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Abstract
Radium-223 dichloride (Ra-223) is a life-prolonging therapeutic option for castration-resistant prostate cancer with 
symptomatic bone metastases. As an α-emitting osteotropic radiopharmaceutical, Ra-223 selectively targets ar-
eas of increased bone turnover. Recent evidence from the PEACE III randomized trial demonstrated a radiograph-
ic progression-free survival and overall survival benefit with a combination of Ra-223 and enzalutamide, provided 
appropriate bone health measures are in place. There is also a growing body of evidence on the use of Ra-223 
in metastatic hormone-sensitive prostate cancer. Robust phase 3 data, however, are needed to define its optimal 
integration into the current standard of care for these patients.

Introduction

PProstate cancer remains a leading cause of cancer-related mortality among men worldwide, having 
caused an estimated 385 000 deaths worldwide, based on GLOBOCAN 2018 data.1 With the population 
in the United States aging, the rates of new prostate cancer diagnoses and mortality are expected to 

increase over the next few decades.2 Although localized prostate cancer is often curable, advanced-staged 
disease pose a substantial clinical challenge.3 Throughout the prostate cancer landscape there has been 
a striking increase in the number of guideline-endorsed indications for radiation therapy (RT). This increase 
includes definitive and postoperative management with curative intent; RT to the primary tumor in metastatic 
hormone-sensitive prostate cancer (mHSPC); metastasis-directed RT in mHSPC and metastatic castration-
resistant prostate cancer (mCRPC); and the expanding role of radiopharmaceutical therapy, such as radium-
223 dichloride (Ra-223) and lutetium-177 vipivotide tetraxetan prostate-specific membrane antigen therapy 
(177Lu-PSMA).4-10

The progression to mCRPC marks a critical juncture in treatment as the disease becomes resistant to 
androgen-deprivation therapy (ADT).11,12 Bone metastases are a hallmark of advanced prostate cancer, 
affecting more than 90% of patients with mCRPC.13 These metastases contribute substantially to morbidity 
and mortality, manifesting as skeletal-related events such as pathological fractures, spinal cord compression, 
and intractable bone pain. Addressing bone health and controlling metastatic disease are key therapeutic 
goals in this population. Analogous to evolving indications of RT from palliation to improving survival 
over time, radiopharmaceutical therapy indications have also witnessed substantial expansion. Historical 
radiopharmaceutical therapies such as strontium and samarium were used for symptomatic palliation. 
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Radium-223 become the first radiopharmaceutical 
therapy in the treatment of mCRPC that not only 
provided symptomatic relief but also improved overall 
survival and was added to the armamentarium of life-
prolonging therapies.5,14-16

The introduction of Ra-223, an α-particle–emitting 
radioisotope, ushered in a new era in the therapeutic 
landscape for patients with mCRPC, especially in 
patients with bone-predominant disease. Approved 
by the US Food and Drug Administration in 2013, 
Ra-223 has been incorporated into clinical prac-
tice based on the pivotal ALSYMPCA trial, which 
demonstrated survival benefits and symptom pallia-
tion.5 At present, the landscape of treatment options 
in mCRPC has become substantially complicated 
compared with the handful of options available histor-
ically. These options include multiple life-prolonging 
therapies, such as androgen receptor pathway 
inhibitors (ARPIs), taxane-based chemotherapy, 
immunotherapy (ie, sipuleucel-T), poly(ADP-ribose) 
polymerase inhibitors, and radiopharmaceutical 
therapies.17,18 Treatment is usually tailored based 
on disease characteristics; patient characteristics, 
including co-morbidity status, mutational profile, and 
prior treatment; and physician and patient prefer-
ence.18 Regardless of strategy and sequence chosen, 
the goal is to improve overall survival (OS) while mini-
mizing treatment-induced toxicities and maintaining 
the health-related quality of life of patients during the 
evolving disease course. Combining therapies uses 
complementary mechanisms to enhance efficacy, 
delay resistance, and improve survival. Radium-223 
targets bone metastases, while ARPIs and immu-
notherapies (eg, sipuleucel-T) address systemic 
disease and soft tissue progression. This multimodal 
approach seeks to optimize disease control, reduce 
skeletal-related events, and extend OS.
This review critically examines the mechanisms, clin-
ical applications, safety, and challenges associated 
with Ra-223 treatment while discussing its poten-
tial in combination therapies and ongoing research 
directions.

Methods
To summarize clinical evidence supporting the use 
of Ra-223, we explored literature, including random-
ized trials, prospective nonrandomized studies, and 
large real-world registry-based studies. Prespecified 
subgroup analyses from prospective studies were 
also included. Accepting slight differences in end 
point definitions across trials, the outcome of inter-
ests was OS (where reported) and radiographic 
progression-free survival (PFS), clinician-reported and 
patient-reported toxicities, and quality of life ( in addi-
tion to exploratory end points as appropriate.

Mechanism of Action
Radium-223 is a divalent cation (similar to calcium) 
that selectively targets areas of osteoblastic 
activity in bone metastases (Table 1). The bone 
specificity of Ra-223 is a result of its valence 
electron configuration, by virtue of which it gets 
incorporated into areas of increased bone turnover. 
Radium-223 decays to radon-219, which over 5 
more stages decays to lead-207. During the overall 
process, for each atom of Ra-223, 4 α-particles are 
released, which represents approximately 95% of 
the total radiation energy emitted. The α-particles 
are characterized by their high linear energy transfer 
and short range. These unique properties enable 

ABBREVIATIONS
177Lu-PSMA, leutetium-177 vipivotide tetraxetan prostate-
specific membrane antigen therapy
aBSI, automated bone scan index
ADT, androgen-deprivation therapy
ARPI, androgen receptor pathway inhibitor
HR, hazard ratio
IL, interleukin
mCRPC, metastatic castration-resistant prostate cancer
mHSPC, metastatic hormone-sensitive prostate cancer
OS, overall survival
PFS, progression-free survival
Ra-223, radium-223 dichloride
RT, radiation therapy
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Ra-223 to deliver potent, localized radiation with 
minimal off-target spillage. Radium-223 has a half-
life of 11.4 days, with α-particle energy of 27.4 MeV, 
a specific activity of 1.9 MBq/ng, and an α-particle 
penetration of less than 0.1 mm.19

HIGH LINEAR ENERGY TRANSFER
DNA damage is thought to be the primary mechanism 
of radionuclide-induced cell death, and linear energy 
transfer determines the biological effectiveness of the 
radionuclide therapy. α-Particles are characterized by 
400-fold greater linear energy transfer than β-parti-
cles. Several hundred β-particle traversals through 
the nucleus are needed to induce cell death, which 
could be similarly induced by less than 10 α-de-
cays.20 α-Particles emitted by Ra-223 have a linear 
energy transfer of approximately 80 keV/μm. This 
high linear energy transfer causes dense ionization 
along the particle’s path, resulting in double-stranded 
DNA breaks in tumor cells. These breaks are diffi-
cult for cells to repair, leading to apoptosis and cell 
death. The high linear energy transfer ensures that a 
single α-particle has the potential to kill a cell, making 
α-emitters like Ra-223 highly efficient in targeting 
cancerous lesions. The α-particles are furthermore 
less susceptible to hypoxia. This trait contrasts with 
oxygen-dependent DNA damage caused by external 

beam RT or activation signaling pathways used in 
ARPIs and chemotherapeutic agents, which are also 
oxygen dependent.21 Finally, the cell killing by Ra-223 
is also independent of cell cycle status and dose 
rate.22

SHORT RANGE
The range of α-particles is less than 100 μm, corre-
sponding to a few cell diameters.23 This limited range 
confines the radiation to the immediate vicinity of 
bone metastases, sparing the surrounding normal 
tissues and minimizing systemic toxicity. This property 
is particularly beneficial for patients with mCRPC, who 
are often frail and unable to tolerate widespread radia-
tion exposure. The biodistribution, pharmacokinetics, 
and dosimetry of Ra-223 were studied in a phase 1 
trial in which a dose of 100 kBq/kg was administered 
to 6 patients treated twice, 6 weeks apart. The study 
showed that the gut was the main route of excre-
tion and simultaneously confirmed rapid reduction in 
radioactivity from the blood. The bone surfaces were 
observed to receive the greatest absorbed dose. 
Of note, the range of absorbed doses delivered to 
bone surfaces was extremely large, ranging between 
2.3 Gy/MBq and 13.1 Gy/MBq from α-emissions 
and between 9 mGy/MBq and 51 mGy/MBq from β 
emissions and γ emissions. The biodistribution and 

Abbreviation: Ra-223, radium-223 dichloride.

Table 1. Mechanism of Action of Ra-223

Mechanism Description
Bone targeting Ra-223 is a divalent cation that mimics calcium and selectively incorporates into sites of increased bone 

turnover, predominantly at bone metastases.
α-particle emission Ra-223 undergoes decay to release high-energy ⍺-particles with a short penetration range of <0.1 mm, confining 

radiation to tumor-adjacent bone surfaces.
DNA damage and tumor cell death α-Particles have approximately 80 keV/μm linear energy transfer, 400 times higher than β radiation, making 

them highly efficient at inducing clustered DNA double-strand breaks.
Limited off-target toxicity Because of the ultra-short range of α-particles, surrounding normal bone marrow and soft tissues are largely 

spared from radiation exposure.
Effects on bone microenvironment Ra-223 reduces osteoblastic activity, decreases angiogenesis, and stabilizes bone architecture, thereby 

mitigating tumor-driven bone degradation.
Immune modulation Ra-223 induces immunogenic cell death, increasing major histocompatibility complex class I expression and 

activating antigen-presenting cells through the release of damage-associated molecular patterns such as 
calreticulin and high mobility group box 1 protein.
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pharmacokinetic profiles were similar for both admin-
istrations. The ranges of absorbed doses delivered 
to the red marrow were 177 mGy/MBq to 994 mGy/
MBq from activity on the bone surfaces and 1 mGy/
MBq to 5 mGy/MBq from activity in the blood. No 
activity-limiting toxicity was observed at these levels 
of administration. A lack of either severe gastrointes-
tinal toxicity or severe myelotoxicity was assumed 
to be the result of the very short path length of the 
α-particles that did not uniformly irradiate the intes-
tinal walls from the gut contents or the marrow from 
the bone surfaces.24 In another phase 1 pharmaco-
kinetic and biodistribution study, Carrasquillo et al25 
conducted a stepwise activity escalation study of 
Ra-223 at 50 kBq/kg, 100 kBq/kg, and 200 kBq/kg 
doses in 10 patients. The investigators found a rapid 
clearance of the radioisotope, with fecal excretion 
as the major route of elimination, with low levels of 
urinary excretion.25

CYTOTOXICITY AND BONE 
MICROENVIRONMENT MODULATION
In addition to its direct cytotoxic effects on tumor 
cells, Ra-223 exerts substantial effects on the bone 
microenvironment, and it stabilizes bone architecture. 
These effects are mediated by different underlying 
mechanisms.
Radium-223 has been shown to forestall bone metas-
tases while preserving bone structure in prostate 
cancer xenograft models using lymph node carci-
noma of the prostate (androgen-sensitive) cell lines 
and LuCaP 58 (abiraterone-resistant) cell lines.14 
Mice with either cell line were given Ra-223 based 
on serum prostate-specific antigen levels, and the 
effect of Ra-223 treatment on several bone and tumor 
parameters was evaluated. Radium-223 reduced 
osteoblastic bone growth while preserving bone 
architecture and bone volume.26

Preclinical studies suggest that Ra-223 reduces 
angiogenesis within the bone microenvironment, 
thereby limiting the vascular supply to metastatic 
tumors. In a clinical study involving 22 patients with 
prostate cancer with bone metastasis, higher base-
line levels of specific cytokines, such as interleukin (IL) 
6, were strongly associated with OS. Specifically, IL-6 

levels above the median were associated with an infe-
rior OS compared with IL-6 levels below the median. 
The angiogenic biomarker placental growth factor 
furthermore inversely correlated with OS, supporting a 
potential relationship between Ra-223 and antiangio-
genic effects.27

IMMUNE MODULATION BY α-EMITTERS
Radium-223 and other α-emitters have been shown 
to interact with the immune system in several ways. 
Localized tumor cell death induced by Ra-223 
can release tumor-associated antigens, potentially 
priming the immune system for a broader anti-
tumor response.28 The α-particles could trigger 
immunogenic cell death that primes the immune 
system through the release of immunostimulatory 
damage-associated molecular patterns and of high 
mobility group box 1 proteins, activators of dendritic 
cells and T cells.29 Lower doses of radiation elicit 
sublethal DNA damage that is detected by the sensor 
cyclic GMP-AMP synthase and that leads to the 
production of type I interferon. Type I interferon may 
help prime tumor antigen–specific T cells and mount 
an adaptive response, which can lead to local and 
distant tumor cell killing.28,29 Cells receiving a sublethal 
dose of radiation undergo phenotypic changes such 
as increased expression of major histocompatibility 
complex, class 1, on the surface of cancer cells that 
may alter their susceptibility to immune response.28

By targeting areas of active bone remodeling, Ra-223 
may disrupt immunosuppressive signals from the 
tumor microenvironment. Radium-223 could also 
potentially enhance immune cell infiltration. A study 
involving 15 patients with mCRPC found that Ra-223 
treatment resulted in a clinically significant decrease 
in the mean frequency of programmed cell death 1 
protein, expressing effector memory CD8-positive 
T cells. The frequency of programmed cell death 
1 protein–positive effector memory CD8-positive T 
cells dropped from 21% before treatment to 15% 
after 1 treatment course (P = .02). This phenomenon 
suggests that Ra-223 may enhance T-cell function by 
decreasing inhibitory signaling.30

The findings from clinical trials that combined 
Ra-223 with immunotherapy, however, have been 
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inconclusive. In a randomized phase 2 study, the 
combination of Ra-223 and pembrolizumab was 
compared with Ra-223 alone in patients with 
mCRPC. The primary end point, involving differences 
in CD4-positive and CD8-positive T-cell infiltrates 
before and after treatment, showed no statistically 
significant improvement between the combination 
therapy arm and the Ra-223 treatment groups. For 
CD4-positive T cells, the median fold-change was 
−0.7 for the combination therapy group and 0.1 for 
the Ra-223 group (P = .66). For CD8-positive T cells, 
the fold-change was −0.6 with combination therapy 
and −1.3 with Ra-223 alone (P = .66), indicating 
minimal impact on T-cell infiltration.31

In another small study, 32 patients were randomly 
assigned to treatment with sipuleucel-T vs 6 cycles 
of Ra-223 with interdigitated sipuleucel-T. Patients 
in the sipuleucel-T alone group exhibited a 3.2-fold 
greater change in T-cell proliferation compared with 
patients receiving the combination therapy. Although 
both groups showed increased absolute antibody 
responses to target antigens (PA2024 and prostatic 
acid phosphatase), there were no statistically signifi-
cant differences between the groups in terms of the 
magnitude of response. Likewise, cytokine anal-
yses revealed no statistically significant changes in 
key immune mediators between the treatment arms. 
Despite the lower immune responses observed with 
combination therapy, clinical outcomes suggested 
substantial efficacy. Notably, the combination arm 
showed a higher proportion of patients achieving 
a decline in prostate-specific antigen levels greater 
than 50% (31% vs 0%) and significantly improved 
PFS compared with patients in the sipuleucel-T 
alone arm.32 This result suggests that there could be 
potential mechanisms by which Ra-223 and sipu-
leucel-T synergize, a hypothesis that requires further 
exploration.

Evidence Favoring the Use of 
Ra-223 in Prostate Cancer
The first in-human experience with Ra-223 was 
reported in a single-arm phase 1 trial of 25 patients 
with metastatic prostate or breast cancer and bone 

metastases. Remarkably mild hematologic toxicity 
was observed. Grade 3 neutropenia occurred in 2 
patients, and leukopenia occurred in 3 patients. Pain 
relief was reported by 52% of patients after 7 days, 
60% of patients after 4 weeks, and 56% of patients 
after 8 weeks. Median survival was more than 
20 months.33 Given these findings, studies continued 
to explore the utility of Ra-223 in patients with meta-
static prostate cancer, the most osteotropic of all 
malignancies. Among these studies, a randomized 
phase 2 trial enrolled 64 patients with mCRPC who 
required palliative external beam RT for their skeletal 
metastasis. Patients were assigned to either 4 cycles 
of Ra-223 (50 kBq/kg) or placebo. Although not a 
primary end point of the study, it was striking that OS 
was significantly better for patients in the Ra-223 arm 
after adjustment for baseline covariates. As expected, 
time to skeletal-related events was significantly 
prolonged in the Ra-223 group, with no statistically 
significant differences in hematologic toxicity.

EVIDENCE IN mCRPC
Radium-223’s efficacy in mCRPC has been exten-
sively studied in multiple trials, establishing it as a 
cornerstone of disease management for patients 
with mCRPC and symptomatic bone metastases. 
The pivotal study that established Ra-223 as a treat-
ment option for mCRPC is the ALSYMPCA trial 
(Table 2). This phase 3 randomized, double-blind, 
placebo-controlled trial evaluated the efficacy and 
safety of Ra-223 in men with symptomatic mCRPC 
and bone metastases. A total of 921 patients were 
assigned to receive 6 cycles of Ra-223 (50 kBq/kg) 
or matching placebo, with the primary end point of 
OS.5 The results demonstrated a statistically signif-
icant improvement in OS for patients treated with 
Ra-223 compared with patients receiving placebo, 
with median survival times of 14.9 months vs 11.3 
months, respectively, which translated into a 30% 
reduction in the risk for death (hazard ratio [HR], 0.70 
[95% CI, 0.58-0.83]; P < .001). Patients in the Ra-223 
arm also demonstrated longer time to first symptom-
atic skeletal event (median, 15.6 vs 9.8 months; HR, 
0.66 [95% CI, 0.52-0.83]; P < .001) than patients 
in the placebo arm.5 The serious adverse events in 
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the Ra-223 group included bone pain, anemia, and 
spinal cord compression. There was only 1 incident 
of a grade 5 thrombocytopenia event in the exper-
imental arm, possibly related to the study drug. A 
significantly higher percentage of patients receiving 
Ra-223 experienced meaningful improvement in 
EuroQol-5 Dimension utility score on treatment vs 
placebo (29.2% vs 18.5%, respectively; odds ratio, 
1.82 [95% CI, 1.21-2.74]).34 A near-contemporary 
phase 3b study reported the safety and efficacy of 
concomitant enzalutamide or abiraterone with Ra-223 
in which 58% of patients completed all 6 cycles of 
Ra-223. Among patients who were given at least 1 
dose of Ra-223, 58% experienced treatment-related 
adverse events. The most common grade 3 or higher 
adverse events were anemia (5%) and thrombocyto-
penia (2%), and median OS was 16 months (95% CI, 
13-not reached).35

Dosage of Ra-223 was investigated in another 
phase 2 trial in which patients were randomly 
assigned to 6 cycles of a standard dose (55 kBq/
kg every 4 weeks), a high dose (88 kBq/kg every 
4 weeks), or an extended dose (55 kBq/kg every 
4 weeks for 12 cycles) of Ra-223. There was no 

statistically significant difference in symptomatic 
skeletal event–free survival among the 3 groups with 
similar OS rates. The treatment-emergent adverse 
event rates were furthermore significantly higher in 
the high-dose and extended-dose arms. Six cycles 
of standard-dose Ra-223 therefore continue to be 
the appropriate treatment regimen for men with 
mCRPC.36

The safety and tolerability of ARPIs (abiraterone or 
enzalutamide) with concurrent Ra-223 were evaluated 
in 2 phase 2 trials (ERADICATE and ENZARADICATE) 
in patients with symptomatic mCRPC and bone 
metastases. In both studies, these combination regi-
mens demonstrated some clinical benefit without any 
undue increase in the risk for toxicity.37,38

Subsequently, the ERA 223 trial investigated the effi-
cacy of Ra-223 in conjunction with abiraterone for 
chemotherapy-naive patients with asymptomatic or 
mildly symptomatic mCRPC and osseous metas-
tases (Table 2).39 Overall, 806 patients were randomly 
assigned to receive Ra-223 or placebo in addition 
to abiraterone plus prednisone. The authors found a 
median symptomatic skeletal event–free survival of 
22.3 months in the Ra-223 group and 26.0 months 

Abbreviations: HR, hazard ratio; mCRPC, metastatic castration-resistant prostate cancer; OS, overall survival; PFS, progression-free survival; Ra-223, radium-223 dichloride.

Table 2. Level 1 Evidence Supporting Ra-223 Treatment in Patients With mCRPC

Study Design Population Key efficacy findings Toxicity findings
ALSYMPCA (2013) Phase 3 921 patients with 

symptomatic 
mCRPC and ≥2 bone 
metastases with no 
visceral metastasis

Ra-223 improved OS (median OS, 14.9 
mo vs 11.3 mo; HR, 0.70; P < .001) 
and delayed time to first symptomatic 
skeletal event (median, 15.6 mo vs 
9.8 mo; HR, 0.66; P < .001).

Hematologic toxicity: grade ≥3 anemia (13%), 
thrombocytopenia (6%), and neutropenia (3%). 
Other toxicity: gastrointestinal toxicities and fatigue

ERA (2019) Phase 3 806 patients with 
mCRPC and ≥2 skeletal 
metastases with no 
visceral metastasis

No OS benefit (HR, 1.19; P = .15); 
increased fracture risk without bone-
modifying agents (29% without agents 
vs 11% with agents)

Hematologic toxicity: grade ≥3 anemia (6%), 
thrombocytopenia (1%), neutropenia (1%)
Fracture rate: 29% with Ra-223 + abiraterone vs 11% 
with abiraterone alone. Among patients receiving bone-
modifying agents, the fracture rates were 15% vs 7% 
while patients not on bone agents had much higher 
fracture rates (37% vs 15%). 

PEACE III (2024) Phase 3 446 patients with 
mCRPC and skeletal 
metastasis—
asymptomatic or mildly 
symptomatic—with no 
visceral metastasis

Ra-223 + enzalutamide improved 
OS (median OS, 42.3 mo vs 
35.0 mo; HR, 0.69; P = .003); 
improved radiographic PFS (median 
radiographic PFS, 19.4 mo vs 16.4 
mo; HR, 0.69; P < .001)

Hematologic toxicity: grade ≥3 anemia (5%),  
neutropenia (5%)
Fracture rate: The cumulative fracture incidence for 
patients without bone-modifying agents was 37% in the 
combination arm, while the corresponding rate was 3% 
for patients with use of bone-modifying agents. 



7

Ra-223 in Prostate Cancer

Reviews in Urology   |   2025, Vol 24, Issue 1

in the placebo group (HR, 1.12 [95% CI, 0.92-1.37]). 
There was no difference in the radiographic PFS 
rates (11.2 months vs 12.4 months; HR, 1.15 [95% 
CI, 0.96-1.38]) or OS rates (HR, 1.19 [95% CI, 0.95-
1.51]) between the 2 arms. Serious treatment-re-
lated adverse events occurred in 41% of patients 
in the Ra-223 group and 39% of patients in the 
placebo group. Fractures occurred in 29% of patients 
receiving Ra-223 compared with 11% of patients in 
the abiraterone-only arm (HR, 3.13 [95% CI, 2.21-
4.45]). Osteoporotic fractures were the most common 
type of fracture in the Ra-223 group, and of all frac-
ture types, they differed the most between the study 
arms. Of note, the use of bone-modifying agents was 
not mandated in this trial. Only 39% of patients in the 
combination arm and 42% of patients in the placebo 
arm received them. In a post hoc analysis, among 
patients who used bone-modifying agents, 15% of 
patients in the Ra-223 arm and 7% of patients in 
the placebo arm experienced a fracture, while the 
corresponding fracture rates of patients not taking 
bone-modifying agents were significantly higher at 
37% in the Ra-223 arm and 15% in the placebo arm. 
These findings highlight the critical importance of 
optimizing supportive care such as bone-modifying 
agents when integrating Ra-223 into combination 
regimens. 
The PEACE III trial investigated Ra-223 in combi-
nation with enzalutamide (Table 2). It was a phase 
3 study that enrolled 426 patients across 12 coun-
tries from 2015 to 2023. Eligible patients had CRPC 
with bone metastases; were asymptomatic or mildly 
symptomatic; and had not received prior treatment 
with enzalutamide, apalutamide, darolutamide, or 
Ra-223. Patients were randomly assigned 1:1 to 
receive either 160 mg enzalutamide once daily (stan-
dard of care) or 160 mg enzalutamide once daily plus 
Ra-223 every 4 weeks for 6 cycles.40 To address 
the fracture risk noted in ERA 223, the trial protocol 
for PEACE III was amended to mandate the use of 
bone-modifying agents (denosumab and zoledronic 
acid) and baseline dual-energy x-ray absorptiometry 
scans. This amendment led to an increase in the use 
of bone-modifying agents, from 46% to 97%.41 The 
combination improved radiographic PFS (median 

radiographic PFS, 19.4 months vs 16.4 months; HR, 
0.69 [95% CI, 0.54-0.87]; P < .001) and OS (median 
OS, 42.3 months vs 35.0 months; HR, 0.69 [95% 
CI, 0.52-0.90]; P = .003). Time to next systemic 
treatment was also improved in the combination 
arm, with only 30% of patients in this treatment arm 
requiring a next-line systemic treatment at 24 months 
of follow-up compared with 51% of patients in the 
enzalutamide monotherapy arm (HR, 0.57 [95% CI, 
0.44-0.75]; P < .001). In contrast to the ERA 223 trial, 
there were no statistically significant differences in 
time to skeletal-related events, with 18% of patients 
in both arms having a skeletal-related event by 24 
months of follow-up. The most frequent grade 3 or 
higher treatment-emergent adverse events in the 
combination arm were hypertension (34%), fatigue 
(6%), anemia (5%), and neutropenia (5%). After 1 
year of treatment, the cumulative fracture incidence 
for patients without bone-modifying agents was 37% 
in the combination arm, while the corresponding 
rate was 3% for patients with use of bone-modifying 
agents. This trial confirmed that Ra-223 can be safely 
combined with ARPIs when adequate bone health 
measures are employed.
The combination of Ra-223 with other anticancer 
interventions, such as docetaxel, will become clearer 
with the results of the DORA trial (ClinicalTrials.
gov identifier NCT03574571), which is an ongoing 
phase 3 study evaluating Ra-223 use in combination 
with docetaxel for patients with mCRPC and exten-
sive bone metastases. Although the trial has not yet 
reported its findings, the results are highly anticipated 
because they could establish Ra-223 as a synergistic 
partner with chemotherapy in high-burden disease.
Real-world studies outside clinical trials have 
reported the safety and efficacy of Ra-223. In the 
RAPIT study by Huang et al,42 Ra-223 was first-
line therapy in 23.2% of patients and second-line 
therapy in 47.7% of patients. Approximately 84% 
of patients with first-line use of Ra-223 and 66% 
of patients with second-line use completed 5 to 6 
cycles of Ra-223. Any grade of treatment-emer-
gent adverse events occurred in 54% of patients 
(serious adverse events in 28.6% of patients), with 
2.2% being fractures.42 Median OS was 16 months 
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(95% CI, 12.1-19.5 months), which was congruent 
with clinical trial data. The findings were similar to 
those of REASSURE, another real-world observa-
tional study of Ra-223 use in patients with mCRPC. 
Concomitant enzalutamide was received by 31% of 
patients, and 47% of patients received concomitant 
bone health agents. Any grade of drug-related treat-
ment-emergent adverse events occurred in 32% of 
patients, and grade 3 or higher drug-related treat-
ment-emergent adverse events occurred in 10% of 
patients. Overall, 4% of patients had fractures, and 
2% of patients developed bone disorders. Median 
OS was 17.8 months (95% CI, 15.6-19.4 months).43 
In another report from the REASSURE study, 182 
patients received taxane-based chemotherapy after 
Ra-223, and only 2 of those patients had severe 
neutropenia during chemotherapy. Median OS was 
24.3 months from Ra-223 initiation and 11.8 months 
from the start of taxane therapy.44 Another small study 
with 49 patients (RALU) furthermore showed that use 
of Ra-223 therapy in patients with mCRPC does not 
obviate the possibility of using 177Lu-PSMA therapy.45 
Most common grade 3 or higher adverse events were 
hematologic (anemia in 18% of patients and throm-
bocytopenia in 2% of patients). Median OS from the 
start of Ra-223 was 31 months.

EVIDENCE IN mHSPC
The role of Ra-223 in mHSPC is emerging, with 
pivotal insights provided by the ADRAD trial46 and 
additional findings from the RAVENS trial47 along with 
other single-institution studies.

The ADRAD trial evaluated the integration of 
Ra-223 with external beam RT, ADT, and 6 cycles 
of docetaxel in patients with de novo mHSPC with 
at least 3 bone metastases and no visceral metas-
tases (Table 3).46 Patients were treated with a combi-
nation of external beam RT and Ra-223 for the first 
2 months, then Ra-223 only for the subsequent 4 
months of treatment. Patients treated with Ra-223 
achieved a median PFS of 20.5 months. Imaging 
assessments demonstrated that 80% of patients 
had a stable or reduced tumor burden on whole-
body magnetic resonance imaging after 6 cycles of 
Ra-223. By the end of the study, stable or reduced 
tumor burden was maintained in 56% of patients. 
Approximately 90% of patients exhibited reductions in 
alkaline phosphatase, reflecting robust activity against 
bone metastases. The alkaline phosphatase decline, 
along with reduction in tumor burden on magnetic 
resonance imaging, was evident in a subgroup of 
patients beyond 1 year after docetaxel comple-
tion. This observation suggests that certain patients 
derived anticancer benefit from the combination of 
Ra-223 and external beam RT beyond the effect of 
systemic therapy. Approximately 26.7% of patients, 
however, experienced fractures. Hematologic toxic-
ities were mild, with grade 3 leukopenia in 10% of 
patients and thrombocytopenia in 3.3% of patients. 
A biomarker substudy revealed that patients with late 
relapses had higher levels of DNA damage in circu-
lating lymphocytes along with a decrease in hemo-
globin and red blood cell counts relative to patients 
with early relapses.48 Increases in DNA damage 

Abbreviations: 1L, first line; HR, hazard ratio; mCRPC, metastatic castration-resistant prostate cancer; mHSPC, metastatic hormone-sensitive prostate cancer; NHA, novel hormonal 
agent; nmCRPC, nonmetastatic castration-resistant prostate cancer; PCa, prostate cancer; PSA, prostate-specific antigen; ref, reference.

Table 3. Emerging Evidence for the Role of Ra-223 in Treating Patients With mHSPC

Study Design Population Key findings
ADRAD (2021) Phase 2, single arm

(N = 30)
Patients with mHSPC with ≥3 bone 
metastases and no visceral metastasis

Ra-223 + external bean RT + ADT + docetaxel showed a median 
PFS of 20.5 mo; 80% of patients had a stable or reduced tumor 
burden on whole-body magnetic resonance imaging after 6 cycles 
of Ra-223; 26.7% fracture rate.

RAVENS (2024) Phase 2, randomized
(N = 63)

Patients with oligometastatic (≤3 bone 
metastases) oligorecurrent prostate 
cancer

No PFS benefit with Ra-223 + stereotactic body RT (median PFS, 
10.5 mo) vs stereotactic body RT alone (median PFS, 11.8 mo); 
HR, 1.37 (95% CI, 0.78-2.39)

SHARP (2024) Phase 2, single arm
(N = 25)

Patients with oligometastatic (≤5 
metastases) mHSPC

Promising PFS (82% at 1 y) and OS rates (96% at 1 y); no grade 
≥4 toxicity
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during the Ra-223–only cycles of treatment were 
specifically related to the response in these patients. 
These findings underscore the potential of radiosensi-
tivity markers to refine patient selection and optimize 
outcomes.
The RAVENS trial evaluated the addition of Ra-223 
to stereotactic body RT in recurrent oligometastatic 
(ie, ≤3 metastases and no visceral disease) pros-
tate cancer (Table 3). Patients receiving Ra-223 with 
stereotactic body RT (n = 30) had a median PFS of 
10.5 months compared with a median PFS of 11.8 
months in patients treated with stereotactic body RT 
alone (HR, 1.37 [95% CI, 0.78-2.39]).47 There was 
no difference in metastasis-free survival or ADT-free 
survival. One of the potential reasons for the limited 
efficacy of this combination could be lack of spatial 
synergism between the 2 modalities, especially in the 
context of limited metastatic disease burden. Both 
Ra-223 and stereotactic body RT in this trial predom-
inantly targeted bone metastases and thus failed to 
stall the emergence of disease failure.
In SHARP, another phase 2 single-institution trial,49 
Ra-223 was combined with 36 weeks of ADT and 
stereotactic body RT for 25 patients with oligomet-
astatic (≤5 metastases) mHSPC (Table 3). In addi-
tion, patients with de novo mHSPC received pros-
tate radiation with or without pelvic radiation. Patients 
received 6 infusions of Ra-223 starting 1 month after 
stereotactic body RT. Median time to treatment failure 
in the entire study cohort was 19.0 months, 34.3 
months for patients with de novo mHSPC, and 17.7 
months for patients with oligoprogressive mHSPC. 
Although the sample size and follow-up were limited, 
the survival results are promising. At 1 year, PFS was 
82.1% in all patients, 83% in patients with de novo 
disease, and 81% in patients with oligoprogressive 
mHSPC. Overall survival at 1 year was 96% in all 
patients, 100% in patients with de novo disease, and 
94% in patients with oligoprogressive mHSPC. No 
grade 4 or greater toxicities occurred, and 5 patients 
developed fractures. Interleukin-8 significantly 
increased from baseline to the end of treatment, 
and a reduction in proinflammatory IL-1β and tumor 
necrosis factor-α from baseline was observed.

BIOMARKERS FOR RA-223 USE
Biomarkers are increasingly recognized as critical 
tools for optimizing Ra-223 therapy because they can 
predict response and help refine patient selection. The 
automated bone scan index (aBSI) provides a quan-
titative assessment of metastatic osseous burden as 
a percentage of total skeletal weight using advanced 
imaging. Studies indicate that patients with lower 
baseline aBSI and minimal increases during treat-
ment derive better outcomes. For example, a base-
line aBSI less than 0.9 was associated with a median 
OS of 39.9 months compared with 15.2 months for 
an aBSI of at least 0.9 (HR, 5.87; P = .003). Overall 
survival was significantly longer for participants who 
had a relatively stable aBSI at 2 months relative to 
baseline (<0.7 increase) compared with patients with 
an increase of at least 0.7 (median OS, 36.6 vs 17.9 
months; P = .01).50 Circulating tumor cell counts and 
molecular profiles offer additional prognostic and 
predictive insights in the context of using Ra-223 to 
treat patients with Ra-223. High baseline circulating 
tumor cell levels (≥5/7.5 mL) and baseline expres-
sion of androgen receptor splice variant-7 have been 
shown to portend worse outcomes in patients with 
mCRPC treated with mCRPC.50 In another small 
study that randomly assigned 39 patients to treat-
ment with Ra-223 and enzalutamide vs treatment 
with Ra-223 alone, the authors noted a statistically 
significant decline in serum bone marrow microen-
vironment N-telopeptide levels with combination 
therapy. This decline correlated with superior pros-
tate-specific antigen response.51 Further studies are 
needed, however, for prospective validation of these 
emerging biomarkers and to determine their inde-
pendent or combined use in the context of Ra-223 in 
advanced prostate cancer.

Conclusions
Radium-223 is a valuable, life-prolonging therapeutic 
option for patients with mCRPC and bone-
predominant disease. Studies have provided robust 
evidence supporting its ability to prolong survival, 
delay skeletal-related events, and improve quality of 
life as a monotherapeutic agent. Recent evidence 
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also supports the utility of Ra-223 in combination 
with ARPI agents such as enzalutamide. The role of 
supportive care regimens such as bone-modifying 
agents, however, are pivotal in the context of such 
combination therapy. Emerging evidence shows 
the potential utility of Ra-223 in an mHSPC setting, 
though we need level I evidence to support the 
integration of Ra-223 into the current landscape of 
management in mHSPC. Ongoing studies will be 
crucial to refining its use in combination regimens, 
identifying predictive biomarkers, and exploring its 
potential role in immunomodulation and theranostics.
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