
Abstract. 223Ra prolongs overall survival in symptomatic
patients affected by multiple bone-metastatic castration-
resistant prostatic cancer, without visceral or nodal
involvement. However, many questions remain about its
mechanisms of action, and its use in clinical practice is still
unresolved. First of all, what is the main target of alpha-
particle emission, that is, in what way does it influences the
tumor microenvironment? When is the best timing in the
course of the disease, extending its use to asymptomatic low-
volume or even to the micrometastatic phase? What are
suitable biomarkers to be employed as prognostic factors
and response indicators? Which associations with other
drugs and their sequence can offer the best results, and is
their effect additive or synergistic? Ultimately, in the current
climate of spending review, what is the optimal cost and
benefit ratio regarding available treatments? In this review,
we tried to answer these questions by analyzing the available
scientific literature.

Prostate cancer (PCa) is the most common malignancy in men
(1). In patients affected by advanced PCa, defined as hormone-
sensitive disease since the tumor still requires androgen for
growth, androgen deprivation therapy (ADT), including
luteinizing hormone-releasing hormone (LHRH) agonists,

antagonists and anti-androgens, represents the first-line
treatment. Unfortunately some cancer cells develop resistance
to ADT, indicating the progression of the disease to metastatic
castration-resistant prostate cancer (mCRPCa). Such resistance
to castration occurs in most patients (2) and, despite the
approval of new therapeutic agents, mCRPCa remains a lethal
disease (3). Nowadays the new therapeutic landscape for
patients affected by mCRPCa aims to extend overall survival
(OS) and includes cytotoxic, new-generation anti-androgens,
immunotherapeutics and radiopharmaceuticals (4, 5).

Bones are the preferred site of metastasis. Almost 90% of
men who die from PCa have bone-metastatic disease (6), with
a 5-year OS rate of 20%. Due to the fragility of bone with
metastases, with the related risk of pain, fractures, spinal cord
compression and hematological consequences, several drugs
have been developed to treat the osseous involvement of this
disease. In previous years, the optimal treatment aimed to
relieve pain and reduce skeletal morbidity. 

Besides systemic therapies, bone-targeted agents that
focus their activity on bone, such as bisphosphonates,
monoclonal antibody and radiopharmaceuticals, have
become available. The bisphosphonate zoledronic acid, the
antibody to receptor activator of nuclear factor kappa-B
ligand (RANKL) denosumab and radiopharmaceuticals [such
as 89Sr and 153Sm-ethylene diamine tetramethylene
phosphonate (153Sm-EDTMP)], were approved for delaying
skeletal-related events (SREs) and for the palliation of bone
pain from mCRPCa. 

Radionuclide Therapy

Radionuclide therapy is known to deliver ionizing radiation
to tumor sites, thereby killing cancer cells (7). Bone-targeted
radiopharmaceuticals localize their radiation to sites of high
bone remodeling. 
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The first beta particle-emitting radiopharmaceuticals were
considered only to be able to palliate pain as the long range
of beta-particle radiation (several millimeters) is thought to
irradiate cells near the target tumor, causing bone marrow
depletion. As a side-effect of such therapy, thrombocytopenia
is more common than neutropenia, and this represents a
limiting factor that does not allow repeated administrations
(8). Although these radiopharmaceuticals may confer a
benefit in terms of survival, their impact on OS has not been
studied in adequately designed trials (9).

Disregarding 32P, whose use was abandoned due to high
myelotoxicity, and 117mSn-diethylenetriaminepentaacetic
acid (117mSn-DTPA), which never became marketable, two
beta-emitting bone seekers are actually on the market: 89Sr-
chloride and 153Sm-EDTMP. 

89Sr-Chloride is a pure beta particle-emitting calcium
analog (half-life of 50.5 days, beta energy of 1.5 MeV) with
potential tumoricidal effect. It is taken up into inorganic bone
matter and is able to palliate bone pain in a dose-related
manner. It reduces the incidence of spinal cord compression
and slightly increases the median OS if associated with
chemotherapy (10). Its main disadvantage is hematological
toxicity due to its 2.4 mm range of tissue penetration. The
nadir of platelet depression was reported to be 4-6 weeks or
12-16 weeks with 6-week-long duration. The response time
was 2 or 3 weeks in 65-90% of patients (11). 

153Sm-EDTMP (half-life 1.9 days, 28% gamma emission,
which allows the scintigraphic evaluation of dosimetry and
biodistribution) penetrates tissue to 0.6 mm, leading to dose-
related pain relief although with a mild myelosuppression (12-
15). Pain reduction begins between 1 to 4 weeks and persists
as long as 17 weeks (11). The nadir of platelet and white cell
reductions was between 3 to 6 weeks after injection, with
complete recovery by week 8-9 (15-18), less delayed and
shorter in duration than with 89Sr. There is no evidence
regarding samarium improving OS when used as a single agent
but this was hypothesized when 153Sm is used sequentially or
combined with docetaxel (19-21) or immunotherapy (22).

On the other hand, alpha particle-emitting nuclides
characterized by a narrow path length and high linear energy
transfer value are able to deliver their energy with a smaller
diameter, inducing double-strand DNA breaks, leading to
irreparable DNA damage and cell death, sparing the
neighboring non-targeted areas such as the bone marrow, in the
case of bone seekers. Alpha particles are considered more
cytotoxic than beta particles, especially under hypoxic
conditions (23, 24) and, because of their higher biological
efficacy, the required activity is lower than that of beta particles.

Radium-223 Chloride

The history of radium isotopes in medicine spans more than
a century. 223Ra was the pioneer alpha particle-emitting

agent (half-life of 11.4 days, 95.3% of the total decay energy
released as alpha particles, 3.6% as beta particles and 1.1%
as gamma rays) (25) approved by national agencies as
therapeutic radiopharmaceutical. The median and maximum
path length are 60 and 100 μm respectively with a linear
energy transfer value of 80 KeV/μm.

223Ra is a bone-targeting agent rather than a specific
cancer-targeting one. Mimicking calcium ions, it is
adsorbed at sites of active mineralization in bone (26),
concentrating at the bone surface without the need for a
carrier molecule. It forms complexes with hydroxyapatite,
in particular in areas characterized by high osteoblastic
turnover, such as PCa metastatic foci where osteoblasts
surround PCa cells.

223Ra is rapidly cleared from the bloodstream after
intravenous administration, with a volume of distribution of
about 23 l. About 14% is present in plasma at the end of
infusion, 2% at 4 h and less than 1% at 24 h. The main route
of excretion is intestinal (about 51% at 24 h), while urinary
excretion is negligible, approximately 5% (27).

Experimental Data

The in vitro action of 223Ra was investigated by Suominen
and co-workers, who showed an inhibitory effect on
proliferation of breast cancer cells and differentiation of
osteoblasts and osteoclasts (28).

Significant antitumoral effect was demonstrated in an
experimental osseous metastasis model in nude rats which
received 106 MT-1 human breast cancer cells. Animals
receiving ≥10 kBq of 223Ra had a significant symptom-free
survival, about 40% of them were alive beyond the 67-day
follow-up period, while untreated animals had to be
sacrificed 20-30 days after injection because of tumor-
induced paralysis. No bone marrow toxicity was detectable
(29). The same group estimated the dose to marrow cavities
in mice and showed that the 223Ra alpha-particle emitter
might have a marrow-sparing advantage compared with the
beta particle-emitter 89Sr (30). 

In a mouse model of breast carcinoma skeletal metastasis,
223Ra as monotherapy prevented tumor-induced cachexia,
reduced osteolysis and augmented survival, with further
improvement if associated with zoledronic acid or
doxorubicin. A very interesting finding was that more
pronounced effects were observable if 223Ra was
administered in a preventative or micrometastatic setting
(28).

In a naïve and mouse model of PCa bone metastasis
Abou et al. observed that Ra accumulation did not
correspond to bone volume or surface area but to local
blood vessel density. Blastic and lytic lesions exhibited the
same uptake, approximately equal to that of normal
remodeling bone (31).
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Clinical Studies

While the studies about older bone-targeting
radiopharmaceuticals focused on pain relief, with the
introduction of 223Ra, OS became the primary endpoint and
symptomatic skeletal-related events (SREs), quality of life
and biochemical responses were the secondary endpoints.
The Committee for Medicinal Products for Human Use of
the European Medicinal Agency accepted Xofigo®, whose
active component is 223Ra dichloride, and accelerated its
placement in clinical praxis based on the therapeutic
innovation, considering the unmet medical needs and the
novel mechanism of action (32). 

The ALSYMPCA trial was the main multicentric pivotal
study for 223Ra. It randomized 921 patients with bone-
metastatic hormone-refractory PCa to receive either 223Ra
chloride (50 kBq/kg i.v., at 4-week intervals) or placebo for
four or six doses, both in combination with the best standard
of care [local external beam radiation therapy (EBRT),
corticosteroids, anti-androgens, estrogens and estramustine].
The main inclusion criteria were serum testosterone 
≤50 ng/dl, bilateral orchiectomy or current therapy with
LHRH analogs, prostate-specific antigen (PSA) progression,
at least two symptomatic skeletal metastases on bone
scintigraphy, symptomatic disease, no visceral metastases, no
scheduled chemotherapy within the following 6 months,
Eastern Cooperative Oncology Group (ECOG) performance
status 0-2 and a life expectancy ≥6 months.

Exclusion criteria were treatment with cytotoxic
chemotherapy within the previous 4 weeks or radionuclide
therapies for body metastases within the previous 24 weeks,
malignant lymphadenopathy ≥3 cm in diameter, spinal cord
compression on magnetic resonance imaging, other
malignancy treated in the previous 5 years (with the
exception of non-melanoma skin cancer or low-grade bladder
cancer). Concurrent use of abiraterone or enzalutamide was
not permitted. Patients were stratified on the basis of
baseline alkaline phosphatase (ALP) level, bisphosphonate
use and previous docetaxel therapy.

In this landmark trial, Xofigo® demonstrated its efficacy
in improving OS [14.9 months vs. 11.3 months; hazard ratio
(HR)=0.70, 95% confidence interval (CI)=0.58-0.83;
p=0.00185) as early as the first pre-specified interim
analysis, planned after 320 events (33) regardless of the
extent of disease, previous docetaxel or concurrent
bisphosphonates (34, 35). The time to first symptomatic
SREs (15.6 vs. 9.8 months; HR=0.66, 95% CI=0.52-0.83;
p<0.001) (36), time to increased ALP (HR=0.17, 95%
CI=0.13-0.22; p<0.001) (35) and time to increased PSA
(HR=0.64, 95% CI=0.54-0.77; p<0.001) were also
prolonged. 

The quality of life was improved (p=0.02) and
deterioration in ECOG-PS of 2 or more points was

significantly lower in the 223Ra-treated group (HR=0.62,
95% CI=0.46-0.85; p=0.003); decline in serum ALP level
from baseline was seen more frequently with 223Ra (87% vs.
23%, p<0.001). 

The safety of 223Ra was also demonstrated since grade 3
and 4 myelotoxicity were infrequent (37, 38). Nadir of
myelotoxicity occurred at 2-4 weeks after treatment and
recovery was in 24 weeks (34). In any case, myelosuppression
was dose-related and reversible. However, more common non-
hematological toxicities, such as diarrhea, nausea, vomiting
and fatigue, were more frequent than with other novel
therapies, such as abiraterone and enzalutamide, although
easily manageable (33). In Nilsson et al.’s studies, constipation
was reported more frequently than in the placebo-treated
group (37, 38). Patients pretreated with docetaxel or having a
greater extent of osseous disease (>6 metastases) seemed to
have a slightly higher risk of myelosuppression. They were at
higher risk of grade 3-4 thrombocytopenia or grade 2-3
anemia (39-41). Pain relief duration was 44 days at the
approved dose of 50 kBq/kg.

There are several critical issues regarding the
ALSYMPCA trial. After the planned interim analysis (OS of
14 vs. 11.2 months for the experimental and control arm
respectively, HR=0.70; p=0.002), the study was unblinded
and the independent data monitoring committee
recommended early trial discontinuation and crossover of
patients in the placebo group to radium-223 treatment. At the
planned 3-year follow-up analysis, the OS was 14.9 vs. 11.3
months (HR=0.70, 95% CI=0.58-0.83; p<0.001). However,
this early stopping carries the risk of an overestimation of
OS benefit (42). 

In addition it is important to recognize that 223Ra was never
administered as a monotherapy but always in combination with
hormonal agents, dexamethasone, ketokonazole and anti-
androgens. A total of 87% of patients had 0-1 ECOG
performance status and, in our opinion, the population with
ECOG performance status of 2 or more was too small for
transferability of results to a routine clinical context. 

Docetaxel-naïve patients were poorly represented in the
ALSYMPCA trial (43%) and the selection of patients who
did not require chemotherapy remained very difficult.

On the basis of the results of the ALSYMPCA trial,
national medicinal agencies imposed eligibility criteria for
223Ra treatment accessibility (6). These eligibility criteria are
the definitive diagnosis of symptomatic CRPCa, with only
prostate bed and bone localization, serum testosterone level
lower than 50 ng/dl, M1 stage, no previous treatment with
223Ra or concomitant treatment with abiraterone,
enzalutamide or other chemotherapic agents, with an ECOG
performance status lower than 4. There is no mention of
previous docetaxel treatment or not. Sequencing and
combination of available drugs with their synergistic or
indesiderable additive effects are still unsolved questions, as
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well as questions related to which treatment is characterized
by a better cost to benefit ratio.

In general, the accessibility of drugs and patient
comorbidity affect the choice of treatment. The National
Institute for Clinical Excellence (NICE; UK) also
recommends considering the performance status. As reported
by Omlin et al., all survival-prolonging treatments can be
recommended in mCRPCa, it being shrewd to inform patients
with more advanced disease of the lower response rate (43). 

Docetaxel is a chemotherapeutic agent of the taxane class,
able to inhibit microtubules. Since 2004, 75 mg/m2 docetaxel
administered 3-weekly represents the gold standard drug for
CRPCa and in combination with prednisone represents the
accepted standard first-line chemotherapy regimen for
mCRPCa (44, 45). Docetaxel confers moderate benefits in
terms of OS and is associated with significant gastrointestinal
toxicity, neutropenia and neuropathy (8). NICE recommends
docetaxel if the performance status is good. 

Several clinical trials showed increased toxicity and no
survival advantage from combining docetaxel with other
agents (43) and the role of other treatments in pre, post, or
concomitant docetaxel settings is still under discussion. 

Sipuleucel-T is an anticancer vaccine able to improve OS
in patients with asymptomatic or minimally symptomatic
mCRPCa, designed for the earlier stage of the disease, in a
pre-docetaxel setting (46).

Abiraterone and enzalutamide are molecules belonging to
the new-generation anti-androgen class. The former is a new
molecule targeting an enzyme in the androgen synthetic
pathway. In combination with prednisone or prednisolone, it
was initially approved for asymptomatic or mildly
symptomatic patients who have failed a previous docetaxel
regimen, and more recently for patients intolerant to
chemotherapy (47, 48, 49). Enzalutamide was initially
available for second-line therapy of CRPCa and subsequently
demonstrated efficacy in prolonging survival in the pre-
chemotherapy setting (33, 50, 51, 52).
Bisphosphonates, zoledronic acid (53) and mostly

antibodies to RANKL (denosumab) are able to delay SREs
(20), the combined use of these agents with 223Ra can
achieve a synergistic effect (6, 35). In addition prostate-
specific membrane antigen (PSMA) seems to be a promising
diagnostic and therapeutic target (54) for CRPCa even if it
has not been tested in humans yet.

Therefore, if other beta-emitting radiopharmaceuticals
were considered as a last option for patients not amenable to
other pharmacological therapies, the use of 223Ra as first-line
therapeutic agent or in subsequent lines of therapy is a
challenge for physicians (55).

NICE guidance recommended 223Ra post docetaxel-based
treatment as second-line option and abiraterone for patients
affected by mCRPCa previously treated with docetaxel (56).
The only comparison between 223Ra and abiraterone is an

indirect one (57). The National Comprehensive Cancer
Network guidelines considered 223Ra as first- or second-line
option (58). It is necessary to underline that each drug is
primarily utilized in the same setting as its pivotal trial. For
instance, sipuleucel-T was tested in symptomatic or mildly
symptomatic patients with mCRPCa, who were mostly
docetaxel naïve, so it was designed for the pre-docetaxel
setting (46). The new hormonal agents abiraterone and
enzalutamide were originally studied and registered in the
post-docetaxel setting, but due to evidence-based medicine
findings, the first has already been transferred to the pre-
chemotherapy territory (48). The second will be soon shifted
to the same context of chemotherapy-naïve patients.

Of course, while the past custom was a watchful and
waiting approach, in the current period, best supportive care
adopted in the ALSYMPCA trial is no longer considered the
standard of care for mCRPCa. 

Saad et al.’s (59) and Sartor et al.’s (60) findings showed that
previous treatment with abiraterone or enzalutamide seemed to
reduce the probability of completing the assigned six cycles of
223Ra; this could justify the employment of 223Ra as first
approach for mCRPCa. These findings could reflect the worse
prognoses of patients who failed hormonal therapies or they
could suggest the earlier use of 223Ra as first lines of therapy.
Others proposed the use of more toxic docetaxel or cabazitaxel
only after hormonal agents or 223Ra become ineffective (61).
Saad et al. in their analyses verified longer OS in patients who
received 223Ra with concomitant abiraterone, enzalutamide or
both compared to patients who received 223Ra alone, and
observed a longer OS in patients who were abiraterone and
enzalutamide naïve at baseline (5). Co-treatment with 223Ra and
denosumab was also able to increase OS. An advantage of this
trial was that it was well representative of currently treated
patients with mCRPCa, including both symptomatic and
asymptomatic patients and those who had received newly
hormonal therapies. All combinations were generally safe. No
difference in survival was found associated with previous
docetaxel use. Although supporting the strategy of 223Ra based
combinations to overcome resistance, these data are not
sufficient to ensure efficacy in all patients. Further studies will
be necessary to confirm these findings.

Taneja considers 223Ra chloride administrable concomitantly
with chemotherapy (62), but this is still to be proven and not
yet allowed in Italy.

Another aspect that should be analyzed is that other drugs
could be administered until disease progression or
tolerability, while the repeatability of the 223Ra treatment has
been not explored.

Mechanism of Action 

The radiopharmaceutical site of deposition is another
considerable factor in predicting the effectiveness of the
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treatment. In fact, radiopharmaceuticals act both
volumetrically and superficially on bone and, mostly for
short-range particles, they must reach the nucleus of the cell
where they can interact with DNA and exert their killing
action. Regarding this, Guerra Liberal et al. underlined that
223Ra alpha particles seemed an optimal strategy for the
treatment of bone micrometastases (63). Is micrometastatic
disease the only setting for the usefulness for the short range
of action of 223Ra? The physically larger alpha particle
manifests a shallow penetration until the cortical bone region
where the metastases should be located (64). In their model,
for the estimation of osseous radiation absorption, Hobbs et
al. attested that the majority of radiation dose is deposited
near the trabecular elements (65). Moreover, dosimetric
considerations indicated that assuming a 0.67 Bq/mm2 dose
of 223Ra on the surface of a sphere with 250 μm radius, the
estimated absorbed dose quickly decreased from 65 Gy to 
0 Gy at from 5 μm to 70 μm deep, respectively. In such a
way, 223Ra can deliver a lethal dose to small foci of cancer
cells or micrometastases (30). In addition, 223Ra uptake in
the bone microenvironment surrounding metastatic foci is
approximately the same in both osteolytic and osteoblastic
tumors, opening new perspectives for the treatment of other
cancer types (31).

Alpha-particle emitters are more toxic towards single cells
than beta ones (66), but it is unknown if the larger skeletal
tumor burden is irrelevant in the efficacy of 223Ra. Due to
the short range of action, which confers very low
hematological toxicity, alpha particles might not be able to
reach the inner marrow areas where frequently prostate
cancer cells are detected (67), nor the inner part of larger
metastases, even if of few millimeters in diameter. Regarding
Shore’s declaration that 223Ra directly targets the cells of
bone metastases, another aspect to be considered is the
fundamental interaction between PCa cells and the bone
environment, which is not yet well understood (64). 

The efficacy of 223Ra might be due to an effect on the
microenvironment, including vessels and stroma, which
induces tumor regression. This concept allows us to shift
attention from cancer cells to the tumor microenvironment.
PCa cells require additional events in order to colonize bones
(68, 69). Bones must provide a favorable environment to
promote tumor cell attachment, as previously described by
Paget in his ‘seed and soil’ theory, which explained
metastasis organ-specificity (70). 

More recently the ‘pre-metastatic niche model’ proposed
by Psaila and Lyden assumes that the remodeling of the
distant metastatic site precedes homing, colonization and
proliferation of cancer cells in the microenvironment of bone
niches (71). This is a complex mechanism, not yet fully
understood and involving many non-tumoral cell types and
a cascade of events mediated by several cytokines and
chemokines that drive PCa metastasis to the bone. Hormones

and peptides derived from cancer cells drive osteoblasts to
produce RANKL for bone resorption (72).

Bone affected by PCa metastases undergoes the action of
osteoclasts that promotes their resorption and loss, with
consequent compensatory reparative osteoblastic action. 

The peri-tumoral environment not only comprises of bone
components and cancer cells, but also cancer-associated
fibroblasts, pericytes and matrix proteins, which aid tumor
cells to invade the stromal compartment for vasculature and
lymphatic penetration and distant dissemination. Growth
factors released by the matrix lead cancer cells to proliferate.
Osteoblasts surrounding the PCa-metastatic niches are also
able to secrete chemotactic factors.

This context could explain why not every patient with
circulating tumor cells manifests metastatic disease. Why
PCa prefers bone as a site for metastasis, why metastasis is
predominantly blastic, and what initiates tumor metastasis
remain partially unexplained (72).

It is quite surprising that in practice few or no efforts have
been made to investigate the effect of 223Ra on the cells
constituting the microenvironment, neither in terms of lethality
nor in modification of chemical mediators. A deeper insight into
this mechanism might provide the rationale for its association
with or sequential use with other innovative or commonly
employed drugs. In addition, basic research might shed light on
a possible effect on interacting stromal cells, in the proximity
of which cancer cells with stem-cell like characteristics survive
as non proliferating (dormant) cells which are resistant to most
therapeutic interventions and start to proliferate when receiving
the appropriate signal from the stroma (73). 

Assuming therefore that the main target of 223Ra might
be the tumor microenvironment, there could be some
analogies with the effect of tasquinimod on bone metastatic
CRPCa, which reduces the establishment and the
progression of metastases through a combination of effects
on the metastatic niche, homing and osteogenesis, along
with immunomodulation (74).

Prognostic Factors

As emphasized by the Prostate Cancer Working Group 3
(75), the prediction of outcome and the minimally-invasive
assessment are important for the biological characterization
of PCa. These features could aid in postulating a therapeutic
effect and in identifying the best patient for whom a specific
agent is the most appropriate. It is quite intuitive that the
bone-metastatic tumor burden, generally speaking,
constitutes an adverse prognostic factor. In this regard it is
known that bone-related parameters are strong prognostic
variables for OS in patients with bone metastases from
CRPCa, in addition to the PSA level (76). 

Etchebehere et al. found that quantitative evaluation of the
skeletal burden, derived from 18F-positron-emission tomography
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(PET) strongly correlates with OS after 223Ra therapy and
constitutes an independent predictor, while visual analysis only,
despite some degree of correlation, is not a suitable predictor
(77). On the other hand, such evaluation is not a suitable
predictor of progression-free survival. From the clinical point of
view therefore, quantitative 18F-PET is an important imaging
modality to guide therapeutic strategies, being able to
discriminate candidate responders from non-responders to 223Ra
therapy and to identify those at higher risk of SREs during or
after therapy. The same study further confirmed visceral and
nodal metastases as being univariate predictors of OS.

If the diagnostic accuracy of visceral metastases is quite
high employing the common diagnostic modalities such as
ultrasound, magnetic resonance imaging, computed
tomography and PET, the detection rate of lymph node
involvement is suboptimal. Halabi et al. reported a ratio of
1.4 between patients with bone metastases only and those
with bone plus lymph node metastases (78).

A PET approach likely offers a higher detection rate than
other common diagnostic modalities, even if results are quite
conflicting as far as radiopharmaceutical, patient population
and stage of disease are concerned. In a meta-analysis with
11C-choline PET, the detection rate for nodal involvement
from pooled data was only 36% (95% CI=22-50%) (79),
while others reported an overall accuracy of 83% with 18F-
choline, a significantly higher sensitivity and a similar
specificity in comparison to dedicated computed tomography
(80). 68Ga-PSMA, being the gold standard for histopathology,
has a better performance than 18F-choline for the detection of
nodal involvement (81). In other words, we are far from
being able to validate a diagnostic method able to stage nodal
involvement correctly and therefore identify potentially full
responders to 223Ra therapy.

Response Evaluation 

The main problem in assessing response of bone metastases
to therapy is the lack of a reliable method, and these lesions
are generally not correctly evaluable by Response Evaluation
Criteria in Solid Tumors criteria (82). 

The lesson from clinical trials is that circulating biomarkers
such as ALP and PSA are indicators of overall response,
however, they are indirect markers and do not furnish
information about individual sites of involvement. Molecular
imaging, on the contrary, might be able to depict the metabolic
response in real time, allowing a tailored therapy.

Semi-quantitative PET scan with 18F at 12 weeks was
reported in a pilot study as a better predictor of response
(83), however, fluoride is a better indicator of bone
remodeling rather than metastasis remission.

More recently, in a small series of patients, 18F-choline
(84) and 68Ga-PSMA (85), reflecting membrane metabolism
and molecular expression, respectively, seem to be early

biomarkers of tumor viability. In fact, acute metabolic
changes can antedate morphological ones, enabling earlier
assessment of tumor response, and the need for a change to
another therapeutic approach, if indicated, can be met
without waiting for disease progression.

Administration Timing

There is debate over the timing of 223Ra administration, in
particular, whether early administration in the course of
disease is more convenient or should be delayed until the
other options have been spent.

At present, except in registered and non-registered trials,
the use of 223Ra is allowed by national regulatory agencies
in symptomatic patients with bone-metastatic CRPCa
without visceral and nodal involvement. The possibility of
extending its use to other phases of the disease can be
postulated taking into account two points: i) the mechanism
of action (alpha-particle emission) is unique, not shared with
other drugs, independently of the true target of radioactive
emission; ii) myelotoxicity is very low, allowing its
association with other myelotoxic approaches such as
chemotherapy or limited field EBRT. In fact, there are no
theoretical or practical limitations to employing 223Ra in
association with other approaches in symptomatic patients
with a large bone burden and visceral/nodal metastases. In
fact many trials are addressing this.

On the other hand, a possible role in asymptomatic or
oligosymptomatic patients with low-volume bone disease is
also conceivable. Usually in these patients,individual
localizations are of small volume and therefore more
vulnerable to radiation effects. Prospective clinical trials are
needed to confirm this hypothesis. 

Animal studies have demonstrated that 223Ra
administration in a preventative or micrometastatic setting
increased the time to death in both settings (28). To translate
these results to humans is not a simple matter as far as
administration time and selection of patients at high risk of
developing bone metastases are concerned. However, it must
be remembered that understaging of bone metastases with
conventional diagnostic methods is most likely compared
with PET molecular imaging, such as with 18F-fluoride,
11C/18F-choline or 68Ga-PSMA (79, 80).

Association, Sequence and Interactions 

The mechanism of action of 223Ra is unique, therefore, in
theory, it could be associated with other drugs either
chemotherapeutical or hormonal agents for mCRPCa, but
whether interaction exists is currently unknown. 

In agreement with the data from the Expanded Access
Program, the study of Dan et al. attested to the safety and
tolerance of the combination of the concurrent use of 223Ra and
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new anti-androgens, despite the limits of a small sample size,
single institution and retrospective experience in heavily
pretreated patients affected by massive bone marrow infiltration
or with important residual chemotherapy toxicity (4).

The only reported positive interaction was the delay in
SREs in patients administered bisphosphonates (19.6 vs. 10.2
months; HR=0.49; p=0.00048) (35). 

Results of an international, early access, open-label, single-
arm phase 3b trial, recruiting patients with two or more
skeletal metastases, symptomatic or asymptomatic, without
visceral disease but with lymph node metastases, receiving
223Ra plus abiraterone, enzalutamide or both, were recently
published. The median OS was higher in these patients than
in those who did not receive these agents, in addition, the
association of denosumab with 223Ra improved OS (5).

Association with chemotherapy may be necessary in order to
cure coexisting visceral/nodal metastases, to improve the effect
on bone metastases either in terms of tumor remission, or to
improve the analgesic effect. Previous experiences with bone
seeking beta-particle emitters are conflicting. Association of
153Sm-EDTMP with chemotherapy, EBRT and bisphosphonates
gave advantages in terms of pain relief (21, 40, 90).

The co-administration of 89Sr with weekly doxorubicin was
associated with improved survival in comparison to doxorubicin
alone (10) while in a phase III prospective trial the association
of low-dose cisplatinum with 89Sr showed a significant effect
on pain relief and duration, but not on OS (91). 

In an observational study on 110 patients at the MD
Anderson Cancer Center based on clinical experience, the
chemotherapy regimen used concurrent with 223Ra was not
associated with an increased risk of bone marrow failure, while
this risk was increased with the concomitant use of EBRT (92).

Recently a randomized phase II study comparing
sipuleucel-T monotherapy vs. sipuleucel-T plus 223Ra in
patients with bone-metastatic CRPCa without visceral
involvement was initiated (3).

Radiation has been implicated in immunogenic cell death
and immunomodulation. Heery et al. demonstrated that
153Sm-EDTMP in association with a vaccine (PSA-Tricom)
had the capability to alter tumor cell phenotype, making cells
more amenable to T-lymphocyte assault (22).

In agreement with Umeweni et al. (56), and according to
NICE, the placebo plus best standard-of-care adopted in the
ALSYMPCA trial cannot be considered the standard of care
for mCRPCa since NICE had recommended abiraterone for
patients in the post-docetaxel regimen.

Pharmacoeconomics 

Pharmacoeconomic implications are playing an increasing
role in the treatment decision-making process (86). The cost-
effectiveness of new emerging treatments needs to be
considered. The cost-effectiveness of 223Ra is not well

documented. In addition, although the managed agreements
ensure patients have access to drugs, the market agreement
between manufacturers and payers limits the transparency
about the agreed prices for each pharmaceutical restricts the
cost-effectiveness analysis.

Each scientific society provides its own recommendation
for using 223Ra (86), often not including a cost-effectiveness
assessment, or not based on head-to-head comparison, as
assessed by the American Society of Clinical Oncology and
Cancer Care Ontario. The National Comprehensive Cancer
Network considers 223Ra as first- or second-line option for
bone-metastatic CRPCa without visceral involvement and
the European Association of Urology has recommended it
in the post docetaxel setting, neither considering the costs.
Similarly, the Norwegian Directorate of Health considers
223Ra as available therapy for symptomatic bone metastatic
disease after external radiotherapy and docetaxel but
attested that it was not evaluated in an appropriate cost-
effectiveness analysis (86). The European Society of
Medical Oncology has recommended 223Ra or beta particle-
emitting radiopharmaceuticals for patients with bone
symptomatic metastatic CRPCa (87) and the Sociedad
Española de Oncología Médica (88) consider this
radionuclide therapy acceptable if there are also affected
nodes up to 2 cm in diameter. 

Moreover, NICE did not consider 223Ra cost-effective
based on the comparison with best supportive care in the
ALSYMPCA trial and the Institute for Health Technology
Assessment underlined that it was also not compared with
a valid competitor. The NICE committee considered the
cost-effectiveness of 223Ra compared with abiraterone only
for patients previous treated with docetaxel, assuming a
pragmatic approach, in an uncertain economic model that
did not consider the additional costs associated with the
administration of a radiopharmaceutical (56). The Swedish
National Board for Health and Welfare evaluated the cost
per quality-adjusted life-year related to 223Ra therapy, which
was very high, and restricted its use to that following
chemotherapy. The Irish National Centre for
Pharmacoeconomics also did not recommend the
reimbursement of 223Ra by its cost-effectiveness analysis.
Bayer submitted an economic analysis on the comparison of
223Ra with best supportive care administered to patients
naïve to docetaxel and abiraterone administered to patients
previously treated with docetaxel, with the limit of the
different setting of the two treatments. A direct comparison
between 223Ra and docetaxel for patients newly diagnosed
with metastatic CRPCa is lacking. Moreover, the Aberdeen
Health Technology Assessment group advised an evaluation
versus abiraterone as comparator (86).

We attempted to perform a cost-effectiveness analysis of
223Ra in comparison with its non-chemotherapeutic
competitors, abiraterone and enzalutamide. In order to
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calculate the incremental cost-effectiveness ratio (ICER),
we considered the data published in the pivotal trials, and
the costs relative to the median number of administered
cycles were calculated on the ex-factory prices and based
on the recommended daily dose, not considering the
agreements between manufacturers and payers, nor other
additional administration expenses relative to the different
treatments. Costs were described in local monetary units.
The effects were measured in terms of OS and described
in months.

In our analysis, 223Ra was compared with abiraterone
acetate for patients both previously treated with and naïve
for docetaxel (35, 57, 48). The calculated ICER for 223Ra vs.
abiraterone was 3175 (€35,242/€11.1) and 4412.20
(€3,971/€0.9) in the pre- and post-docetaxel setting,
respectively. In the same manner, we indirectly compared
223Ra with enzalutamide. The ICER regarding patients
treated early with docetaxel, as taken from the enzalutamide
pivotal trial, was 1948.60 (50).

Since in Italy the acceptable range for ICER is between
12,000 and 60,000, 223Ra could be declared cost effective in
all treatment setting for metastatic CRPCa. Clearly in our
analysis, the limit related to the lack of a head-to-head
comparison between the treatments still remains, with the
approximate consideration of the ex-factory costs, not
including the indirect costs linked to the route of
administration. Abiraterone and enzalutamide are orally
administered, saving expenditures associated with
professional and hospitalization fees. The costs were also not
corrected for quality-adjusted life-years since the lack of
comparable evaluations of the quality of life between
treatments and since the cost/OS gain would relate better
than the cost/life-year gain to patients with limited survival
expectancy (median OS gain=90 days) (89).

Conclusion
223Ra dichloride is likely a powerful tool in the clinical
armamentarium of innovative therapeutic options available
for the treatment of mCRPCa. However, the gain in OS is
controversial; despite being statistically significant, as it is
suboptimal when 223Ra was employed as monotherapy.

In our opinion, the main drawback to the use of 223Ra is
the lack of knowledge of the true target(s) of alpha-particle
emission, with the classical model of a direct effect of
radiation on cancer cells being able to explain only the
response of very small metastatic deposits. In other words,
a deeper insight into the mechanism of action on the tumor
microenvironment may provide the rationale for an
association of 223Ra with other drugs and their sequential
use in clinical practice. Another limit, shared with other
drugs, is the lack of suitable biomarkers able to provide
information in a real-time fashion about the response, either

global or of any individual lesion, allowing clinical
decision-making. In the same way, there is a substantial lack
of knowledge on prognostic factors able to discriminate in
advance responders from non-responders.

It is likely that molecular imaging will be able to answer
the above questions, even if at present the proposed methods
need to be validated in prospective trials.

A further matter of debate is in which phase of the
disease, which frequently lasts several years, 223Ra should
be administered, whether only in when there is symptomatic
large-volume bone disease or earlier in an asymptomatic
low-volume start, or even in a micrometastatic setting.

The greatest challenge for investigators will be to
determine timing and how to sequence or to combine the
available therapies for mCRPCa.
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