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Abstract: The vast majority of patients with metastatic castration-resistant prostate cancer
(mCRPC) develop bone metastases. Bone metastases are a source of significant morbidity
and affect quality of life in these patients. Several bone-targeting agents are approved for the
treatment of bone metastases in prostate cancer, including bisphosphonates, denosumab, and
radiopharmaceuticals. Radium-223 is a novel first-in-class alpha-emitting radiopharmaceutical
that has been approved for treatment of patients with mCRPC with bone metastases. Radium-223
delivers cytotoxic radiation to the sites of bone metastases and offers the advantage of minimal
myelosuppression. The landmark Phase III ALSYMPCA trial demonstrated that, in addition
to providing bone-related palliation, radium-223 can also prolong overall survival in patients
with mCRPC with bone metastases in the absence of visceral metastases and in the absence of
lymphadenopathy greater than 3 cm. Ongoing trials will further elucidate its use in sequence
or combination with other available therapies for mCRPC.
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Prostate cancer is a prevalent malignancy worldwide and remains the most common
noncutaneous malignancy in the USA.1 Androgen suppression therapy is the cornerstone
of therapy in metastatic prostate cancer. However, relapse usually occurs and prostate
cancer becomes castration-resistant. The first approved therapeutic agent that showed
a survival advantage in metastatic castration-resistant prostate cancer (mCRPC) was
docetaxel. Six years later, cabazitaxel was shown to overcome taxane resistance and
was approved in the second-line setting. More recently, two oral agents, abiraterone
and enzalutamide, gained approved for use in the treatment of mCRPC. Bone metastases from prostate cancer are a major cause of disease-related morbidity and mortality
and affect more than 90% of patients with mCRPC.2,3 Morbidity and mortality stem
from the increased bone pain, reduced hematopoiesis, increased risk of fractures,
malignant hypercalcemia, and increased skeletal-related events.4–6 The term skeletalrelated event encompasses complications of bone metastases that include pathologic
fractures, spinal cord compression, and need for surgery or radiation therapy, all of
which affect quality of life as well. Recently, more insight in the pathophysiology
of bone metastases has brought new bone-targeted agents aiming at reducing the rate
of skeletal-related events and improving survival.7 This review describes the recently
approved radiopharmaceutical agent radium-223, its mechanism of action, the clinical
trials involved in securing its approval, and its place in therapy in clinical practice.

Bone-targeted agents
The first class of agents investigated and approved for the treatment of skeletal-related
events in patients with mCRPC were the bisphosphonates. Bisphosphonates act by
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adhering to hydroxyapatite crystal-binding sites in the
bone matrix, therefore preventing osteoclast adherence and
inhibiting osteoclast progenitor differentiation and survival
by stimulating osteoblasts.8,9 Zoledronic acid is the only
bisphosphonate that the US Food and Drug Administration
(FDA) has approved to prevent skeletal-related events in
patients with mCRPC. In a randomized Phase III clinical trial,
zoledronic acid was found to decrease the rate of skeletalrelated events. However, it had no effect on overall survival,
performance status, disease progression, or quality of life.10,11
Pamidronate, on the other hand, failed to show a reduction in
skeletal-related events in two randomized, placebo-controlled
trials.12 Denosumab is a humanized monoclonal antibody
that binds to the pro-osteoclastogenic factor receptor activator of nuclear factor kappa B ligand (RANK-L), inhibiting
RANK-L-mediated bone resorption.13 Denosumab (Xgeva®;
Amgen, Thousand Oaks, CA, USA) was approved by the
FDA in November 2010 for the prevention of skeletal-related
events in patients with bone metastases from solid tumors
including prostate cancer. This approval was based on a
large randomized, double-blind Phase III clinical trial that
compared denosumab with zoledronic acid in patients with
bone metastases from prostate cancer.14 The median time to
the first skeletal-related event was significantly longer in the
denosumab arm compared with the zoledronic acid arm (20.7
versus 17.1 months, respectively; P=0.0002 for noninferiority
and P=0.008 for superiority, hazard ratio 0.82). Zoledronic acid
and denosumab are currently widely used in clinical practice
in combination with systemic therapy in prostate cancer.15
The other class of bone-targeted agents includes the radiopharmaceuticals.16 Radiopharmaceuticals emit either alpha

or beta particles, both of which deliver damaging radiation
to cancer cells. Historically, the most commonly used
radiopharmaceuticals are the b-emitters, ie, strontium-89
chloride (Metastron®; GE Healthcare, Arlington Heights,
IL, USA) and samarium-153 (Quadramet®; EUSA Pharma,
Oxford, UK).
Strontium-89 was initially approved by the FDA in 1993.
Its half-life is 50.5 days; it has a beta energy of 1.5 MeV
and is excreted rapidly via the renal route.17,18 The efficacy
of strontium-89, demonstrated as complete pain response,
ranged between 8% and 77% with a mean value of 32%,
while that for partial response was 44%, with a mean duration
of response of 15 months.19 The main toxicity of strontium-89
is hematologic, ie, a significant reduction in white blood
cells and platelets with a predicted nadir at 6 weeks and a
protracted recovery time of up to 6 months.20 Samarium-153
was approved by the FDA in 1997. Its half-life is 1.9 days,
and it provides rapid pain relief within 2–7 days.21–23 Multiple
clinical trials were conducted with these two agents, but none
demonstrated an overall survival benefit.24–29 These agents
are not commonly used in clinical practice, mainly due to
their severe side effects, including profound and frequent
myelosuppression. Another limitation of these β-emitters
is that they are renally excreted, which also limits their use.
Table 1 summarizes the characteristics of the different bonetargeted agents approved for use in mCRPC.

Mechanism of action of radium-223
Radium-223 dichloride (radium-223, Xofigo®, previously
known as Alpharadin, Bayer, Whippany, NJ, USA) is a
novel radioisotope that emits cytotoxic alpha particles that

Table 1 Bone-targeted agents approved by the US Food and Drug Administration for use in mCRPC
Mechanism of
action
Adverse effects
of interest
Efficacy

Zoledronic acid

Denosumab

Strontium-89

Samarium-153

Radium-223

Hydroxyapatite binder

RANK-L inhibitor;
inhibits osteoclasts
Hypocalcemia, ONJ

DNA damage via
beta-emission
Hematologic

DNA damage via beta
and gamma-emission
Hematologic

DNA damage via alpha
emission
GI

Significant delay
in SREs
Approved by FDA
in 2010
SC
120 mg SC every
4 weeks
Prevention of SREs
in mCRPC with
bone metastases

Significant decrease
in bone pain
Approved by FDA
in 1993
IV
1.5–2.2 MBq/kg,
40–60 µCi/kg body weight
Reduction of pain in
mCRPC with bone
metastases

Significant decrease
in bone pain
Approved by FDA
in 1997
IV
1.0 mCi/kg IV

Significant increase in OS,
SREs
Approved by FDA
in 2013
IV
50 kBq/kg IV every
4 weeks
mCRPC with bone
metastases in the
absence of visceral
metastases

Approval

ONJ, renal, flu-like
symptoms, hypocalcemia
Significant decrease and
delay in SREs and bone pain
Approved by FDA in 2002

Route
Dose

IV
4 mg IV every 3–4 weeks

Indication

Prevention of SREs
in mCRPC with bone
metastases

Reduction of pain in
mCRPC with bone
metastases

Abbreviations: IV, intravenous; SC, subcutaneous; FDA, US Food and Drug Administration; ONJ, osteonecrosis of the jaw; GI, gastrointestinal; SREs, skeletal-related
events; OS, overall survival; mCRPC, metastatic castration-resistant prostate cancer.
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have a high affinity for the bone matrix. Radium-223 acts
as a calcium mimetic by forming complexes with the bone
mineral hydroxyapatite in areas of high bone turnover,
thereby directly targeting the areas of bone metastases.30
The discovery of radium dates back to 1898 due to the
work of Marie and Pierre Curie. Radium-223 can be obtained
from actinium-227, the latter having the advantage of a long
half-life of 21.7 years.31 Radium-223 is soluble in water as
radium-223 chloride, and when administered intravenously,
decays over six steps to lead-207, releasing for each atom
four alpha particles (each composed of two protons and
two neutrons) and two beta particles, with alpha particles
emitting 95.3% of the energy and beta particles emitting
3.6%. Only 1.1% of the energy emitted is gamma rays. The
released alpha particles are directly cytotoxic to cells by
inducing double-stranded DNA breaks.31,32 Radium-223 is
excreted mainly through the gastrointestinal tract and has
a half-life of 11.4 days. Renal excretion is minimal, unlike
with samarium-153 and strontium-89.30
Compared with the beta-emitters, the radiation emitted
by radium-223 is more limited, with a much shorter track
length of less than 0.1 mm in tissue (compared with 0.6 mm
for samarium-153 and 2.4 mm for strontium-89), offering
the advantage of less myelosuppression. Alpha particles
also have the advantage of a higher mass as compared with
beta particles, thus higher linear energy transfer, resulting
in more cellular damage at a much shorter range with less
damage to normal cells.33 The favorable safety profile of
radium-223 led to multiple trials evaluating its efficacy in
bone metastases.

Preclinical and Phase I studies
Early preclinical studies of radium-223 in rats demonstrated a
bone distribution similar to that of strontium-89, with a bone
marrow-sparing advantage, and a selective concentration in
bone rather than soft tissues.34 In addition, experimental rats
that received chemotherapy and had bisphosphonate-resistant
bone metastases showed longer survival when treated with
radium-223.35 A dose-escalation Phase I trial that included
both breast and prostate cancer patients, of whom 15 had
prostate cancer, examined the safety of radium-223 in the
treatment of bone metastases.30 The results showed a significant decline in serum alkaline phosphatase of up to 52%,
a significant pain response in 60% of patients, with mild
and reversible myelosuppression. The pharmacokinetics,
pharmacodynamics, and biodistribution of radium-223 were
evaluated in a Phase II trial that included ten patients with
metastatic prostate cancer to bone.36 Three patients received
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injections of radium at a dose of 50 kBq/kg, another three
received radium at a dose 100 kBq/kg, and four patients
received 250 kBq/kg. Radium-223 was rapidly cleared from
the circulation, with only 0.5% of radium-223 remaining after
24 hours. The main excretion of the drug was gastrointestinal,
with minimal renal excretion. Given the pain relief, tolerability, and rapidity of clearance of the drug, a Phase II trial
was initiated in men with mCRPC who had pain requiring
external beam radiation therapy.

Phase II study
A double-blind, randomized Phase II trial evaluated the
effect of radium-223 in patients with mCRPC who had either
multiple bone metastases or one painful bone lesion with two
consecutive rising prostate-specific antigen (PSA) levels.37
The patients received external beam radiation and intravenous
radium-233 at 50 kBq/kg for a total of up to four injections
or external beam radiation and placebo. The two treatment
arms showed a similar hematotoxicity profile. The radium223 arm showed better efficacy, with a greater reduction in
alkaline phosphatase, a longer time to PSA progression, and
an increased time to skeletal-related events. In addition, a
trend for improved survival was noted when compared with
the placebo arm (65.3 weeks versus 46.4 weeks; P=0.066).
These results were confirmed in the 24-month follow-up
study, during which there was no increased rate of new
malignancies.38 Another double-blind Phase II study analyzed
the effect of four different doses of radium-223 (5, 25, 50,
100 kBq/kg) in 100 patients with mCRPC. Pain reduction
was noted as early as 2 weeks after the injection, and after
8 weeks, 40%, 63%, 56%, and 71% of patients in the 5, 25,
50 and 100 kBq/kg groups, respectively, had pain reduction,
and no major adverse events were noted.39

ALSYMPCA trial
ALSYMPCA (ALpharadin in SYMptomatic Prostate Cancer)
is a randomized, double-blind, Phase III clinical trial that
led to FDA approval of radium-223 in the USA on May, 15,
2013 for metastatic prostate cancer to bone in the absence of
visceral metastases.40 This landmark trial is the first to show
an overall survival benefit with the use of a radioisotope. The
primary endpoint of the study was overall survival. A total
of 921 patients across 19 countries were recruited into the
trial. The patients had to have symptomatic bone metastases
at two or more sites in the absence of visceral metastases.
The patients had either previously received docetaxel, were
deemed not candidates for docetaxel, or refused docetaxel.
The enrolled patients were randomized in a 2:1 ratio to
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receive either six cycles of radium-223 at a dose of 50 kBq/kg
every 4 weeks in addition to best standard of care or six cycles
of placebo every 4 weeks in addition to best standard of care.
The patients were enrolled from June 2008 until February
2011. In the middle of 2011, a planned interim analysis
showed a survival benefit of radium-223 and the trial was
stopped early. The arms of the study were balanced in terms
of baseline characteristics. The median age of the patients
was 71 years. In both arms, 57% of the patients have previously received docetaxel. An overall survival of 3.6 months
was noted in favor of radium-223 (14.9 versus 11.3 months,
P=0.00185, hazard ratio 0.695) and the study met its primary endpoint,40 regardless of docetaxel use.41 Secondary
endpoints all favored radium-223. Notably, the number of
skeletal-related events was reduced and the median time to
a skeletal-related event was prolonged in the radium-223
arm by around 6 months (15.6 versus 9.8 months, hazard
ratio 0.66, 95% confidence interval 0.52–0.83, P=0.00037).42
Other secondary endpoints (PSA response, time to PSA progression, change in alkaline phosphatase) were also in favor
of radium-223. In addition, a higher percentage of patients
in the radium-223 arm had a significant improvement in
their quality of life as assessed by the FACT-P (Functional
Assessment of Cancer Therapy-Prostatic) score (25%
versus 16%, P=0.02). Radium-223 yielded no severe grade
adverse events. Most notably, the incidence of grade 3 and 4
anemia, neutropenia, and thrombocytopenia was minimal
(1.8%, 0.7%, and 3.2%, respectively). Interestingly, more
adverse events occurred in patients treated with placebo than
with radium-223 (96% versus 93% all grade adverse events,
respectively, and 62% versus 56% grade 3 and 4, respectively). In the subgroup analysis looking at patients with
prior docetaxel exposure, a higher incidence of grade 3–4
thrombocytopenia was shown in those who received radium223 at 9% (31 of 347 patients) versus only 3% (five of
171 patients) in the placebo group.41 Reassuringly, no
differences in grade 3–4 anemia or neutropenia was seen in
either treatment group.
The enrolled patients entered a designated 3-year
follow-up program after receiving six injections of radium223 or placebo. A total of 574 patients from 921 patients
entered the follow-up program (n=406 received radium-223
and 168 received placebo). A total of 322 patients in the
radium-223 group withdrew from the follow-up program
(79%) and 144 withdrew from the placebo arm (86%), the
most common cause being death. The median duration of
follow-up was 10.4 months for the radium-223 group and
7.6 months for the placebo group. Only 20 patients (16 in the
radium-223 group and four in the placebo group) completed
1106
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the 3-year follow-up. In addition, long-term follow-up of the
ALSYMPCA trial at 1.5 years showed that radium-223 continues to be very safe, with no increased incidence of second
cancers, acute myelogenous leukemia, myelodysplasia, or
aplastic anemia.43

Future directions
Timing of the use of radium-223 in the treatment sequence
of mCRPC remains a challenging and unanswered question,
given the vast availability of a wide range of therapies, ranging from chemotherapy, oral androgen inhibitors, and other
bone-targeted therapies. The efficacy of radium-223 seems to
be independent of prior use of docetaxel, and its safety profile
seemed similar both in the pre-docetaxel and post-docetaxel
setting, except for higher hematologic toxicity and nausea
and vomiting in the post-docetaxel setting and higher benefit in delaying skeletal-related events in the post-docetaxel
setting than in the pre-docetaxel setting. The mechanism of
action of radium-223 does not appear to prohibit the use of
other available systemic therapies in mCRPC, and while
the pivotal ALSYMPCA trial only allowed use of best supportive therapy with older agents, such as ketoconazole,
newer androgen-targeting agents like abiraterone or enzalutamide can conceivably be combined with radium. To this
end, several ongoing trials will further elucidate its place
in combination or sequence with other agents, including
abiraterone and enzalutamide (Table 2), further establishing
its role in the treatment of mCRPC. The utility of combining
radium with docetaxel was also examined in a Phase I/II trial
(NCT01106352) that showed the combination was efficacious
and safe, although the Phase II trial dose of docetaxel had to be
reduced to 60 mg/m2 to avoid additional hematologic toxicity.
Future questions regarding the utility and added benefit of
administration of radium-223 beyond the six doses given in
the registration trials would also be worthy of investigation.

Conclusion
Data available on radium-223 suggests that this agent, in addition to improving pain, delaying the time to opiate use and
external beam radiation, and improving quality of life, does
prolong survival. Radium is an attractive option in patients
either post docetaxel because of failure or patients who are
otherwise not candidates for cytotoxic chemotherapy because
of frailty or refusal. The National Comprehensive Cancer
Network therefore includes radium-223 as a recommended
option for treatment of mCRPC in the first-line setting
as well as post docetaxel. The current recommended dose
of radium-223 is 50 kBq/kg, administered by a slow intravenous infusion over one minute every 4 weeks for a total
OncoTargets and Therapy 2015:8
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Table 2 Selected clinical trials using radium-223 in prostate cancer
Clinical trial design

Title

Status

Primary endpoints

Secondary endpoints

NCT02278055
Phase II

Nonrandomized trial assessing pain efficacy
with radium-223 in symptomatic mCRPC

Recruiting

Pain response

NCT02043678
Phase III, randomized,
double-blind

Radium-223 dichloride and abiraterone acetate
compared with placebo and abiraterone acetate
for men with cancer of the prostate when
medical or surgical castration does not work
and when the cancer has spread to the bone,
has not been treated with chemotherapy, and
is causing no or only mild symptoms (ERA 223)
Retreatment safety of radium-223 dichloride in
castration-resistant prostate cancer with bone
metastases

Recruiting

Symptomatic SRE-free
survival

Decline in alkaline
phosphatase and other
bone markers
OS, time to opiate
use, pain progression,
chemotherapy,
radiologic PFS, adverse
events

Recruiting

Pain improvement, time
to pain improvement,
radiologic PFS, OS, time
to SREs

NCT02135484
Observation, open-label
NCT02225704
Phase II

Radium 223 in castrate-resistant prostate
cancer bone metastases
Radium-223 in combination with enzalutamide

Recruiting

Treatment-related adverse
effects, change in blood
counts, number of patients
who discontinued treatment
Markers in predicting OS

Active, not
recruiting

Safety, adverse events

NCT01810770
Phase III

Radium-223 dichloride (Ra-223 Cl2) Asian
population study in the treatment of CRPC
patients with bone metastasis
A randomized phase IIa efficacy and safety study
of radium-223 dichloride with abiraterone
acetate or enzalutamide in mCRPC
Open label phase two trial of radium Ra 223
dichloride with concurrent administration
of abiraterone acetate plus prednisone in
symptomatic castration-resistant (hormonerefractory) prostate cancer subjects with bone
metastasis (eRADicAte)
Standard dose versus high dose and versus
extended standard dose radium-223 dichloride
in castration-resistant prostate cancer
metastatic to the bone
Radium Ra 223 with enzalutamide in men with
metastatic castration refractory prostate cancer

Recruiting

OS, adverse events

Time to pain,
progression, PSA
response, OS
Change in PSA, time to
PSA, progression, SREs

Recruiting

Bone scan response

OS, time to
progression

Recruiting

Efficacy

Safety

Recruiting

SRE-free survival

OS, time to radiologic
progression,
improvement in pain

Recruiting

Level of bone formation
markers

NCT01934790
Phase I/II

NCT02034552
Phase II
NCT02097303
Phase II

NCT02023697
Phase II

NCT02199197
Phase II

Abbreviations: OS, overall survival; SRE, skeletal-related event; PSA, prostate-specific antigen; PFS, progression-free survival; mCRPC, metastatic castration-resistant
prostate cancer.

of six doses. The question of its optimal use and sequence
among the other agents approved in mCRPC remains to be
answered, but it certainly is a welcome addition to the arsenal
of treatment for mCRPC.
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