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Abstract

Purpose: The main goals were to study the safety and tolerability of the a-emitter radium-223
(223Ra) in breast and prostate cancer patients with skeletal metastases. In addition, pain palliation
was evaluated.
Experimental Design: Fifteen prostate and 10 breast cancer patients enrolled in a phase I trial
received a single i.v. injection of 223Ra. Five patients were included at each of the dosages: 46, 93,
163, 213, or 250 kBq/kg and followed for 8 weeks. Palliative response was evaluated according to
the pain scale of the European Organization for Research andTreatment of Cancer QLQ C30 questionnaire at baseline and at 1, 4, and 8 weeks after injection.
Results: Weekly blood sampling during follow-up revealed mild and reversible myelosuppression
with nadir 2 to 4 weeks after the injection. Importantly, for thrombocytes only grade 1toxicity was
reported. Grade 3 neutropenia and leucopenia occurred in two and three patients, respectively.
Mild, transient diarrhea was observed in 10 of the 25 patients. Nausea and vomiting was more
frequently observed in the highest dosage group. Serum alkaline phosphatase decreased with
nadir averages of 29.5% in females and 52.1% in males. Pain relief was reported by 52%, 60%,
and 56% of the patients after 7 days, 4, and 8 weeks, respectively. 223Ra cleared rapidly from
blood and was below 1% of initial level at 24 hours. Gamma camera images indicated, in accordance with pretreatment 99m Tc-MDP scans, accumulation of 223Ra in skeletal lesions. Elimination
was mainly intestinal. Median survival exceeded 20 months.
Conclusions: 223Ra was well tolerated at therapeutically relevant dosages. Phase II studies have
therefore been initiated.

The morbidity associated with cancer affecting the skeleton is
serious. Pain, pathologic fractures, hypercalcemia, and bone
marrow insufficiency have a devastating effect on the patients’
quality of life. In particular, metastases in the vertebrae leading
to spinal cord compression may be disastrous (1 – 6).
External radiotherapy is widely used to relieve pain from
skeletal metastases (7, 8). However, lack of tumor selectivity
limits its use as normal cells within the target volume receive
the same radiation dose as the tumor cells. Because the
radiosensitivity of tumor cells often is similar to that of the
normal cells, the therapeutic index is generally low, ruling out
the use of wide-field external irradiation in patients with
widespread skeletal metastases. As an alternative, preferential
irradiation at multiple metastatic sites can be accomplished by
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metabolically targeted radionuclide therapy by employing i.v.
injected bone-seeking radiopharmaceuticals (9 – 11).
Clinical studies with bone-seeking compounds have thus far
been conducted with low-linear energy transfer (LET) h-emitters
and a conversion electron emitter (12, 13). These have been
proven useful for pain palliation (9), and 89Sr (Metastron) and
153
Sm-ethylene diamine N,NV-tetra(methylene) phosphonic acid
(153Sm-EDTMP; Quadramet) are approved for this indication. It
has been difficult to show antitumor effects with these emitters
though, and bone marrow toxicity has limited both the dosages
that could be given and the use of repeated treatments. h-emitters
have a relatively low radiobiological effectiveness and track
lengths in tissues up to a few millimeters. In contrast, a-particles
provide a much more densely ionizing type of radiation,
classified as high-LET radiation (14). They yield a massive
deposition of energy per unit track length and have a range of
<100 Am. a-Particles induce predominantly nonrepairable DNA
double-strand breakes, rendering cellular repair mechanisms
ineffective against this type of radiation (15). This may be
important as patients with skeletal metastases often have
therapy-resistant disease. Because of the heavy damages created
by high-LET radiation to the DNA, cell cycle dependency would
be lower (16) and micrometastases with dormant clonogenic
tumor cells residing in G0 could be eliminated.
Preclinical experimental data and dosimetric estimates have
supported the hypothesis that bone targeted a-emitters can
deliver therapeutically relevant radiation doses to bone
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surfaces and skeletal metastases, at dosages that should be well
tolerated by the bone marrow (17, 18). Initially, we studied the
212
Bi complex of a bone-seeking phosphonate (19). However,
because the time required to localize in the target tissue
is substantial considering the short half-life of 212Bi (t 1/2 =
60 minutes), and a less than ideal stability was obtained for
the complex, a significant soft tissue exposure was seen (19). In
a biodistribution and dosimetry study comparing bone-seeking
a-emitting 211At and h-emitting 131I-bisphosphonate compounds, the bone surface to bone marrow dose ratio was
strongly increased for the a-emitter versus the h-emitter (17).
The production and distribution limitations with short-lived
a-emitters like 211At (t 1/2 = 7.2 hours), 212Bi (t 1/2 = 60 minutes),
and 213Bi (t 1/2 = 46 minutes) make them suboptimal for clinical
use and they are difficult to prepare at a commercial scale.
A few a-emitters with more suitable half-lives have recently
been proposed as candidates to combat skeletal metastases:
225
Ac (t 1/2 = 10.0 days), 223Ra (t 1/2 = 11.4 days), and 224Ra
(t 1/2 = 3.7 days) as well as 227Th (t 1/2 = 18.7 days; ref. 20).
These nuclides all decay via multiple steps. Hence, it is
important to establish the fate of their radioactive daughters
in vivo before they are tested clinically. To show sufficient
selectivity for bone, Ac and Th require complexation to bone
seekers (20). Because of the natural bone-seeking properties of
cations of the heavier alkaline earth elements (Sr, Ba, and Ra),
Ra2+ targets bone mineral without the need for a carrier agent.
Due to some concern about the decay chain of 224Ra that
includes a 56-second (t 1/2) 220Rn daughter which might escape
from bone and also the significant half-life of another member
of the decay series, 212Pb (t 1/2 = 10.6 hours), this nuclide was
not evaluated. Radium-223 (223Ra) has a more short-lived
radon daughter (i.e., 219Rn with t 1/2 = 3.96 seconds) and was
chosen for an extensive preclinical evaluation because its decay
chain and half-life seemed well suited for biomedical application. The decay chain is as follows: 223Ra (a, t 1/2 = 11.4 days) )
219
Rn (a, t 1/2 = 3.96 seconds) ) 215Po (a, t 1/2 = 1.78 milliseconds) ) 211Pb (h, t 1/2 = 36.1 minutes) ) 211Bi (a, t 1/2 =
2.17 minutes) ) 207Tl (h, t 1/2 = 4.77 minutes) ) 207Pb
(stable). In one study, we evaluated the bone-seeking properties
of 223Ra and compared it with that of the h-emitter 89Sr (18).
The biodistributions of the two radionuclides were studied in
mice by determining their tissue content of radioactivity at
various time points after i.v. administration. Dosimetry
calculations were done for soft tissues and bone. In addition,
doses were estimated for bone marrow containing cavities
assuming spherical configurations (18). It was found that both
radionuclides were concentrated strongly in the skeleton
compared with the soft tissues. For 223Ra, the bone uptake
increased with time up to 24 hours, and there was almost no
redistribution of daughter nuclides from bone. This was
determined to be about 2% at 6 hours and was not detectable
(<1%) at 3 days. Finally, modeling of dose deposition in bone
marrow containing cavities of various sizes indicated the
important advantage of the a-particle emitter as to decreasing
bone marrow exposure (18).
The therapeutic efficacy of 223Ra was then studied in a nude
rat model (21). Animals injected with 106 MT-1 human breast
cancer cells into the left ventricle were treated 7 days later with
223
Ra dosages in the range 6 to 30 kBq per animal. All
untreated control animals had to be sacrificed due to tumor
induced paralysis 20 to 30 days following injection with

Clin Cancer Res 2005;11(12) June 15, 2005

tumor cells, whereas the rats treated with z10 kBq
(corresponding to f100 kBq/kg) of 223 Ra showed a
significantly increased symptom-free survival (P < 0.05).
Thus, 5 of 14 rats treated with 11 kBq and two of five rats
treated with 10 kBq were alive beyond the 67 days follow-up
period. No signs of bone marrow toxicity or body weight loss
were observed in the treated animals. In the same nude rat
model, high doses of cisplatin, doxorubicin, and an immunotoxin (22, 23), as well as pamidronate (ArediaR) and 131Ilabeled bisphosphonate treatment (21) failed to stop development of disease. The significant antitumor effects of 223Ra
at dosages that are well tolerated by the bone marrow indicate
that 223Ra is a promising candidate to combat bone
metastases. Based on the encouraging preclinical results, a
phase I study, including evaluation of pain relief, has been
conducted. This article presents our initial clinical experiences
with 223Ra in patients with bone metastases from breast and
prostate cancer.

Patients and Methods
Patients. The study involved 25 patients with bone metastases,
10 females and 15 males (Table 1). Each of the patients received a single
injection of 223Ra as part of a cohort dosage escalating study design.
Eligibility criteria consisted of Eastern Cooperative Oncology Group
performance status 0 to 2, z30 years of age, life expectancy of >8 weeks,
and adequate bone marrow, liver, renal, and cardiac function. Most
patients had relapsed with new foci in the skeleton after previous
external beam radiotherapy. The patients were monitored closely at the
injection day, days 1, 2, and 7 and thereafter weekly to 8 week after the
injection of 223Ra. The injected activity was adjusted to each patients
body weight. Five patients were enrolled at each dosage level; starting at
46 kBq/kg b.w. and then increasing to 93, 163, 213, and 250 kBq/kg
b.w. At each dosage level, the results of the five patients would be
reviewed before enrolling patients to a new dosage level. Based on this
review one of the following options was available: (a) escalate to the
next higher dosage; (b) repeat the same dosage, or the lower dosage, for
three more patients; (c) discontinue the dosage escalation.
Approval was obtained from local ethics committees and all patients
provided informed, written consent before entering the study.
Safety Assessment. Safety was assessed by evaluating all adverse
events occurring after the injection and during the study period of
8 weeks. Serial laboratory tests, which included a complete blood count
with differential and platelet count, and a serum biochemistry panel,
were evaluated at injection days 1, 2, and 7 and thereafter weekly for
2 months. The National Cancer Institute of Canada Common Toxicity
Criteria (version 2.0) were used to grade toxicity.
Dose-limiting toxicity would be reached if one or more of the
following changes had occurred during the 8-week period after study
drug administration: platelets <20  109/L, or neutrophil granulocytes,
<0.5  109/L. The dose escalation was to be terminated if patients
experienced unacceptable toxicity, defined as observed dose-limiting
toxicity in one of the five patients in a dosage level group, or two of
eight patients in an extended group.
Adverse events and serious adverse events. An adverse event was
defined as any unfavorable and unintended sign, symptom, or disease
temporally associated with the use of a medicinal (investigational)
product, whether or not considered related to the investigational
product. Only symptoms/signs that started or worsened in severity after
study drug administration were recorded as adverse events in this study.
Serious adverse events: adverse event was considered as serious if it
was fatal, life threatening, disabling, or resulting in patient hospitalization or prolongation of hospitalization, as was occurrence of a
secondary malignancy.
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Severe: incapacitating (causes inability to perform usual activity or
at work)

Table 1. Baseline demographic and disease characteristics of patients included in the phase I study of i.v.
injected 223Ra

In addition to the investigator’s own description of the adverse
events, each adverse event was encoded by the sponsor, according to a
dictionary of medical codes (WHO-Adverse Reaction Terminology).
Any serious adverse event was reported to the sponsor’s clinical safety
officer immediately, recorded in the case report form, and monitored
until the outcome was known. Serious adverse events were recorded if
they occurred:

Single dose (N = 25)
Males (n = 15)

Females (n = 10)

Age (y)
Mean F SD
72.7 F 6.9
Range
55.9-80.7
Weight (kg)
Mean F SD
78.3 F 17.2
Range
50.0-105.0
Height (cm)
Mean F SD
177.8 F 8.2
Range
161-193
ECOG status, n (%)
0
4 (27)
1
8 (53)
2
3 (20)
No. hot spots (n)
Mean F SD
25.5 F 27.4
Range
4-100
Platelets  109/L
Mean F SD
253.1 F75.6
Range
162-405
WBC  109/L
Mean F SD
7.6 F 3.0
Range
3.9-14.3
Granulocytes  109/L
Mean F SD
5.6 F 2.6
Range
2.2-11.5
Hemoglobin (g/dL)
Mean F SD
12.2 F 1.4
Range
9.7-14.9
Serum alkaline phosphatase (units/L)
Mean F SD
1,154 F 1,456
Range
191-4,577
QLQ pain, n (%)
Not at all
2 (13)
A little
3 (20)
Quite a bit
7 (47)
Very much
3 (20)

51.7 F 6.0
40.9-58.1

 Between the first administration of the study drug and the
completion of the last follow-up evaluation at 8 weeks after study
drug injection, whether or not considered related to the
investigational product
 At any time after completion of the last follow-up evaluation,
came to the investigator’s attention, and were judged to be related
to the subject’s participation in the study.

68.6 F 11.1
52.0-92.0
165.5 F 6.7
152-174
2 (20)
7 (70)
1 (10)
26.6 F 25.7
5-90
285.0 F 84.1
195-458
5.6 F 1.5
3.3-7.9
3.6 F 1.3
2.1-6.5
11.8 F 1.4
9.7-14.4
268 F 117
111-527
0
3 (30)
5 (50)
2 (20)

Abbreviation: ECOG, Eastern Cooperative Oncology Group.

Important medical events that may not result in death, be life
threatening, or require hospitalization, were considered serious adverse
drug experiences when, based upon appropriate medical judgment, they
could jeopardize the patient and could require medical intervention.
All adverse events reported by the patients or observed by the
hospital personnel were recorded with duration, severity (mild,
moderate, and severe), whether it was serious, any required treatment
or action taken, outcome, relationship to study drug, and whether the
adverse event caused withdrawal from the study.
The significance of adverse events was graded as mild, moderate, or
severe using the following definitions:
Mild: tolerable
Moderate: interferes with patients normal activity

www.aacrjournals.org

Blood clearance. To determine the blood clearance profile for 223Ra,
the 25 patients had blood samples of f2 mL collected at 10 minutes
and at 1, 4, 24, and 48 hours and 7 days post-injection. The weight of
each blood sample was measured and the count rate per mL of blood
was calculated (assuming 1 mL of blood equals 1 g). The radioactivity
was measured in a NaI well-type counter. The activity level immediately
after injection was calculated assuming that initially, 100% of the
activity was in the blood and that the total blood weight represented
7% of the body weight. The data are presented as biological data (i.e.,
adjusted for the radioactive decay between the time of injection and the
time of measurement).
Gamma camera scintigraphy. Besides the a-particles, there are
various other types of radiation emitted from the 223Ra-series. 223Ra
itself has X-rays at 81 and 84 keV and gamma peaks at 269 and 154 keV
and the 219Rn daughter, which has a very short half-life and may
therefore be used to indicate the position of its mother nuclide, has a
significant peak at 271 keV. Because of the low levels of injected
radioactivity, the number of events is low, necessitating rather long
acquisition times.
Radionuclide production. 223Ra was produced from 227Ac/227Th and
purified using Ac-resin to immobilize 227Ac and 227Th as described (24)
by Algeta ASA, Oslo, Norway. The product concentrate (i.e., dissolved
223
RaCl2) was tested for radionuclide purity by gamma spectroscopy
before further use. A concentrate of the 223Ra in a NaCl/Na citrate
mixture was transferred to a GMP radiopharmacy unit, The Isotope
Laboratory at Institute for Energy Technology, Kjeller, Norway, where
the sterile production was done. Isotonicity, pH, and activity
concentration were adjusted and a sample kept aside for pathogen
and pyrogen testing. The final product (Alpharadin) was filled in sterile
vials that were subsequently capped with a sealed rubber membrane
penetrable to syringes. The vials were labeled, placed in lead containers,
and shipped to the hospitals.
Pain assessment. Pain was assessed in all patients as part of the
European Organization for Research and Treatment of Cancer QLQ-C
30 questionnaire (25) and the pain score was recorded at baseline and
1, 4, and 8 weeks following 223Ra administration and analyzed
according to published guidelines (26), where pain relief was defined
as a decrease in pain score >10. When pain score changed 10 points or
less the pain was considered unchanged, whereas an increase in pain
score of >10 was considered as pain progression.

Results
Toxicity and adverse events. Table 2 shows the maximum
hematologic toxicity grading found in the various groups
receiving 223Ra at various dosage levels. Dose-limiting hemotoxicity was not observed at any dosage level. Some reversible
myelosuppression occurred, with nadirs 2 to 4 weeks after
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Table 2. Myelotoxicity after 223Ra treatment
Toxicity
(CTC grade)

46 kBq/kg
(n = 5)

93kBq/kg
(n = 5)

163 kBq/kg
(n = 5)

213 kBq/kg
(n = 5)

250 kBq/kg
(n = 5)

Hemoglobin

0
1
2

2
2
1

2
2
1

4
0
1

1
3
1

2
3
0

Platelets

0
1

5
0

5
0

4
1

5
0

3
2

WBC

0
1
2
3

4
0
1
0

4
0
1
0

3
0
1
1

2
0
2
1

2
0
2
1

Neutrophils

0
1
2
3

4
0
1
0

3
1
1
0

3
0
1
1

2
1
2
0

2
0
2
1

NOTE: Number of patients with myelosuppression at each dosage level, CTC toxicity grade 0, 1, 2, or 3 after a single dose of 223Ra. Highest CTC grade for neutrophils is
grade 3 and for platelets grade 1.
Abbreviation: CTC, CommonToxicity Criteria.

injection and complete recovery during the follow-up period.
The neutrophils were more frequently affected than the platelets
(Fig. 1). In general, there was a tendency towards increased
myelosuppression at the higher dosage levels. Two patients
experienced neutropenia of grade 3. Leucopenia grade 3 was seen
in the same two patients (Table 2) in addition to a patient in
dosage group 4. For platelets, only grade 1 toxicity was observed
even at the highest dosage levels.
Seven of the 25 patients had a serious adverse event. Five of
these were evaluated as a result of the patients’ condition or
related to a different treatment. A breast cancer patient in dosage
group 2 experienced an episode of supraventricular arrhythmia
1 week after 223Ra administration, during the initiation of
external radiotherapy against newly diagnosed brain metastases.
Normal sinus rhythm was successfully established by electroconversion. The causal relation to the study drug was considered
uncertain, because the patient had previously experienced
arrhythmia and electrocardiogram irregularities possibly resulting from previous cancer treatment. Another breast cancer
patient was hospitalized with severe vomiting/nausea (Common Toxicity Criteria grade 3) and leucopenia (grade 3) after
treatment at the highest dosage level. The patient recovered after
being treated. These events were judged to be treatment related.
Twenty-two of the 25 patients experienced adverse events during
the 8-week follow-up period, 98% being classified as mild to
moderate in intensity. The most common forms of adverse event
were transient diarrhea (10 of 25 patients), bone pain, including
‘‘flare’’ (9 of 25), fatigue (5 of 25), nausea (5 of 25), and
vomiting (5 of 25). Nausea occurred in four of five patients in
the highest dosage group. Vomiting occurred in four of the five
patients as well in this group. Episodes of transient diarrhea
were reported at all dose levels, whereas nausea/vomiting was
reported at the higher dosage groups. Patients experiencing
diarrhea responded well to antidiarrhea medication.
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Blood clearance and gamma camera scintigraphy. The blood
clearance profiles are shown in Fig. 2. Radioactivity levels at
10 minutes post-injection was 12% of the initial (estimated)
values and further reduced to 6% at 1 hour and to <1% after
24 hours. It was indicated by scintigraphy (Fig. 3) that the
radioactivity accumulated in the skeleton with a preference
for the osteoblastic metastases. Clearing was predominantly
by the hepatobilliary/intestinal route and presumably with
some renal elimination (27). In the six patients where
gamma-camera scintigraphy was done, accumulation of 223Ra
was observed in skeletal lesions similar to that seen in
diagnostic 99mTc- methylene diphosphonate (99mTc-MDP)
bone scans.
Clinical chemistry. Random variations in clinical chemistry
variables were observed for some of the patients but without any
noteworthy trend except for serum alkaline phosphatase. For all
patients, there was a decline in alkaline phosphatase values after
injection of 223Ra. The effect was stronger in the prostate cancer
group versus the breast cancer group (Fig. 4). The reduction in
alkaline phosphatase at nadir compared with baseline was
52.1 F 14.8% (mean F SD) and 29.5 F 10.8% in the prostate
and breast cancer groups, respectively, when data from all dosage
levels were combined. The difference between the groups was
significant (t test, P = 0.0028). The upper limit for the reference
range was considered 276 units/L. In the 16 patients, 11 males
and 5 females, with alkaline phosphatase above reference range,
the mean reduction was 50.1 F 17.2%, whereas for the patients
with values below upper normal limit, the reduction was
30.6 F 8.3% from baseline to nadir. There was a significant
difference (t test, P = 0.0042) between the two groups. Of the
16 patients with elevated alkaline phosphatase, 11 had their
levels reduced to within reference range during follow-up.
Pain score. Most patients reported pain palliation. Pain
relief, defined as a change in pain score of >10 (26), was
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observed in more than half of the patient population, for all
time points compared with the baseline. At the 1-week point,
52% reported improvement, 36% unchanged, and 12% worse
pain. At the 4-week point, 60% reported improvement, 20%
unchanged, and 20% worse pain. At the 8-week point, 56%
reported improvement, 24% unchanged, and 20% worse pain.
It should be noted that two of the patients had no skeletal pain
at baseline and were therefore limited to the unchanged or
worse pain categories. No clear dosage response relationship
could be observed. A transient increase in bone pain (i.e. a
‘‘flare’’ response) was reported in seven of the patients during
the first week after treatment.

Discussion
The current study represents the first clinical trial exploring
targeted a-emitter therapy in cancer patients with skeletal
metastases. Two previous studies with such emitters have been
conducted with short-lived nuclides (i.e., 211At in brain tumors
and 213Bi in leukemia; refs. 28, 29). The current study
represents the first attempt to use an a-emitter with a half-life
of several days in cancer treatment. 223Ra can be produced in
clinically relevant quantity and quality via a generator system.
Sources of the precursor 227Ac (t 1/2 = 21.7 years) can be used as
a long-term operating generator for 223Ra (24). 227Ac can be

Fig. 1. A, blood neutrophil values after i.v. injection
of 223Ra. Point, mean at each dose level at each
time point. B, blood platelet values after intravenous
injection of 223Ra. Point, mean for each dose level
at each time point; bars, FSD. Dosages: 46 (n),
93 (.), 163 (E), 213 (!), and 250 kBq/kg (x).
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Fig. 2. Blood clearance of 223Ra after i.v.
administration. Point, mean (n = 5) for each
dose level at each time point; bars, FSD. Dosages:
46 (n), 93 (.), 163 (E), 213 (!), and
250 kBq/kg (x).

produced by neutron irradiation of the relatively commonly
available 226Ra. Moreover, 223Ra’s half-life provides sufficient
time for its preparation, distribution, including long distance
shipment, and administration to patients. The low intensity of
gamma radiation is favorable with respect to handling,
radiation protection, and treatment on an outpatient basis.
The clinical problem related to skeletal metastases is intricate
with considerable morbidity. Hence, there is a great need for
improvement in the treatment by including novel and
preferentially targeted therapies. Skeletal metastases are usually
caused by hematogenous spread of malignant cells. There is
firm experimental evidence that initially such tumor cells
attach themselves primarily to the endosteal bony surface, and
that the interphase between bone and red bone marrow
constitutes a favorable microenvironment for tumor cell
proliferation. Here tumor cells are arrested in the red bone
marrow sinusoid compartment within the axial skeleton. It is
now appreciated that the release of bone-derived growth factors
and cytokines from bone in the process of being resorbed can
both attract cancer cells to the bony surfaces and facilitate their
growth (30). Thus, the ‘‘seed and soil hypothesis,’’ originally
launched by Paget (31), has received renewed attention (30).
Because of the nature of developing skeletal metastases, it
would be important to institute a therapy that delivers
therapeutically effective radiation doses to multiple foci,
including microscopic disease. When a macroscopic lesion is
treated (e.g. by external beam radiotherapy), new foci often
arise after short time, indicating the existence of microscopic
metastases alongside with the macroscopic lesions in most
patients.
Overall the myelosuppression observed in this study was
mild with a tendency of increased toxicity with increasing
dosages. Interestingly, it was seen that the toxicity profile for the
blood producing cells after 223Ra treatment is different from
that observed with the h-emitting nuclides. With 223Ra, the
neutrophils were more easily affected compared with the
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thrombocytes, whereas for the h-emitters thrombocytopenia
is often a clinically important toxicity. Other types of toxicity
observed included diarrhea, nausea, and vomiting. These were
generally mild and transient and were manageable.
An important observation made was that after the 223Ra
treatment, a consistent reduction of alkaline phosphatase levels
occurred, showing a particularly strong decrease in patients
with elevated levels before treatment. Prostate-specific antigen
responses as well as reductions in alkaline phosphatase levels
have previously been reported after treatment with h-emitting
bone seekers in prostate cancer patients (32, 33). The data from
those studies indicate a less pronounced reduction in average
values of alkaline phosphatase compared with this study.
Recent published data indicate that a treatment that reduces
alkaline phosphatase levels (32) or prevents increases in bonerelated alkaline phosphatase levels (34) could increase time to
progression in prostate cancer patients. Future studies would
have to resolve if such a correlation exists for 223Ra therapy.
Anyhow, the consistent reduction in alkaline phosphatase
levels seen with 223Ra suggest that the areas most strongly
targeted by 223Ra would be the regions with an elevated bone
metabolism, as is often seen in the zones of developing skeletal
metastases. This is visualized by 223Ra-scintigrams showing a
preferential uptake in the skeletal lesions previously diagnosed
by 99mTc-MDP bone scan. Thus, we conclude that 223Ra shows
a significant targeting of skeletal metastases.
Radium solutions have previously been given to humans
for other purposes. From about 1940 to 1980, several
thousand German patients with noncancerous diseases have
received 224Ra against ankylosing spondylitis or bone
tuberculosis (35, 36). 224Ra (224SpondylAT, Altmann Therapie GmbH & Co., Salzgitter, Germany) has recently been
reintroduced in Germany as a therapy in ankylosing
spondylitis (37). To our knowledge, 223Ra has previously
been given to only one human subject. This was in a tracer
study comparing different alkaline earth elements involving
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a single healthy subject (27), where 223Ra distribution was
compared with those of 133Ba, 85Sr, and 47Ca, given
successively. It was found that 223Ra had longer whole body
retention and a higher degree of intestinal elimination
compared with the other alkaline earth radionuclides. The
significant intestinal clearance of 223Ra was confirmed by the
gamma scintigraphy in the present study.
Intestinal clearance could potentially be a problem because
intestines in general is considered sensitive to radiation. There
are some distinct advantages with a-emitters considering their
intestinal clearance. Assuming that the radioactivity is mainly
located in the intestinal content, the dose delivered to the
intestinal wall will penetrate <100 Am into the wall. Data from
two dogs injected with 223Ra and evaluated by biodistribution
measurements 24 hours after injection revealed that the
radioactivity was principally located in the intestinal content
and not in the intestinal wall (data not shown). Assuming a
similar relation in humans, only a few cell layers will be
exposed to the a-particles leaving the deeper intestinal tissue
unharmed. This is in agreement with the dose distributions

described by Lassmann et al. (38) for 224Ra in humans. It seems,
although that with 223Ra, the irradiation of the inner surfaces of
the intestines causes some temporary irritation, manifested as
transient diarrhea, in about 40% of the patients. It was a slight
tendency towards more intestinal toxicity at higher dosages.
None of the more severe side effects associated with many
chemotherapeutic drugs (e.g. mucositis), severe vomiting and
hair loss, was observed with the exception of a breast cancer
patient in the highest dosage group that experienced leucopenia
grade 3 and severe vomiting. It is recommended to do thorough
evaluation of gastrointestinal toxicity (e.g., by using the NIH
scale for reporting adverse responses) in future studies.
As for long-term effects including carcinogenesis on the
intestines in humans, 224Ra data may be useful as an indicator.
224
Ra and 223Ra delivers a similar dose to the intestines because
(i) the excretion half-life is significantly shorter than the
physical half-lives for both nuclides and (ii) although the decay
chains for 224Ra and 223Ra produces different isotopes, they
produce for each step the same elements with the same mode of
decay and would release a similar amount of a-radiation. With

Fig. 3. Gamma scintigrams of 99mTc-MDP (top) and
223
Ra (bottom) in a patient with skeletal
metastases.
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Fig. 4. Serum alkaline phosphatase level at baseline (normalized to 100%) and
after 223Ra administration. Point, mean for breast cancer (o, n = 10) or prostate
cancer (n, n = 15); bars, FSD.

224
Ra, there exists data from long-term follow-up on German
ankylosing spondylitis patients, which were compared with
data from ankylosing spondylitis patients receiving nonradioactive conventional treatments. Late effects from the a-particle
exposure have been evaluated extensively (36, 39). As with
other types of treatments inducing DNA damage, an increased
risk of late cancer has been observed. Cancer forms observed
include sarcomas to the bone, breast cancer, and connective
tissue tumors. Late cancer was mainly seen in individuals
treated when they were children or juveniles involving highdosage regimens (39). There was no significant increase in
overall risk for cancer among individuals treated when they
were adults (39). No increased intestinal carcinogenesis was
reported in 899 patients treated with high dosages of 224Ra (39)
or 649 patients treated with moderate dosages of 224Ra (36),
after follow-up for several decades. These data supports the
hypothesis that a-emitters, which clear via the intestinal
content does not, because of the short particle range, irradiate
sufficient volumes of proliferating cells in the intestines to
cause any significant carcinogenesis.
Preclinical data have indicated that 223Ra treatment has
antitumor activity against skeletal metastases and could cause
life extension (21). Prolongation of life span for breast or
prostate cancer patients after treatment with single-agent hemitting bone-seekers is questionable. The Trans-Canada study
failed to show benefit in terms of increased survival after
treatment with 89Sr (40). Later studies in prostate cancer have,
however, indicated some survival benefit from bone-seeking
radionuclides. Recently, Palmedo et al. reported increased
survival with repeated treatment over single-dose treatment
with the h-emitting bone seeker 188Re hydroxyethylidene
diphosphonate in patients with hormone-refractory prostate
cancer (41). In a randomized phase II trial in androgenindependent prostate cancer which disease were stabilized or
responding to induction chemotherapy, there was a significantly

prolonged survival in patients given 89Sr in combination with
doxorubicin versus doxorubicin alone (42). The survival of
patients in the current study has been followed for >20 months
and the median survival for the 25 subjects included is beyond
20 months relative to the time of administering the 223Ra. This is
promising compared with what has been reported previously for
similar patient groups in Scandinavia (33). However, because
no control group was included in the current phase I study, firm
conclusions cannot be drawn regarding potential survival
benefits following 223Ra treatment. A placebo-controlled study
to evaluate if life prolongation from 223Ra occurs in patients
with skeletal metastases is therefore warranted.
The pain score data in this study were quite encouraging
because in general more than half of the patients reported
improved pain scores compared with baseline values. The pain
scores improved already at 1 week posttreatment versus
baseline and the fraction of patients reporting pain relief lasted
throughout the study period of 8 weeks. This indicates that
223
Ra may produce pain relief similar to that of the h-emitting
bone seekers. However, it should be noted that the study was
without a control group and not designed specifically for
studying pain relief and the patients’ quality of life. In the
current study, neither the consumption of analgesics nor
activities of daily living were measured. This might be a
confounder. Thus, there is a need to do a designated pain
palliation study with 223Ra using more advanced reporting
schemes and pain assessment should be included as one of the
study variables in future studies with 223Ra.
The dosimetry of the a emitter 223Ra (and daughters) is likely
to be different from that of 89Sr and 153Sm-EDTMP. The human
dosimetry of 223Ra will have to be studied in future
investigations, but estimates based on animal data (18) suggest
a significant reduction in bone marrow dose for a given dose to
the skeletal surfaces from 223Ra compared with the h-emitters.
In conclusion, 223Ra was well tolerated at therapeutically
relevant dosages by prostate and breast cancer patients with
skeletal metastases. Because of the mild myelotoxicity, the
generally weak side effects, and the encouraging pain scores
found in this phase I study, 223Ra could be a valuable
alternative to the currently used palliation agents. The
median survival of the patients in the current study was
promising, suggesting that the issue of survival should be
addressed in randomized controlled studies. We have
therefore initiated further clinical studies with this novel aemitter including a randomized placebo-controlled phase II
study in prostate cancer patients with symptomatic bone
metastases.
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