. 

However, questions remain regarding its treatment schedule and dosing for optimized 

patient benefit, as the dosing and scheduling used in the ALSYMPCA trial was not 

necessarily optimal.81 

Thus, a new phase II trial was performed to compare standard regimen (55 kBq/kg every 

4 weeks for 6 cycles) against higher activity (88 kBq/kg every 4 weeks for 6 cycles) or for 

an extended schedule (55 kBq/kg every 4 weeks for 12 cycles). But neither of these 

alternative regimens were more effective than the standard 223RaCl2 schedule.81 

Suominen et al. provided insights into the mechanisms of action of 223RaCl2 showing a 

dose-dependent inhibition of osteoclast differentiation, data that supports the dual 

effect of 223RaCl2 on the cancer cycle by targeting both osteoclast and tumor cells.82  

Malamas et al. showed 223RaCl2 treatment stimulated the immune system by inducing T 

cell-mediated cell death in different cancers.39 Subsequently, a phase II trial of patients 

with advanced breast cancer and progressive bone-dominant disease demonstrated 

that 223Ra has selective uptake in areas of increased bone metabolism in these patients, 

and one-third of target lesions showed significant metabolic decrease.83 A phase I/II 

clinical trial testing the feasibility and safety of the anti-metabolite chemotherapy agent 

Capecitabine plus 223Ra is ongoing in patients with advanced breast cancer.84 Subbiah et 

al. also extended the application of 223RaCl2 to osteosarcoma with a phase I escalation 



trial finding minimal hematologic toxicity and recommending a follow-up phase II study 

with a monthly activity of 100 kBq/kg.85 

Despite the apparent additional benefits of 223RaCl2 plus hormonal therapy, the ERA-223 

trial showed that 223RaCl2 should not be administered in combination with abiraterone 

plus prednisone or prednisolone as it significantly increases the risk of osteoporotic 

fractures.86,87 It is hypothesized that increased fracture risk is the result of multifactorial 

insults to bone microenvironment from androgen deprivation, ionizing radiation and 

prednisone.88 However, concomitant use of bone protecting agents dramatically 

decreased the risk of osteoporotic fractures in the ERA-223 trial, and are now required 

in future combination studies with 223Ra.    

The ERA-223 trial highlighted the importance of controlled trials to assess the safety and 

benefit of combination therapy. Many 223RaCl2 clinical trials are currently active and 

recruiting (Supplementary Table 1). The main focus is on long-term follow-up, new 

scheduling, expansion of clinical settings, and combination of 223RaCl2 with other agents. 

These combination studies mainly focus on five combination strategies: abiraterone, 

enzalutamide, docetaxel, immunotherapy, and PARP inhibitors.89 

223RaCl2 in combination with paclitaxel was tested in a phase I trial with 15 patients with 

acceptable toxicity when combined with weekly administration of paclitaxel.90 A similar 

phase I/II trial combining 223RaCl2 with docetaxel is ongoing.91  

In an elegant study, Leung et al. demonstrated the potential impact of bystander effects 

of 223RaCl2 therapy showing different cellular sensitivities in vivo.92 However, in vitro 

studies have shown significant variation in cellular sensitivity across different tumor cell 

models after exposure to 223Ra, suggesting further work is needed before applying it to 

different cancers.93,94 



Actinium-225 
 
Actinium-225 is a pure 𝛼𝛼-emitter with a half-live of 10 days. It decays sequentially by 𝛼𝛼-

emission through three relatively short-lived daughter radionuclides, 221Fr (T1/2= 4.8 

min), 217At (T1/2= 32.3 ms) and 213Bi (T1/2= 45.6 min), each of which then also emits an 𝛼𝛼-

particle with a large cumulative energy of 28 MeV.95 Then 213Bi decays via 𝛽𝛽-

disintegrations and 𝛼𝛼-emission into stable 209Bi. Thus the predominant decay chain of 

225Ac yields 4 alpha particles, along with 2 𝛽𝛽-disintegrations of 1.6 and 0.6 MeV 

maximum energy, (Figure 4).96 Additionally, useful 𝛾𝛾-emission for in vivo imaging is 

generated in the 225Ac decay scheme from decay of 221Fr (218 keV, 11.6% emission 

probability) and 213Bi (440 keV, 26.1% emission probability).95 Its long half-live of 10 days 

and the multiple 𝛼𝛼-particles generated in the decay chain render 225Ac a highly cytotoxic 

radionuclide.96  

225Ac is mainly produced by isolation from 229Th, which is a decay product of 233U, yet 

the quantity available through this route is not sufficient for commercial applications as 

there is no large-scale production of 233U.95 At present viable sources of 229Th are 

available at the Directorate for Nuclear Safety and Security of the Joint Research Center 

(JRC), formerly known as Institute for Transuranium Elements (Germany), Oak Ridge 

National Laboratory (ORNL) (USA) and the Institute of Physics and Power Engineering 

(IPPE) (Russia). Overall, the average global production is 63 GBq of 229Th.97 Alternatively, 

225Ac can also be produced in cyclotrons delivering 18 MeV proton beams by 

bombardment of radioactive radium through the 226Ra(p,2n) reaction.95 

In theory, 225Ac could be as much as ~100 times more potent than 213Bi-conjugated 

analogs for the same activity, by virtue of the 𝛼𝛼-cascade to the target cell and the longer 

half-life of 225Ac, which is 313-fold greater than the 213Bi half-life.98 An 225Ac decay on 



the nucleus deposits the same dose as 4 213Bi decays. This increased potency provides a 

clinically relevant dose, even when activities as small as 37 kBq/Kg of radionuclide are 

administrated.99  

But the major impediment for its clinical use has been concern regarding the biological 

fate of its daughter radionuclides, particularly 213Bi which accumulates in the kidneys. 

Issues relating to suitable chelating agents and the chelation chemistry to sequester this 

element in vivo remain to be solved, as none of the radiolabeling methods investigated 

so far have proven to efficiently form the required complex.98 

TAT using 225Ac conjugated to antibodies or other carriers are promising treatments for 

many malignant diseases such as myeloid leukemia, ovarian cancer, bladder cancer, 

melanoma and non-Hodgkin’s lymphoma. A successful phase I clinical trial with 225Ac 

linked to an anti-CD33 antibody demonstrated anti-tumor activity against AML and a 

safe toxicity profile at activities below 111 kBq/kg.99 A phase I/II trial demonstrated the 

feasibility of fractionated-dose 225Ac-lintuzumab combined with the cytosine 

arabinoside chemotherapy agent Cytarabine, inducing remission with activity of 74 

kBq/kg per fraction.100 

After the encouraging results of 213Bi- DOTATOC, a follow-up investigation using 225Ac- 

DOTATOC was tested in 39 patients with progressive neuroendocrine tumors. This 

showed promising efficacy and the maximum tolerable activity was considered to be 40 

MBq for a single cycle, or 25 MBq every 4 months and 18.5 MBq every 2 months for 

multiple fractions.101 

225Ac-PSMA-617 was studied in patients with mCRPC.102 In Kratochwil et al., 40 heavily 

pre-treated patients with advanced mCRPC were treated with 3 cycles of 100 kBq/kg of 

225Ac-PSMA-617 with promising anti-tumor activity, supported by positive PSA decline 



(>50%) in 63% of patients, where severe xerostomia was the main side effect of 

treatment.103 Despite the long physical half-life of 225Ac, this suggests the peptide 

targeting was sufficiently stable to provide the desired pharmacokinetic properties and 

prevent accumulation of free 225Ac in undesired organs.104 Sathekge extended the 225Ac-

PSMA-617 treatment schedule to chemotherapy-naïve patients, with good antitumor 

activity assessed by PSA level and imaging in 80% of patients, with mild and reversible 

xerostomia in all patients. This new data can potentially move TAT treatments into 

earlier-stage cancers.105 

In a comparative modeling study, 225Ac-PSMA produces doses to the target cells nine 

hundred-fold greater than 177Lu-PSMA and 14 times more than 223RaCl2 per unit of 

activity retained in the target volume.106 This study highlights the importance of 

subcellular localization of the 𝛼𝛼-emitting radionuclide as 225Ac and 223Ra have similar 

decay chains, however 225Ac-PSMA is found in the cytoplasm and membrane of cancer 

cells, while 223RaCl2 is located in the bone compartment surrounding the tumor.  

A clinical trial in older patients with advanced myeloid leukemias treated with 2 activities 

of 74 kBq/Kg 225Ac-labeled lintuzumab, anti-CD33 monoclonal antibody, has 

demonstrated a 56% response rate with moderate side effects.107 Another phase I/II 

trial is investigating treatment 225Ac-labeled lintuzumab after chemotherapy to reduce 

leukemia burden in patients with AML (Supplementary Table 2). 

 

Thorium-227 
 
Thorium-227 has a physical half-live of 18.72 days, and is a 𝛼𝛼-emitter with an average 

energy of 6.02 MeV, along with frequent 𝛾𝛾-emission (𝐸𝐸𝛾𝛾= 236 keV, 11.2%, 𝐸𝐸𝛾𝛾= 50 keV, 

8.5%).56 227Th decays via radioactive 223Ra and the other short-lived radionuclides in its 



decay chain to stable 207Pb, emitting a total of 5 𝛼𝛼-particles (Figure 5). 227Th can be 

produced by natural decay of 227Ac (T1/2= 21.8 years). 227Ac can be produced in a reactor 

by neutron irradiation of 226Ra that produces 227Ra (T1/2= 42 min), which in turn decays 

by 𝛽𝛽-disintegration to provide the desired 227Th. The long half-life of 227Th allows for 

transportation and preparation of the radiopharmaceutical.108 As well as its daughter 

223Ra, 227Th is of interest for development of therapeutic bone-seeking 

radiopharmaceuticals. Furthermore, Algeta (Norway) (a subsidiary of Bayer (Germany), 

that developed Xofigo®), is also developing 227Th-labelled antibodies for therapeutic use. 

Additional sources of 227Ac will be needed for worldwide availability of 227Th-labelled 

pharmaceuticals. 

Due to its chemical properties, 227Th can be complexed to a variety of antibodies and 

proteins. Current research using 227Th conjugates centers on developing and testing new 

radiopharmaceuticals for the treatment of breast, lymphoma, renal, AML, ovarian and 

prostate cancers (Supplementary Table 3).40,109 

Therapy using the anti-CD20 monoclonal antibody rituximab labeled with 227Th was 

demonstrated to kill lymphoma cells in nude mice bearing human B-lymphoma 

xenografts, without any serous toxicity.107 Additionally, Dahle et al. demonstrated that 

227Th-rituximab has a better therapeutic effect per unit of absorbed dose than 99Y-

tiuxetan-ibritumomab (Zevalin) or external beam irradiation. 110 The authors also 

suggested treatment fractionation though multiple injections can maximize the 

therapeutic effect per dose unit while minimizing toxicity.   

Preclinical studies of 227Th-trastuzumab for treatment of human epidermal growth 

factor receptor 2 (HER2) positive ovarian and breast cancer showed encouraging 

antitumor effect without serious toxicity.111,112 227Th-PSMA was shown to be selective 



and has a potent antitumor activity in vitro and in vivo.113 This preclinical data 

encouraged the further investigation of this agent in an ongoing phase I trial in mCRPC.  

Mesothelin (MSLN) targeting 227Th conjugate demonstrated a significant antitumor 

effect in vivo with good tolerability, showing reduced cellular viability with an 

upregulation of immune response.114 These encouraging results led to a phase I clinical 

study on the use of 227Th-MSLN in patients with solid tumors known to express 

mesothelin. Furthermore, MSLN targeting 227Th conjugates have demonstrated 

synergistic antitumor effect when combined with DNA damage response inhibitors, 

particularly ATRi and PARPi in preclinical cancer models.115  

 

α-Emitter Selection 
 
The clinical use of 223RaCl2 showed clear benefits in overall survival in mCRPC, supporting 

the proposed theoretical therapeutic advantages of 𝛼𝛼-particles over the more widely 

used 𝛽𝛽−. Other α-emitting radionuclides which are the subject of on-going research for 

therapeutic application include 211At, 212Bi, 213Bi, 225Ac, and 227Th.  

The selection of an α-emitting radionuclide for radiopharmaceutical development 

requires careful consideration. It has been shown that is possible to clinically use 

radionuclides with a broad range of physical half-lives, from 45 min to almost 19 days, 

as long as the physical half-life matches the pharmacokinetic parameters of the 

radiopharmaceutical and are appropriate for the desired application. As all 𝛼𝛼-particles 

will completely lose their energy in less than 100 µm, corresponding to only a few cell 

diameters, the precise kinetic energy of the generated 𝛼𝛼-particles is less critical for 

normal tissue sparing.  



Other characteristics, in addition to the physical properties, should also be taken into 

consideration during the selection of the ideal radionuclide. These include both the 

feasibility and cost of radionuclide production, as well as the capability to easily 

manipulate the radionuclide to produce a radiopharmaceutical that is stable in vivo.  

Half-life has a major impact in the logistics of production and distribution. An ideal 

radionuclide should permit widespread distribution from the production sites to all over 

the world. A longer half-life will ensure minimal waste due to decay during radio-

chemical processing and distribution of the radiopharmaceutical. However, 

radionuclides produced via a generator represent a convenient way to produce short-

lived radionuclides at user sites through the decay of a long-lived parent, if suitable 

parents are available.  

Radiopharmaceutical design remains a key challenge to optimizing therapeutic benefit. 

Many TATs are characterized by inhomogeneous distributions of the 

radiopharmaceutical, with some cells in the target potentially receiving no radiation. 

This implies that the radionuclide should be able to be produced with high specific 

activity for radiolabeling targeting molecules to ensure that sufficient dose is delivered 

to the target without saturating the limited number of receptors available at the target 

sites.4 However, lower specific activity may be suitable for bone pain palliation and 

treatment of joint inflammation by radiation synovectomy.  

Another important aspect that should be taken into account is the detachment of 

daughters from the targeting carrier due to the intense recoil energy upon 𝛼𝛼-decay 

(>100 keV) that exceeds the energy of chemical bonds. The resulting free daughter 

nuclides can then diffuse from the target, leading to energy deposition in healthy 

tissue.109 Palm et al. demonstrated, using microdosimetric calculations, that the energy 



deposited in the target could be reduced by 50% if diffusion of daughters of 211At was 

taken into account.116 Furthermore, a study evaluating the anti-CD33 mAb lintuzumab 

225Ac-labeled for the treatment of leukemia in mice found that most of the radiation 

dose in the kidneys was due to renal uptake of free 213Bi released following α-particle 

decay of 225Ac.63 Therefore, it is of importance to study the fate of all radionuclides 

involved in the decay chain.  

Despite the encouraging progress in TAT, treatments usually do not have optimal 

pharmacokinetics. Ideally, radiopharmaceuticals should have a rapid clearance from the 

blood stream with a robust tumour uptake. This led to the suggestion of a pre-targeting 

approach, a concept proposed by Goodwin et al. in 1988.117 This is a two steps 

procedure: in the first step a pre-targeting non-radioactive molecule is administrated 

and adequate time is given for its localization to the specific antigen in the target 

volume. Then, after clearance of the pre-targeted molecule, the radiolabeled molecule 

is injected, and will rapidly diffuse in the target and specifically bind to the pre-targeted 

molecule. This approach improves the target-to-normal tissue ratios of absorbed dose. 

The pre-targeting approach is very promising for short half-life radionuclides such as 

211At and 213Bi.    

 

Development of a Novel α Emitting Radiopharmaceutical  
 
The development of novel radiopharmaceutical is a long and costly process, estimated 

to cost $800 – 1,700 million over 10 or more years.118 The development process starts 

with target identification. After target identification, it is crucial to find the lead molecule 

to be radiolabeled. Following the lead molecule selection, biological properties of the 

radiopharmaceutical must be evaluated in vitro and in vivo, to evaluate affinity, 



saturability, stability, pharmacokinetics, and biodistribution. Further toxicology studies 

in animals are done to assure safety prior to translation into humans. Usually, phase I 

clinical trials include safety studies in healthy humans, although this is frequently 

unfeasible for radiopharmaceuticals. Phase II and III will define the settings and efficacy 

of the radiopharmaceutical.119 

In the particular case of development of novel radiopharmaceuticals for the treatment 

of mCRPC, molecular targets have been recently identified. PSMA (prostate specific 

membrane antigen) is a transmembrane protein highly and specifically expressed at all 

tumor stages on the surface of cancer cells and its levels are correlated with the 

aggressiveness of the disease, making it an attractive target.120 

This antibody was conjugated with DTPA and radiolabeled with 111In for imaging and 

commercialized under the name ProstaScint® (Cytogen Corporation).121 A huJ591 mAb 

was radiolabeled with 177Lu and evaluated in clinical trials in subjects with mCRCP.122 

Recently, PSMA-617, a ligand with optimal pharmacokinetics, was conjugated with a 

DOTA chelator for PSMA-targeted radioligand therapy.123 

Nevertheless, some patients fail to respond to 177Lu-labeled PSMA ligands, and despite 

the good tolerability, the long path length of 𝛽𝛽-particles continues to be a risk factor.124 

This opens an opportunity for 𝛼𝛼-radiation therapy labeled to PSMA ligands. Kratochwil 

et al. took this opportunity to evaluate PSMA-targeted 𝛼𝛼-radiation therapy with 225Ac-

PSMA-617 in a first-in-human trial, in one case of contraindication for treatment with 𝛽𝛽-

emitters and another where the patient failed to response to 177Lu-PSMA-617 therapy. 

These patients experienced a remarkable benefit from TAT.104 

 

 



Conclusions  
 
TAT allows selective delivery of highly toxic radiation to target cells with reduced harm 

to surrounding cells. Because of their high LET and short path length, α-emitting 

radionuclides offer a number of competitive advantages over other therapeutic 

radionuclides, including: higher RBE; reduced dependence of radioresistance 

mechanisms due to increased direct DNA damage; and reduced toxicity due to their 

limited range. However, the widespread acceptance of α-emitting radionuclides for 

clinical applications has been obstructed by low availability of radionuclides and 

concerns about potential toxicity due to free daughter radionuclides. 

Although nonuniform dose distribution among target cells is still a significant limiting 

factor, there is now evidence that TAT can promote tumor regression and stimulate the 

immune response. Building on this concept, the complexity of therapeutic 

radiopharmaceuticals is changing from a simple radioactive element such as 223Ra to a 

conjugated carrier molecule (i.e. 225Ac-PSMA-617). This opens an opportunity to extend 

the application of TAT to other malignant diseases. Obviously, there are many challenges 

still ahead at this stage. 

Current research into 𝛼𝛼-emitting radiopharmaceuticals is manly focused on the 

development of more stable and selective carriers. The urgent need for more specific 

binding was highlighted by some challenges with the use of 223RaCl2, whose non-specific 

attraction to actively growing bone leads to uptake on healthy bone tissue.  

Consequently, TAT-specific radiobiology also needs to be studied. It is essential to clarify 

the contribution of indirect effects to the lethality of 𝛼𝛼-emitting radiopharmaceuticals, 

taking into account their unique microdosimetry. It is starting to be widely accepted that 

biological effects of TAT extend beyond the range of α-particles, due the bystander 



effects, stimulation of immune system and TAVAT, which could fundamentally change 

how TAT is planned. 

Also, there is a need to conduct further controlled randomized trials with sufficient 

patient numbers to be able to properly compare and evaluate different radionuclides 

and conjugating agents. It is clear that TAT is far from its full potential and using body 

weight to calculate the administered activity may not be the optimal parameter.  

A greater understanding of the radiobiology of high LET 𝛼𝛼-particles can lead to the 

design of safer and more efficient approaches for the delivery of 𝛼𝛼-particles radiation. 

Advances in TAT imaging and dosimetry will provide the fundamental knowledge for 

optimization and treatment planning. With regards to TAT, labelled 227Th and 225Ac seem 

to be promising and could represent the next approaches to extend survival in the future 

for several clinical settings, alone or in combination with other treatments. However, 

the current supply of 227Th and 225Ac is certainly insufficient for routine applications in 

hospitals worldwide and developing new supply chains will be critical.  

 
Conflict of Interest 
  
FGL, and SJM declare no conflict of interests regarding the publication of this paper. JOS 

has received honoraria for Speakers bureau and Advisory Board from Bayer. JOS has 

received institutional research funding from Bayer. KMP has received speaker honoraria 

from Bayer. 

 
Acknowledgements 
 
The authors gratefully acknowledge the support of Fundação para a Ciência e Tecnologia 

(FCT-MCTES), Radiation Biology and Biophysics Doctoral Training Programme (RaBBIT, 

PD/00193/2012); Applied Molecular Bioscience Unit - UCIBIO (UIDB/04378/2020) and 



CEFITEC Unit (UIDB/00068/2020); and scholarship grant number SFRH/BD/114448/2016 

to (FL). The work was funded by the Movember Prostate Cancer UK Centre of Excellence 

(CEO13_2-004) and the Research and Development Division of the Public Health Agency 

of Northern Ireland (COM/4965/14). 

 

References  
 

1. Goyal, J. & Antonarakis, E. S. Bone-targeting radiopharmaceuticals for the 

treatment of prostate cancer with bone metastases. Cancer Lett. 2012; 323, 

135–146. 

2. Dadachova, E. et al. Pre-Clinical Evaluation of a 213 Bi-Labeled 2556 Antibody to 

HIV-1 gp41 Glycoprotein in HIV-1 Mouse Models as a Reagent for HIV 

Eradication. PLoS One 2012; 7,. 

3. Helal, M. & Dadachova, E. Radioimmunotherapy as a Novel Approach in HIV , 

Bacterial , and Fungal Infectious Diseases. Cancer Biother. Radiopharm. 2018; 

33, 330–335. 

4. Das, T. & Pillai, M. R. a. Options to meet the future global demand of 

radionuclides for radionuclide therapy. Nucl. Med. Biol. 2013; 40, 23–32. 

5. Strebhardt, K. & Ullrich, A. Paul Ehrlich’s magic bullet concept: 100 Years of 

progress. Nat. Rev. Cancer 2008; 8, 473–480. 

6. Becker, D. V & Sawin, C. T. Radioiodine and thyroid disease: the beginning. 

Semin. Nucl. Med. 1996; 26, 155–64. 

7. Parker, C. et al. Alpha emitter radium-223 and survival in metastatic prostate 

cancer. N. Engl. J. Med. 2013; 369, 213–223. 



8. Pouget, J. P., Lozza, C., Deshayes, E., Boudousq, V. & Navarro-Teulon, I. 

Introduction to radiobiology of targeted radionuclide therapy. Front. Med. 2015; 

2, 12. 

9. Huang, C.-Y., Oborn, B. M., Guatelli, S. & Allen, B. J. Monte Carlo calculation of 

the maximum therapeutic gain of tumor antivascular alpha therapy. Med. Phys. 

2012; 39, 1282–8. 

10. Harrison, M. R., Wong, T. Z., Armstrong, A. J. & George, D. J. Radium-223 

chloride: a potential new treatment for castration-resistant prostate cancer 

patients with metastatic bone disease. Cancer Manag. Res. 2013; 5, 1–14. 

11. Walicka, M. A., Vaidyanathan, G., Zalutsky, M. R., Adelstein, S. J. & Kassis, A. I. 

Survival and DNA Damage in Chinese Hamster V79 Cells Exposed to Alpha 

Particles Emitted by DNA-Incorporated Astatine-211. Radiat. Res. 1998; 150, 

263. 

12. Sgouros, G. & Song, H. Cancer Stem Cell Targeting Using the Alpha-Particle 

Emitter, 213 Bi: Mathematical Modeling and Feasibility Analysis George. Cancer 

Biother. Radiopharm. 2008; 23, 74–81. 

13. Claesson, A. K., Stenerlöw, B., Jacobsson, L. & Elmroth, K. Relative Biological 

Effectiveness of the α -Particle Emitter 211 At for Double-Strand Break Induction 

in Human Fibroblasts. Radiat. Res. 2007; 167, 312–318. 

14. Sgouros, G. et al. MIRD Pamphlet No . 22 ( Abridged ): Radiobiology and 

Dosimetry of alpha-Particle Emitters for Targeted Radionuclide Therapy. J. Nucl. 

Med. 2010; 51, 311–328. 

15. Pouget, J. P. et al. Clinical radioimmunotherapy-the role of radiobiology. Nat. 

Rev. Clin. Oncol. 2011; 8, 720–734. 



16. Flux, G. D. Imaging and dosimetry for radium-223: The potential for personalized 

treatment. Br. J. Radiol. 2017; 90,. 

17. Hindorf, C., Chittenden, S., Aksnes, A. K., Parker, C. & Flux, G. D. Quantitative 

imaging of 223Ra-chloride (Alpharadin) for targeted alpha-emitting radionuclide 

therapy of bone metastases. Nucl. Med. Commun. 2012; 33, 726–732. 

18. Carrasquillo, J. A. et al. Phase I pharmacokinetic and biodistribution study with 

escalating doses of 223Ra-dichloride in men with castration-resistant metastatic 

prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2013; 40, 1384–1393. 

19. Yoshida, K., Kaneta, T., Takano, S. & Sugiura, M. Pharmacokinetics of single dose 

radium-223 dichloride ( BAY 88-8223 ) in Japanese patients with castration-

resistant prostate cancer and bone metastases. Ann. Nucl. Med. 2016; 30, 453–

460. 

20. Abou, D. S. et al. Whole-Body and Microenvironmental Localization of Radium-

223 in Naïve and Mouse Models of Prostate Cancer Metastasis. J. Natl. Cancer 

Inst. 2016; 108, 1–9. 

21. Murray, I. et al. The potential of 223Ra and 18F-Fluoride imaging to predict 

bone lesion response to treatment with 223Ra-Dichloride in castration resistant 

prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017; 44, 1832–1844. 

22. Pacilio, M. et al. Dosimetry of bone metastases in targeted radionuclide therapy. 

Eur. J. Nucl. Med. Mol. Imaging 2016; 43, 21–33. 

23. Owaki, Y. et al. Ra-223 SPECT for semi-quantitative analysis in comparison with 

Tc-99m HMDP SPECT: phantom study and initial clinical experience. EJNMMI 

Res. 2017; 7. 

24. Benabdallah, N. et al. Optimization of Dosimetry in Alpha Therapy: 



Microlocalisation of 223Ra in Mouse Models of Metastasis from Prostate Cancer 

and Renal Cell Carcinoma. J. Med. Imaging Radiat. Sci. 2019; 50, S10–S11. 

25. Zhu, X., Palmer, M. R., Makrigiorgos, G. M. & Kassis, A. I. Solid-tumor 

radionuclide therapy dosimetry: new paradigms in view of tumor 

microenvironment and angiogenesis. Med. Phys. 2010; 37, 2974–2984. 

26. Palm, S. et al. Biokinetic modeling and dosimetry for optimizing intraperitoneal 

radioimmunotherapy of ovarian cancer microtumors. J. Nucl. Med. 2016; 57, 

594–600. 

27. Hobbs, R. F. et al. A bone marrow toxicity model for 223 Ra alpha-emitter 

radiopharmaceutical therapy. Phys Med Biol. 2012; 57, 3207–3222. 

28. Moreira, H. M. R., Guerra Liberal, F. D. C., O’Sullivan, J. M., McMahon, S. J. & 

Prise, K. M. Mechanistic Modeling of Radium-223 Treatment of Bone 

Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2019; 103, 1221–1230. 

29. Taprogge, J. et al. Compartmental Model for 223Ra-Dichloride in Patients With 

Metastatic Bone Disease From Castration-Resistant Prostate Cancer. Int. J. 

Radiat. Oncol. Biol. Phys. 2019; 105, 884–892. 

30. Gholami, Y. et al. Stochastic simulation of radium-223 dichloride therapy at the 

sub-cellular level. Phys. Med. Biol. 2015; 60, 6087. 

31. Uusijärvi, H., Bernhardt, P. & Forssell-Aronsson, E. Tumour control probability 

(TCP) for non-uniform activity distribution in radionuclide therapy. Phys. Med. 

Biol. 2008; 53, 4369–81. 

32. Prise, K. M. & O’Sullivan, J. M. Radiation-induced bystander signalling in cancer 

therapy. Nat. Rev. Cancer 2009; 9, 351–360. 

33. Schettino, G. et al. Low-Dose Studies of Bystander Cell Killing with Targeted Soft 



X Rays. Radiat. Res. 2006; 160, 505–511. 

34. Xue, L. Y., Butler, N. J., Makrigiorgos, G. M., Adelstein, S. J. & Kassis, A. I. 

Bystander effect produced by radiolabeled tumor cells in vivo. Proc. Natl. Acad. 

Sci. 2002; 99, 13765–13770. 

35. Boyd, M. et al. Radiation-Induced Biologic Bystander Effect Elicited In Vitro by 

Targeted Radiopharmaceuticals Labeled with alpha- , beta- , and Auger Electron 

– Emitting Radionuclides. J. Nucl. Med. 2006; 47, 1007–1015. 

36. Karthik, K. et al. Direct and bystander effects in human blood lymphocytes 

exposed to 241Am alpha particles and the relative biological effectiveness using 

chromosomal aberration and micronucleus assay. Int. J. Radiat. Biol. 2019; 95, 

725–736. 

37. Ladjohounlou, R. et al. Drugs that modify cholesterol metabolism alter the 

p38/JNK-mediated targetedand nontargeted response to alpha and auger 

radioimmunotherapy. Clin. Cancer Res. 2019; 25, 4775–4790. 

38. Brady, D., O’Sullivan, J. M. & Prise, K. M. What is the role of the Bystander 

response in radionuclide therapies ? Front. Oncol. 2013; 3, 1–5. 

39. Malamas, A. S., Gameiro, S. R., Knudson, K. M. & Hodge, J. W. Sublethal 

exposure to alpha radiation (223Ra dichloride) enhances various carcinomas’ 

sensitivity to lysis by antigenspecific cytotoxic T lymphocytes through 

calreticulin-mediated immunogenic modulation. Oncotarget 2016; 7, 86937–

86947. 

40. Hagemann, U. B. et al. In Vitro and In Vivo Efficacy of a Novel CD33-Targeted 

Thorium-227 Conjugate for the Treatment of Acute Myeloid Leukemia. Mol. 

Cancer Ther. 2016; 15, 2422–2431. 



41. Allen, B. J., Raja, C., Rizvi, S., Song, E. Y. & Graham, P. Tumour anti-vascular alpha 

therapy: A mechanism for the regression of solid tumours in metastatic cancer. 

Phys. Med. Biol. 2007; 52, 15–19. 

42. Lindegren, S. et al. Realizing Clinical Trials with Astatine-211 : The Chemistry 

Infrastructure. Cancer Biother. Radiopharm. 2020; 35, 1–12. 

43. Zalutsky, M. R. & Pruszynski, M. Astatine-211 : Production and Availability. Curr. 

Radiopharm. 2011; 4, 177–185. 

44. Crawford, J. R. et al. Development of a preclinical 211Rn/211At generator 

system for targeted alpha therapy research with 211At. Nucl. Med. Biol. 2017; 

48, 31–35. 

45. Elgqvist, J., Johansson, B. R., Partheen, K. & Danielsson, A. Tumor cure 

probability during alpha-RIT of ovarian cancer with different radiation 

sensitivity. Anticancer Res. 2010; 30, 2545–2551. 

46. Elgqvist, J. et al. Alpha-Radioimmunotherapy of Intraperitoneally Growing 

OVCAR-3 Tumors of Variable Dimensions : Outcome Related to Measured 

Tumor Size and Mean Absorbed Dose. J. Nucl. Med. 2006; 47, 1342–1351. 

47. Charlton, D. E. Radiation effects in spheroids of cells exposed to alpha emitters. 

Int. J. Radiat. Biol. 2000; 76, 1555–1564. 

48. Zalutsky, M. R., Reardon, D. A., Pozzi, O. R., Vaidyanathan, G. & Bigner, D. D. 

Targeted α-particle radiotherapy with 211At-labeled monoclonal antibodies. 

Nucl. Med. Biol. 2007; 34, 779–785. 

49. Andersson, H. et al. Intraperitoneal Alpha-Particle Radioimmunotherapy of 

Ovarian Cancer Patients : Pharmacokinetics and Dosimetry of 211At-MX35 

F(ab’)2 - A Phase I Study. J. Nucl. Med. 2009; 50, 1153–1161. 



50. Li, H. K. et al. Αlpha-Particle Therapy for Synovial Sarcoma in the Mouse Using 

an Astatine-211-Labeled Antibody Against Frizzled Homolog 10. Cancer Sci. 

2018; 109, 2302–2309. 

51. Li, H. K., Morokoshi, Y., Nagatsu, K., Kamada, T. & Hasegawa, S. Locoregional 

therapy with α-emitting trastuzumab against peritoneal metastasis of human 

epidermal growth factor receptor 2-positive gastric cancer in mice. Cancer Sci. 

2017; 108, 1648–1656. 

52. Bäck, T. A. et al. Targeted alpha therapy with astatine-211- labeled anti-PSCA 

A11 minibody shows antitumor efficacy in prostate cancer xenografts and bone 

microtumors. EJNMMI Res. 2020; 10,. 

53. Dekempeneer, Y. et al. Labeling of Anti-HER2 Nanobodies with Astatine-211: 

Optimization and the Effect of Different Coupling Reagents on Their in Vivo 

Behavior. Mol. Pharm. 2019; 16, 3524–3533. 

54. O’Steen, S. et al. The α-emitter astatine-211 targeted to CD38 can eradicate 

multiple myeloma in a disseminated disease model. Blood 2019; 134, 1247–

1256. 

55. Makvandi, M. et al. Targeting PARP-1 with alpha-particles is potently cytotoxic 

to human neuroblastoma in preclinical models. Mol. Cancer Ther. 2019; 18, 

1195–1204. 

56. Bé, M. et al. Table of Radionuclides. Bur. Int. des Poids Mes. 2008; 1–6,. 

57. Yong, K. & Brechbiel, M. W. Application of 212 Pb for Targeted α-particle 

Therapy (TAT): Pre- clinical and Mechanistic Understanding through to Clinical 

Translation. AIMS Med Sci. 2015; 2, 228–245. 

58. Wadas, T. J., Pandya, D. N., Sai, K. K. S. & Mintz, A. Molecular Targeted α-Particle 



Therapy for Oncologic Applications. AJR Am J Roentgebol 2014; 203, 253–260. 

59. Dekempeneer, Y. et al. Targeted alpha therapy using short-lived alpha-particles 

and the promise of nanobodies as targeting vehicle. Expert Opin. Biol. Ther. 

2016; 16, 1035–1047. 

60. Meredith, R. F. et al. Pharmacokinetics and Imaging of 212Pb-TCMC-

Trastuzumab After Intraperitoneal Administration in Ovarian Cancer Patients. 

CANCER Biother. Radiopharm. 2014; 29, 12–17. 

61. Meeting, T. " Alpha emitting radionuclides and radiopharmaceuticals for therapy 

". Tech. Meet. 2013; 1–75. 

62. Ballangrud, Å. M. et al. Response of LNCaP spheroids after treatment with an α-

particle emitter (213Bi)-labeled anti-prostate-specific membrane antigen 

antibody (J591). Cancer Res. 2001; 61, 2008–2014. 

63. Schwartz, J. et al. Renal uptake of bismuth-213 and its contribution to kidney 

radiation dose following administration of actinium-225-labeled antibody. Phys. 

Med. Biol. 2011; 56, 721–733. 

64. Li, Y., Rizvi, S. M. A., Ranson, M. & Allen, B. J. 213Bi-PAI2 conjugate selectively 

induces apoptosis in PC3 metastatic prostate cancer cell line and shows anti-

cancer activity in a xenograft animal model. Br. J. Cancer 2002; 86, 1197–203. 

65. Allen, B. J., Tian, Z., Rizvi, S. M. A., Li, Y. & Ranson, M. Preclinical studies of 

targeted alpha therapy for breast cancer using 213Bi-labelled-plasminogen 

activator inhibitor type 2. Br. J. Cancer 2003; 88, 944–50. 

66. Derrien, A. et al. Therapeutic efficacy of alpha-riT Using a 213 Bi-anti-hcD138 

antibody in a Mouse Model of Ovarian Peritoneal carcinomatosis. Front. 

Medincine 2015; 2,. 



67. Jurcic, J. G. et al. Targeted alpha particle immunotherapy for myeloid leukemia. 

Blood 2002; 100, 1233–9. 

68. Rosenblat, T. L. et al. Sequential cytarabine and α-particle immunotherapy with 

bismuth-213-lintuzumab (HuM195) for acute myeloid leukemia. Clin. Cancer 

Res. 2010; 16, 5303–5311. 

69. Kratochwil, C. et al. 213Bi-DOTATOC receptor-targeted alpha-radionuclide 

therapy induces remission in neuroendocrine tumours refractory to beta 

radiation: a first-in-human experience. Eur. J. Nucl. Med. Mol. Imaging 2014; 41, 

2106–2119. 

70. Sathekge, M. et al. 213Bi-PSMA-617 targeted alpha-radionuclide therapy in 

metastatic castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 

2017; doi:10.1007/s00259-017-3657-9. 

71. Kneifel, S. et al. Local targeting of malignant gliomas by the diffusible peptidic 

vector 1,4,7,10-tetraazacyclododecane-1-glutaric acid-4,7,10-triacetic acid-

substance P. Clin. Cancer Res. 2006; 12, 3843–3850. 

72. Cordier, D. et al. Targeted alpha-radionuclide therapy of functionally critically 

located gliomas with 213Bi-DOTA-[Thi8,Met(O2)11]- substance P: A pilot trial. 

Eur. J. Nucl. Med. Mol. Imaging 2010; 37, 1335–1344. 

73. Krolicki, L. et al. Prolonged survival in secondary glioblastoma following local 

injection of targeted alpha therapy with 213Bi-substance P analogue. Eur. J. 

Nucl. Med. Mol. Imaging 2018; 45, 1636–1644. 

74. Autenrieth, M. E. et al. Treatment of carcinoma in situ of the urinary bladder 

with an alpha-emitter immunoconjugate targeting the epidermal growth factor 

receptor: a pilot study. Eur. J. Nucl. Med. Mol. Imaging 2018; 45, 1364–1371. 



75. Nilsson, S. et al. First clinical experience with alpha-emitting radium-223 in the 

treatment of skeletal metastases. Clin. Cancer Res. 2005; 11, 4451–9. 

76. Abou, D. S., Pickett, J., Mattson, J. E. & Thorek, D. L. J. A Radium-223 

microgenerator from cyclotron-produced trace Actinium-227. Appl. Radiat. Isot. 

2017; 119, 36–42. 

77. Chittenden, S. J. et al. A Phase 1, Open-Label Study of the Biodistribution, 

Pharmacokinetics, and Dosimetry of 223Ra-Dichloride in Patients with 

Hormone-Refractory Prostate Cancer and Skeletal Metastases. J. Nucl. Med. 

2015; 56, 1304–1309. 

78. Lassmann, M. & Nosske, D. Dosimetry of 223Ra-chloride: Dose to normal organs 

and tissues. Eur. J. Nucl. Med. Mol. Imaging 2013; 40, 207–212. 

79. Hoskin, P. et al. Efficacy and safety of radium-223 dichloride in patients with 

castration-resistant prostate cancer and symptomatic bone metastases, with or 

without previous docetaxel use: a prespecified subgroup analysis from the 

randomised, double-blind, phase 3 ALSYMPC. Lancet Oncol. 2014; 15, 1397–

1406. 

80. Nilsson, S. et al. A randomized, dose-response, multicenter phase II study of 

radium-223 chloride for the palliation of painful bone metastases in patients 

with castration-resistant prostate cancer. Eur. J. Cancer 2012; 48, 678–86. 

81. Sternberg, C. N. et al. A randomised phase II trial of three dosing regimens of 

radium-223 in patients with bone metastatic castration-resistant prostate 

cancer. Ann. Oncol. 2020; 31,. 

82. Suominen, M. I. et al. Survival benefit with radium-223 dichloride in a mouse 

model of breast cancer bone metastasis. J. Natl. Cancer Inst. 2013; 105, 908–



916. 

83. Coleman, R. et al. A phase IIa, nonrandomized study of radium-223 dichloride in 

advanced breast cancer patients with bone-dominant disease. Breast Cancer 

Res. Treat. 2014; 145, 411–418. 

84. Coleman, R. et al. CApecitabine plus Radium-223 ( Xofigo TM ) in breast cancer 

patients with BONe metastases ( CARBON ): study protocol for a phase IB / IIA 

randomised controlled trial. Trials 2020; 21, 1–10. 

85. Subbiah, V. et al. Alpha particle radium 223 dichloride in high-risk 

osteosarcoma: A phase i dose escalation trial. Clin. Cancer Res. 2019; 25, 3802–

3810. 

86. Saad, F. et al. Radium-223 and concomitant therapies in patients with 

metastatic castration-resistant prostate cancer : an international , early access , 

open-label , single-arm phase 3b trial. Lancet Oncol. 2016; 17, 1306–1316. 

87. Smith, M. et al. Addition of radium-223 to abiraterone acetate and prednisone 

or prednisolone in patients with castration-resistant prostate cancer and bone 

metastases ( ERA 223 ): a randomised , double-blind , placebo-controlled , phase 

3 trial. Lancet Oncol. 2019; 20, 408–419. 

88. Dalla Volta, A., Formenti, A. M. & Berruti, A. Higher Risk of Fragility Fractures in 

Prostate Cancer Patients Treated with Combined Radium-223 and Abiraterone: 

Prednisone May Be the Culprit. Eur. Urol. 2019; 75, 894–895. 

89. Cursano, M. C. et al. Combination radium-223 therapies in patients with bone 

metastases from castration-resistant prostate cancer: A review. Crit. Rev. Oncol. 

Hematol. 2020; 146,. 

90. Geva, R. et al. Radium-223 in combination with paclitaxel in cancer patients with 



bone metastases: safety results from an open-label, multicenter phase Ib study. 

Eur. J. Nucl. Med. Mol. Imaging 2019; 46, 1092–1101. 

91. Morris, M. J. et al. Radium-223 in combination with docetaxel in patients with 

castration-resistant prostate cancer and bone metastases: a phase 1 dose 

escalation/randomised phase 2a trial. Eur. J. Cancer 2019; 114, 107–116. 

92. Leung, C. N. et al. Dose - Dependent Growth Delay of Breast Cancer Xenografts 

in the Bone Marrow of Mice Treated with Radium ‐ 223 : The Role of Bystander 

Effects and their Potential for Therapy. J. Nucl. Med. 2020; 61, 89–95. 

93. Yard, B. D. et al. Cellular and genetic determinants of the sensitivity of cancer to 

α-particle irradiation. Cancer Res. 2019; 79, 5640–5651. 

94. Bannik, K. et al. Radiobiological effects of the alpha emitter Ra-223 on tumor 

cells. Sci. Rep. 2019; 9, 1–11. 

95. Miederer, M., Scheinberg, D. a & Mcdevitt, M. R. Realizing the potential of the 

Actinium-225 radionuclide generator in targeted alpha-particle therapy 

applications. Adv Drug Deliv Rev 2008; 60, 21317–1382. 

96. Morgenstern, A. et al.  An Overview of Targeted Alpha Therapy with 225 

Actinium and 213 Bismuth . Curr. Radiopharm. 2018; 11, 200–208. 

97. Robertson, A. K. H., Ramogida, C. F., Schaffer, P. & Radchenko, V.  Development 

of 225 Ac Radiopharmaceuticals: TRIUMF Perspectives and Experiences . Curr. 

Radiopharm. 2018; 11, 156–172. 

98. McDevitt, M. R. et al. Tumor Therapy with Targeted Atomic Nanogenerators. 

Science 80. 2001; 294,. 

99. Jurcic, J. G. et al. Phase I trial of the targeted alpha-particle nano-generator 

actinium-225 (225Ac-lintuzumab) (anti-CD33; HuM195) in acute myeloid 



leukemia (AML). J. Clin. Oncol. 2011; 29,. 

100. Jurcic, J. G. et al. Trial in Progress: A Phase I/II Study of Lintuzumab-Ac225 in 

Older Patients with Untreated Acute Myeloid Leukemia. Clin. Lymphoma 

Myeloma Leuk. 2017; 17, S277. 

101. Kratochwil, C. et al. Ac-225-DOTATOC - an empiric dose finding for alpha particle 

emitter based radionuclide therapy of neuroendocrine tumors. J. Nucl. Med. 

2015; 56, 1232–1232. 

102. Kratochwil, C. et al. Targeted α-Therapy of Metastatic Castration-Resistant 

Prostate Cancer with 225 Ac-PSMA-617: Dosimetry Estimate and Empiric Dose 

Finding. J. Nucl. Med. 2017; 58, 1624–1631. 

103. Kratochwil, C. et al. Targeted a-therapy of metastatic castration-resistant 

prostate cancer with 225 Ac-PSMA-617: Swimmer-Plot Analysis Suggests 

efficacy regarding duration of tumor control. J. Nucl. Med. 2018; 59, 795–802. 

104. Kratochwil, C. et al. 225Ac-PSMA-617 for PSMA-Targeted  -Radiation Therapy of 

Metastatic Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016; 57, 1941–

1944. 

105. Sathekge, M. et al. 225Ac-PSMA-617 in chemotherapy-naive patients with 

advanced prostate cancer: a pilot study. Eur. J. Nucl. Med. Mol. Imaging 2019; 

46, 129–138. 

106. Azorín-vega, E. et al. Assessment of the radiation absorbed dose produced by 

177Lu-iPSMA , 225Ac- iPSMA and 223RaCl2 to prostate cancer cell nuclei in a 

bone microenvironment model. Appl. Radiat. Isot. 2019; 146, 66–71. 

107. Dahle, J. et al. Targeted cancer therapy with a novel low-dose rate alpha-

emitting radioimmunoconjugate. Blood 2007; 110, 2049–2056. 



108. Frantellizzi, V. et al. Target Alpha Therapy with Thorium-227. Cancer Biother. 

Radiopharm. 2020; 35,. 

109. Gott, M., Steinbach, J. & Mamat, C. The radiochemical and radiopharmaceutical 

applications of radium. Open Chem. 2016; 14, 118–129. 

110. Dahle, J., Bruland, Ø. S. & Larsen, R. H. Relative Biologic Effects of Low-Dose-

Rate alpha-emitting 227Th-Rituximab and beta-emitting 90Y-Tiuexetan-

Ibritumomab Versus External Beam X-radiation. Int. J. Radiat. Oncol. Biolo. Phys. 

2008; 72, 186–192. 

111. Abbas, N. et al. Experimental α-particle radioimmunotherapy of breast cancer 

using 227Th-labeled p-benzyl-DOTA-trastuzumab. EJNMMI Res. 2011; 1, 1–12. 

112. Heyerdahl, H., KRogh, C., Borrebæk, Jø., Larsen, A. & Dahle, J. Treatment of 

HER2-Expressing Breast Cancer and Ovarian Cancer Cells with Alpha Particle-

Emitting 227Th-Trastuzumab. Int. J. Radiat. Oncol. Biolo. Phys. 2011; 79, 563–

570. 

113. Hammer, S. et al. Preclinical efficacy of a PSMA-targeted thorium-227 conjugate 

(PSMA-TTC), a targeted alpha therapy for prostate cancer. Clin. Cancer Res. 

2019; clincanres.2268.2019 doi:10.1158/1078-0432.ccr-19-2268. 

114. Hagemann, U. B. et al. Mesothelin-Targeted Thorium-227 Conjugate ( MSLN-TTC 

): Preclinical Evaluation of a New Targeted Alpha Therapy for Mesothelin-

Positive Cancers. Clin. cancer Res. 2019; 25, 4723–4734. 

115. Wickstroem, K. et al. Synergistic effect of a HER2 targeted thorium-227 

conjugate in combination with olaparib in a BRCA2 deficient xenograft model. 

Pharmaceuticals 2019; 12,. 

116. Palm, S., Humm, J. L., Rundqvist, R. & Jacobsson, L. Microdosimetry of astatine-



211 single-cell irradiation: Role of daughter polonium-211 diffusion. Med. Phys. 

2004; 31, 218. 

117. Goodwin, D. A., Meares, C. F., Mccall, M. J., Mctigue, M. & Chaovapong, W. Pre-

Targeted Immunoscintigraphy of Murine Tumors with Indium-111-Labeled 

Bifunctional Haptens. J Nucl Med 1988; 29, 226–235. 

118. Nunn, A. D. The cost of bringing a radiopharmaceutical to the patient’s bedside. 

J. Nucl. Med. 2007; 48, 169. 

119. Nunn, A. D. Molecular imaging and personalized medicine: An uncertain future. 

Cancer Biother. Radiopharm. 2007; 22, 722–739. 

120. Bostwick, D. G., Pacelli, A., Blute, M., Roche, P. & Murphy, G. P. Prostate specific 

membrane antigen expression in prostatic intraepithelial neoplasia and 

adenocarcinoma: a study of 184 cases. Cancer 1998; 82, 2256–61. 

121. Rosenthal, S. A., Haseman, M. K. & Polascik, T. J. Utility of capromab pendetide 

(ProstaScint) imaging in the management of prostate cancer. Tech. Urol. 2001; 

7, 27–37. 

122. Bander, N. H. et al. Phase I Trial of 177 Lutetium-Labeled J591, a Monoclonal 

Antibody to Prostate-Specific Membrane Antigen, in Patients With Androgen-

Independent Prostate Cancer. J. Clin. Oncol. 2005; 23, 4591–4601. 

123. Benešová, M. et al. Linker Modification Strategies To Control the Prostate-

Specific Membrane Antigen (PSMA)-Targeting and Pharmacokinetic Properties 

of DOTA-Conjugated PSMA Inhibitors. J. Med. Chem. 2016; 59, 1761–1775. 

124. Delker, A. et al. Dosimetry for 177Lu-DKFZ-PSMA-617: a new 

radiopharmaceutical for the treatment of metastatic prostate cancer. Eur. J. 

Nucl. Med. Mol. Imaging 2016; 43, 42–51. 



 



Figure Legend 
 
 
 
Figure 1: Decay scheme of Astatine-211. The T1/2 is shown inside of each box, and 
between boxes the energy of α transition (MeV) and the percentage of the branch when 
necessary. The chemistry of Astatine allows radiolabeling with a molecule of interest. 
 
Figure 2: a) Decay scheme of Bismuth-212. b) Decay scheme of Bismuth-213.  The T1/2 
is shown inside of each box, and between boxes the energy of α transition (MeV) and the 
percentage of branch when necessary. The chemistry of Lead allows radiolabeling with a 
molecule of interest 
 
Figure 3: Decay scheme of Radium-223. The T1/2 is shown inside of each box, and 
between boxes the energy of α transition (MeV) and the percentage of branch when 
necessary. Due to its poor chemistry 223Ra has not yet been successfully combined with 
targeting molecules. 
 
Figure 4: Decay scheme of Actinium-225. The T1/2 is shown inside of each box, and 
between boxes the energy of α transition (MeV) and the percentage of branch when 
necessary. The good chemistry of Actinium allows radiolabeling with a molecule of 
interest. 
 
 
Figure 5: Decay scheme of Thorium-227. The T1/2 is shown inside of each box, and 
between boxes the energy of α transition (MeV) and the percentage of branch when 
necessary. The chemistry of Thorium allows radiolabeling with a molecule of interest. 
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Tables 
 
Table 1: Main characteristics of the potential α emitting radionuclides for clinical applications. 

 

Radionuclide T1/2 𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏 𝑬𝑬𝜶𝜶 
(MeV) (%) 

Mean 
𝑬𝑬𝜶𝜶 
(MeV) 

Average 
Range 
in soft 
tissue 
(µm) 

Main 
Method of 
producing 

Particle 
Emitted  
per 
Decay 

Emissions 
Useful 

Imaging 
References 

211At 7.2 
h 5.87 (42) 6.78 57 Cyclotron 1 𝛼𝛼, 

1EC 

77-92 
KeV 
X-rays 

42, 43, 44 

212Bi 60.6 
min 6.05 (36) 7.80 71 Generator 

224Ra→212Bi 
1 𝛼𝛼,  
1 𝛽𝛽− 

238 keV 
𝛾𝛾-ray 

56, 57 

213Bi 45.6 
min 5.90 (2.2) 8.32 78 Generator 

225Ac→213Bi 
1 𝛼𝛼,  
2 𝛽𝛽− 

440 keV 
𝛾𝛾-ray 

56, 62 

223Ra 11.4 
days 5.87 (100) 6.59 54 Generator 

227Ac→223Ra 
4 𝛼𝛼,  
2 𝛽𝛽− 

84, 
95 and 
270 keV 
𝛾𝛾-ray 

56, 75 

225Ac 10 
days 5.83 (100) 6.87 58 Generator 

229Th→225Ac 
4 𝛼𝛼, 
2 𝛽𝛽− 

218 and 
440 keV 
𝛾𝛾-ray 

94, 95, 96 

227Th 18.7 
days 6.02 (100) 6.46 53 Generator 

227Ac→227Th 
5 𝛼𝛼,  
2 𝛽𝛽− 

84, 95, 
236 and 
270 keV 
𝛾𝛾-ray 

56, 107  
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