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ABSTRACT
◥

Purpose: Radium-223 is an alpha-emitting radionuclide asso-
ciated with overall survival (OS) improvement in metastatic
castration-resistant prostate cancer (mCRPC). External beam
radiotherapy (EBRT) to prostate extends OS in men with meta-
static hormone-sensitive prostate cancer (mHSPC) limited to
less than 4 metastases. We hypothesized that combination
radium-223 þ pelvic EBRT could safely deliver maximal radio-
therapy doses to primary and metastatic prostate cancer and may
improve disease control.

Patients and Methods: Thirty patients with de novo bone
metastatic mHSPC who had commenced androgen deprivation
therapy (ADT) and docetaxel were recruited to this single-arm,
open-label, prospective clinical trial: Neo-adjuvant Androgen Dep-
rivation Therapy, Pelvic Radiotherapy and RADium-223
(ADRRAD; for new presentation T1–4N0–1M1B adenocarcinoma
of prostate). Study treatments were: ADT, 6 cycles of radium-223

q28 days, conventionally fractionated prostate radiotherapy (74Gy)
and simultaneous integrated boost to pelvic lymph nodes (60 Gy).

Results: No grade 4/5 toxicity was observed. Three patients
experienced grade 3 leukopenia, and 1 each experienced grade 3
neutropenia and thrombocytopenia; all were asymptomatic. One
patient each experienced grade 3 dysuria and grade 3 urinary
infection. No grade 3 gastrointestinal (GI) toxicity was observed.
On treatment completion, there was a signal of efficacy; 24 (80%)
patients had whole-body MRI evidence of tumor response or
stability. Twenty-seven (90%) patients showed a reduction in
alkaline phosphatase (ALP) compared with pretreatment levels.
Median progression-free survival was 20.5 months.

Conclusions: This is the first trial of combination ADT, radium-
223, and EBRT to pelvis, post docetaxel. The combination was safe,
with an efficacy signal. Multicenter randomized controlled trials
(RCT) are warranted.

Introduction
Prostate cancer is the second commonest cancer diagnosed in men

globally; in 2018 an estimated 1,276,106 cases were diagnosed (1). In
developed healthcare economies prostate cancer may present with meta-
stases (metastatic hormone sensitive prostate cancer; mHSPC) in up to
19% of cases (2). This is a lethal disease, typically progressing from
mHSPC tometastatic castration-resistant prostate cancer (mCRPC). For
newly diagnosed patients commencing standard treatment with andro-
gen deprivation therapy (ADT), recent data suggest they will remain
sensitive to castration therapy for a median of 11months before progres-
sion; median overall survival (OS) in this group was found to be 42
months (3). The most common site of metastases in prostate cancer is

the skeleton and it is estimated 85%–100% of men who die of prostate
cancer will have bone metastases (4). Bone metastases from prostate
cancer are a significant source of disability and treatment cost; also bone
disease and its complications are a frequent cause of death in patients
with prostate cancer (5). Therefore, de-novo metastatic prostate cancer
represents a common illness, which is a major cause of morbidity and
mortality.

Historically the treatment of mHSPC consisted of castration until
progression, typically with luteinizing hormone releasing hormone
agonists (LHRHa; ref. 6). Castration remains essential, however recently
a number of systemic therapies have been found to improve survival
whencommencedat the initiationofcastration; thesearedocetaxel (7, 8),
abiraterone acetate (9, 10) enzalutamide (11, 12), and apalutamide (13).
Notably these compounds were initially found to have activity in later
mCRPC before being tested in hormone sensitive disease (14–19).

In localized disease, radiotherapy can be curative (20–22). In mHSPC
with low volumemetastases (<4), external beam radiotherapy (EBRT) to
the primary cancer has recently been found to improve OS(23). In
mCRPC a range of bone-seeking radionuclides have been utilized
effectively to palliate bone pain from metastases (24). More recently the
alpha-particle emitting radionuclide radium-223 has been shown to
extend survival in mCRPC. The ALSYMPCA trial was a phase III,
double-blind randomized controlled trial (RCT) in which patients with
symptomatic mCRPC received either 6 cycles of radium-223 (activity
55kBq/kg) or placebo. It demonstrated significant OS prolongation
(HR ¼ 0.7 P < 0.001) as well as delay to the development of first symp-
tomatic skeletal event (SSE; ref. 25).

We designed a prospective clinical trial to test the combination of
radium-223with concurrent EBRT to prostate and pelvic lymph nodes
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in men with mHSPC involving the skeleton, following neo-adjuvant
ADT (minimum 6 months) and up to 6 cycles of upfront docetaxel
(unless patient ineligible). This combination of therapies potentially
allows delivery of radiation to all sites of disease (EBRT to primary and
pelvic lymph nodes, radium-223 to bone metastases) while the disease
remains well controlled with castration therapy. We hypothesised this
combination would prove feasible and safe with a view to testing
efficacy in a larger trial.

Patients and Methods
Study design and participants

We designed and implemented a prospective, single arm, open label
phase I/II clinical trial at a single UK academic cancer center. Eligible
patients had recently been diagnosed with histologically confirmed
de-novo bone-metastatic mHSPC and had an Eastern Cooperative
Oncology Group (ECOG) performance status (PS) of 0–1; all parti-
cipants had at least three separate bone metastases demonstrated on
technetium bone scan and no visceral metastases on CT thorax/abdo/
pelvis. All patients were receiving long term LHRHa and were comp-
leting up to 6 cycles of upfront docetaxel (unless contraindicated)
as standard of care prior to initiation of trial treatments. All patients
were required to have no contraindication to pelvic radiotherapy or
radium-223 treatment. Our recruitment target of 30 patients was
based on an unacceptable rate of grade 3/4 bladder and bowel toxicity
being ≥20%. Formal power calculations were not attempted due to
single arm, noncomparative, phase I/II design. This target was felt to
be a pragmatic target capable of identifying an unacceptable rate of
toxicity as defined as greater than 20% grade 3/4.

The trial was registered with EudraCT (catalog. no. 2014–000273–
39) and was conducted in accordance with Good Clinical Practice
guidelines and the Declaration of Helsinki. Ethical approval was
obtained from the Northern Ireland Research Ethics Committee; all
participants received written study information and provided written
informed study consent. Full details are contained within the trial
protocol. CONSORT diagram of trial profile is contained in Supple-
mentary Data Supplementary Fig. S1. A trial management group met
regularly to coordinate all aspects of the trial. An independent data
monitoring committee oversaw the safety data.

Procedures
All patients were established on LHRHa prior to trial entry and

continued this throughout the duration of the study. All docetaxel was
completed prior to commencement of study treatments plus a post-

docetaxel “wash-out” period of 6 weeks before trial treatments com-
menced. Radiotherapy was delivered at a dose of 74 Gy in 37 fractions
to prostate and 60 Gy in 37 fractions to pelvic lymph nodes as
simultaneous integrated boost. Patients were planned lying supine
with full bladder and rectum empty by means of a microenema given
prior to planning and delivery of each fraction of treatment (except for
2 days following radium-223 administration to limit risk of radiation
exposure from faecal contamination). Prostate planning target volume
(PTVp) consisted of prostate and base of seminal vesicles with a 7-mm
margin posteriorly and 10-mm margin in other directions. Pelvic
lymphnode planning target volume (PTVln)was formed using a vessel
expansion method previously described by the PIVOTAL clinical trial
protocol (26).

Radium-223 was delivered at an activity of 55kBq/kg q28 days by
slow intravenous injection for a total of 6 cycles. Day 1 cycle 1 of
radium-223 was scheduled to coincide with day 1 of EBRT. Patients
had radiotherapy doses or volumes amended to meet organ at risk
(OAR) constraints if required. Patients were assessed prior to each
cycle of radium-223; no dose reduction was permitted but each cycle
could be delayed by up to 4 weeks to allow for resolution of toxicity.
Any delay beyond 4 weeks led to radium-223 being discontinued.

Endpoints
Primary endpoints were feasibility, toxicity, and quality of life

associated with the treatment. Feasibility was defined as being able
to recruit 30 patients in a 2-year time frame from trial opening. The
study safety data were reviewed by the trial management group
monthly. Study stopping criteria in relation to toxicity were: two or
more toxicity events at grade ≥ 4 lasting more than 7 days and deemed
to be related to treatment; two ormore nonhematologic toxicity events
at grade ≥ 3 lasting >more than 10 days and deemed to be related to
treatment; any grade 5 adverse event. Toxicities were assessed from
trial consent until 8 weeks after final radium-223 infusion using
Common Terminology Criteria for Adverse Events (CTCAE) v
4.03 (27). Following publication of the ERA-223 (28) data showing
an excess of fractures in the combination radium-223þabiraterone
group, the protocol was amended to additionally collect fracture data
out to 2 years post initiation of treatment. Any fractures which
occurred were classified as either malignant, nonmalignant traumatic,
or nonmalignant fragility. This included all fractures seen on any
imaging modality whether symptomatic or not. Symptomatic skeletal
events were defined as: malignant spinal cord compression, symp-
tomatic malignant fracture, radiotherapy, or surgical intervention for
skeletal symptoms. Hematologic function was assessed with blood
draws q4-weekly during treatment, 8 weeks post final radium-223
infusion and again at 6months post final radium-223 infusion. Patient
reported quality of life was assessed during treatment and until
6 months after final radium-223 infusion using the expanded prostate
cancer index composite (EPIC; ref. 29).

Secondary endpoints included radiological [whole-bodyMRI (WB-
MRI)] and biochemical [Prostate Specific Antigen (PSA) and Alkaline
Phosphatase (ALP)] response. Whilst WB-MRI is a more recently
developed and less well studied imaging modality than bone scintig-
raphy, it was chosen as the modality of choice given its ability to
examine individual lesion response, rather than simply appearance of
new lesions as in PCWG2 guideline for use of scintigraphy (30). All
patients had a WB-MRI scan performed at screening, at 8 weeks post
final radium-223 infusion and again at 6months post final radium-223
infusion. T1, T2, and STIR sequences were performed on a General
Electric Sigma Explorer 1.5 Tesla MRI scanner (GE Healthcare).
A single independent consultant radiologist, with subspecialty

Translational Relevance

Recent evidence has shown the survival prolonging advantage of
both radionuclide therapy with radium-223 and of external beam
radiotherapy to prostate in metastatic prostate cancer. A wave of
ongoing trials are investigating other types of molecular radio-
therapy, including the use of alternative radionuclides. With a
range of survival prolonging treatments licensed in the past 5 years
for metastatic prostate cancer, combinations of these treatments
are increasingly being explored.We report the first trial to examine
the combination of androgen deprivation therapy, upfront doc-
etaxel, radium-223, and external beam radiotherapy to prostate
and pelvis in metastatic hormone sensitive prostate cancer
(mHSPC). The results demonstrate this treatment combination
is well tolerated with encouraging efficacy results.

Turner et al.
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experience inmusculoskeletal and prostateMRI, assessed and reported
all available scans. Scans were compared pairwise within each patient,
screening to post cycle 6 radium-223 and post cycle 6 to end of study.
Scans were reported in categorical fashion based on overall disease
behavior showing: tumor burden (TB) increase, TB stable, TB reduc-
tion, TB resolution. TB increase was identified by a 25% increase in size
of the lesion. The development of peri-lesional edemawas also noted as
a likely indicator of increasing TB. TB reduction was indicated by a
50% decrease in size of the lesion with replacement of the peripheral
margin of the lesion by normal fattymarrow. Loss of peri-lesion edema
was also noted as a likely indicator of tumoral response. Stability fell
between these definitions. TB resolution was indicated by complete
resolution of lesions.

All patients had PSA and ALP measured q4 weekly during treat-
ment, at 8 weeks post final radium-223 infusion and again at end of
study, 6 months post final radium-223 infusion. Biochemical end-
points were, response in ALP and time to PSA progression defined by
PCWG2 criteria: 25% or greater increase and an absolute increase of
2 ng/mL or more from the nadir (30).

Survival status was recorded at the time each study visit was due.
Additionally, for patients alive at the end of study visit, remote review
was performed every 3 months for 2 years post end of study visit to
document survival.

Analysis and statistics
Feasibility and toxicity results are expressed as rates. Hematologic

parameters are expressed as means per time point and paired sample
t tests compare means across timepoints. PSA and ALP are express-
ed as means per time-point. Time taken to biochemical failure and
OS is calculated using standard Kaplan–Meier methods; to account
for the heterogeneity of the group (some of whom had pretrial docet-
axel and somehad not), survival ismeasured fromdelivery of first cycle
of docetaxel or date of trial registration (if docetaxel omitted). EPIC
quality of life results were transformed according to the published,
validated matrix and are expressed as numerical scores (29); paired
sample t tests compare mean scores across time-points.

Results
Patients were recruited between February 2016 and April 2019. At

the time of data lock, median follow-up was 42 months. All patients
had ECOG PS ¼ 0 (53.3%) or 1 (46.7%). Median initial PSA prior to
ADT was 279.5 ng/mL (Range 10.49 ng/mL to 5844 ng/mL). Two-
thirds of patients had International Society of Urological Pathology
(ISUP) grade group ¼ 5 cancer. 25 patients (83.3%) had T3 or T4
disease and perCHAARTED (8) definition, 24 (80%) patients had high
volume metastatic disease i.e., the presence ≥4 bone lesions with ≥1
beyond the vertebral bodies and pelvis (no patients had visceral
disease). 31 patients were allocated to study treatment; 1 patient
progressed rapidly and proceeded to SOC treatment for mCRPC
without having received any study treatments (Supplementary
Fig. S1). Demographic and baseline data of treated patients are
summarized in Table 1.

Table 1. Baseline details of trial population.

Demographic
Median (IQR) or

n (%) unless stated

Age (years) 64 (59–68)
Range 45–82

WHO Performance status
0 16 (53.3)
1 14 (46.7)

Significant comorbidities
Ischemic heart disease 3 (10)
COPD 1 (3.3)
Atrial fibrillation 1 (3.3)
Pulmonary embolism 2 (6.7)
Hypertension 14 (46.7)
NIDDM 2 (6.7)

ISUP grade group
3 2 (6.7)
4 7 (23.3)
5 20 (66.7)
Unclassified 1 (3.3)

PSA pre-ADT (ng/mL) 279.5 (58.6–1,076)
Range 10.49–5,844
T stage at diagnosis

T1 1 (3.3)
T2 1 (3.3)
T3 18 (60)
T4 7 (23.3)
Tx 3 (10)

N stage at diagnosis
N0 8 (26.7)
Nþ 17 (56.7)
Nx 5 (16.7)

Volume of disease (CHAARTED defn; ref. 8)
High 24 (80)
Low 6 (20)

Docetaxel received (no cycles)
0 2 (6.7)
4–6 28 (93.3)

Table 2. Adverse events in those domains most commonly
affected by toxicity – GI, GU, and hematologic.

All grades Grade 1 Grade 2 Grade 3
N (%) N (%) N (%) N (%)

Gastrointestinal
Abdominal pain 9 (30) 8 (26.7) 1 (3.3) –

Anorexia 4 (13.3) 4 (13.3) – –

Constipation 4 (13.3) 4 (13.3) – –

Diarrhea 25 (83.3) 19 (63.3) 6 (20) –

Flatulence 2 (6.7) 2 (6.7) – –

Frequency and urgency 7 (23.3) 7 (23.3) – –

GI infection 1 (3.3) – 1 (3.3) –

Nausea/vomiting 9 (30) 8 (26.7) 1 (3.3) –

Rectal bleeding 8 (26.7) 8 (26.7) – –

Urologic
Dysuria 17 (56.7) 15 (50) 1 (3.3) 1 (3.3)
Hematuria 1 (3.3) 1 (3.3) – –

Nocturia 18 (60) 12 (40) 6 (20) –

Frequency 9 (30) 8 (26.7) 1 (3.3) –
Hesitancy 5 (16.7) 5 (16.7) – –

Incontinence 1 (3.3) – 1 (3.3) –

Urinary infection 1 (3.3) – – 1 (3.3)
Urgency 6 (20) 5 (16.7) 1 (3.3) –

Hematologic
Anemia 14 (46.7) 12 (40) 2 (6.7) –

Neutropenia 22 (73.3) 13 (43.3) 8 (26.7) 1 (3.3)
Thrombocytopenia 8 (26.7) 7 (23.3) – 1 (3.3)
Leukopenia 27 (90) 9 (30) 15 (50) 3 (10)

ADRRAD: Trial of ADT þ Pelvic Radiotherapy þ Radium-223 in mHSPC
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Treatments received
All patients had radiotherapy of between 70 and 74 Gy planned

for the prostate in 35–37 fractions. One patient terminated radio-
therapy early due to bladder toxicity having received 30 fractions of
2 Gy to the prostate. One patient received radiotherapy to prostate
only (not pelvic lymph nodes) because small bowel constraints
could not be met; 29 patients received between 50 and 60 Gy to
the pelvic nodal PTV. Twenty-seven patients (90%) completed
planned 6 cycles of radium-223. Three patients (10%) discontinued
radium-223 at cycle 5.

Adverse events
During the 6 months of treatment and 8-week follow-up period,

grade 1–3 adverse events occurredpredominantly in the gastrointestinal
(GI), urological (GU) andhematologic domains.Nograde 4or5 toxicity
was seen. Twenty-five patients (83.3%) experienced diarrhea, which

was grade 1–2 in all patients. Seventeen patients (56.7%) experienced
dysuria, thiswas grade 3 in1 patient.One additional patient experienced
a grade 3 urinary tract infection (UTI) which responded to antibiotic
therapy. Three patients (10%) experienced grade 3 leukopenia; 1 each
additional patient (3.3%) experienced grade 3 neutropenia and throm-
bocytopenia. These grade 3 hematologic events were all asymptomatic,
there was no thrombocytopenia associated bleeding and no instances of
neutropenic sepsis occurred.Adverse events in the domainsGI,GU,and
hematologic are detailed in Table 2; other adverse events are listed by
grade in Supplementary Data Table S1.

Time scale of toxicity
Patients had blood drawn at screening, on day 0 of each cycle

of radium-223, at 8 weeks post final cycle of radium-223 and
6 months later at end of study. Mean blood indices by time-point
are shown in Fig. 1 below. There is a significant reduction in all

Figure 1.

Change in hematologic parameters dur-
ing trial. Hemoglobin (Hgb; A), platelets
(Plt; B), total white cell count (WCC; C),
absolute neutrophil count (ANC; D),
absolute lymphocyte count (Lymph; E).
Values shown are mean with error bars
95%CI, time-points are screening, cycle 1
to 6 radium-223, 8 weeks post cycle 6
radium-223 and 6 months later at end of
study.

Turner et al.
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mean blood indices between screening and end of study (Hgb
131.4 g/L to 122.5 g/L P¼ 0.001; Plt 266.9 � 109/L to 215.0� 109/L
P ¼ 0.002; WCC 7.8 � 109/L to 4.8 � 109/L P < 0.001; ANC
5.3 � 109/L to 3.3 � 109/L P ¼ 0.005; Lymph 1.6 � 109/L to 0.8 �
109/L P < 0.001).

Figure 2 shows the prevalence of GI and GU toxicity during weeks
1–28 of trial (weeks 1–8 involve concurrent radiotherapy and radium-
223). Grade 1–2 GI and GU toxicity is relatively common during the
concurrent treatment phase, but prevalence of toxicity declines after
EBRT completes and radium cycles continue.

Quality of life
Patients completed EPIC (29) scores at screening, q4 weekly

during radium-223 treatment, at 8 weeks post final radium-223
treatment and 6 months later at end of study; mean domain scores
are shown in Supplementary Data (Supplementary Fig. S2). There is
a significant fall in bowel and urinary scores between screening and
start of cycle 3, that is, during the concurrent phase of treatment
(mean bowel score screening ¼ 95.10, mean bowel score C3 ¼ 81.0
P < 0.001; mean urinary score screening ¼ 90.48, mean urinary
score C3 ¼ 79.02 P ¼ 0.003). These scores recover such that there is
no significant difference between scores at screening and scores at
end of trial in either domain.

Markers of response and skeletal health
ALP responses are shown in waterfall plots, Fig. 3A andB. Between

screening and cycle 6 radium-223, ALP fell in 27 patients (90%). This
trend reverses 6 months later at end of study; at this time-point 15
patients (50%) have shown ALP increase relative to screening. WB-
MRI responses are shown in Fig. 3C and D. In comparing WB-MRI

between screening and post C6 radium-223, 24 patients (80%) had
evidence of TB being stable or reduced. By the end of study, stable or
reduced TB was maintained in 17 patients (56.6%). Supplementary
Data (Supplementary Fig. S3) shows exemplar images detailing MRI
evidence of reducedTB (Supplementary Fig. S3A–D) and increased TB
(Supplementary Fig. S3E and S3F).

Median progression free survival was 20.5 months calculated by
standard Kaplan–Meier methods. Median OS has not yet been
reached. Survival curves are shown in Supplementary Data (Supple-
mentary Fig. S4).

Patients were followed up for skeletal related outcomes for 2 years
following treatment. During the trial no patients received bone health
agents, as was standard for mHSPC patients at the time. In terms of
fractures, in total 8 patients (26.7%) experienced at least onemalignant
fracture; 3 patients (10%) experienced at least one fragility fracture and
1 patient (3.3%) experienced two traumatic fractures. Nine courses of
palliative radiotherapy were delivered, eight for bone pain and one for
impending spinal cord compression. Table 3 summarizes skeletal
related outcomes.

Discussion
This is the first published use of concurrent pelvic radiotherapy and

radium-223 to treat metastatic prostate cancer. We demonstrated that
the combination of ADT, upfront docetaxel, radium-223, and EBRT to
prostate and pelvis is well tolerated and feasible in men with mHSPC
metastatic to bone.

The treatment schedule was well tolerated with acceptable toxicity
and impact on quality of life. The most common domains of toxicity
were GI, GU, and hematologic. Diarrhea was common (25 of 30
patients) but themajority of patients experienced grade 1 toxicity only.
No grade ≥ 3 GI toxicities occurred. One patient experienced grade 3
dysuria and 1 patient experienced a grade 3 UTI. GI and GU toxicity
predominantly occurred within the first 8 weeks of treatment, i.e.,
during the phase of EBRT. The PIVOTAL trial (26) provides a
comparator of a similar pelvic radiotherapy strategy being utilized
without any additional radionuclide (although acute toxicity was
reported on RTOG scales, unlike CTCAE scale in our study). In the
group of patients receiving prostate andpelvic radiotherapy they found
peak grade ≥2 acute GI toxicity in 26% patients compared with 7% in
ADRRAD; peak grade ≥2 acute GU toxicity occurred in 40% of
patients compared with 14% in ADRRAD. Therefore, the GI and GU
toxicity in ADRRAD is in agreement with that seen in trials of modern
radiotherapy alone to prostate and pelvis; there is no evidence of a
synergistic increase in pelvic toxicity as a result of the concurrent
administration of radium-223. These toxicities impact transiently on
quality of life; with a significant drop in quality of life in urinary and
bowel domains, which corrects back to baseline upon discontinuation
of pelvic radiotherapy. Sexual and hormonal quality-of-life domains
are relatively low at all trial time-points as a consequence of the well-
established toxicity profile of LHRHa.

Bone marrow suppression is a recognized toxicity of radiotherapy
involving bone marrow exposure. It is a particularly common toxicity
of radionuclide therapies being used to target bone metastases, where
the crossfire of radiation into the bone marrow compartment may be
significant (24). Hematologic toxicity occurred at a higher rate in
ADRRAD than in ALSYMPCA, the phase III trial of radium-223 used
alone in mCRPC. All grades anemia, thrombocytopenia, and neutro-
penia occurred at rates of 46.7%, 26.7%, and 73.3% respectively in
ADRRAD compared with 31%, 12%, and 5% in ALSYMPCA (25).
There is a trend to slow resolution in marrow suppression upon

Figure 2.

Prevalence of CTCAEGI (A) andGU (B) toxicity grade≥ 1,≥ 2,≥ 3 atweeks 1 to 28
during trial.

ADRRAD: Trial of ADT þ Pelvic Radiotherapy þ Radium-223 in mHSPC
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cessation of therapy (Fig. 1) but hemoglobin, platelet, white cell,
lymphocyte, and neutrophil counts all remain statistically significantly
lower at completion of study than at screening. Although this hema-
tologic toxicity is common, it is predominantly low grade; no clinical
sequelae were reported related to it and in particular no instances of
neutropenic sepsis occurred. There does not appear to be any differ-
ence in hematologic toxicity experienced by volume of disease;
although numbers are small (n ¼ 6 with low volume disease), the
same trends occur in both groups and there is no statistically signif-
icant difference in mean blood parameters at any time point between
low and high volumemetastases groups. The reasons for this degree of
bone marrow suppression are unclear. The marrow radiation dose
from prostate and pelvic radiotherapy has been recognized, in this
study pelvic marrow was not treated as an organ at risk. Additionally,

the majority (93.3%) of patients had recently completed 4–6 cycles of
docetaxel before commencing study. Per protocol, all patients had to
have a 6-week washout between final cycle docetaxel and commencing
study treatments, the median time was 13 weeks. Although they had
normal hematologic function to enter study, there may be residual
bone marrow stress from chemotherapy which results in the height-
ened rates of hematologic toxicity shown in this study. Previous
subgroup analysis has confirmed the acceptable toxicity profile of
radium-223 in patients who have received prior docetaxel (31); this
study in predominantly (93.3%) postdocetaxel patients has shown the
combination of radium-223þ EBRT to be well tolerated regardless of
prior docetaxel.

Although this phase I/II trial was noncomparative, there are signs
suggesting anticancer efficacy of the combination. Twenty-seven

Figure 3.

Plots showingmarkers of disease response. A,Waterfall plot showing change in ALP from screening to cycle 6 radium-223. B,Waterfall plot showing change in ALP
from screening to end of study (IU/L).C,Histogram showing change in TB onMRI between screening and cycle 6 radium-223.D,Histogram showing change in TB on
MRI between screening and end of study. C and D, MRI change is grouped into discrete categories: TB resolved, TB reduced, TB stable, TB increased. Y-axis details
number of patients in each category.

Table 3. Summary of skeletal-related outcomes.

Outcome Count

Malignant SSE (10 events) Palliative XRT for skeletal symptoms 8 courses (4 patients)
Palliative XRT for impending spinal cord compression 1 course
Symptomatic malignant fracture not receiving XRT 1 fracture

Non-SSE (9 events) Asymptomatic malignant fracture 9 events
19 fractures, (7 patients)

Nonmalignant Traumatic fracture 2 fractures (1 patient)
Fragility fracture 3 fractures (3 patients)

Turner et al.
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patients (90%) demonstrated a decrease in ALP between screening and
cycle 6. This was accompanied by 24 patients (80%) demonstrating
either stable or reduced TB on WB-MRI scan between screening and
completion of cycle 6 radium-223. Some dramatic MRI examples of
resolution of skeletal metastases were seen (Supplementary Fig. S3). It
is impossible with the current study design to separate late responses to
LHRHa þ/- docetaxel from responses to study treatments. However
the ALP changes, coupled to the MRI improvements seen in a
subgroup of patients at the later time point (>1 year post last docetaxel)
suggest certain patients derive real anticancer benefit from the
combination.

Survival times were calculated from the time of administration of
first pretrial docetaxel for those patients who received it or trial
registration for patients in whom docetaxel was contraindicated. This
accounts for themix of patients, 28 of whomwere post docetaxel and 2
of whom were not; it also allows comparison with other trials in
mHSPC. Biochemical progression free survival ¼ 20.5 months in this
population with predominantly high volume disease (80%). These
results are very encouraging in the context of results from the
STAMPEDE mHSPC cohort treated with docetaxel; in an unplanned
subgroup analysis clustering by volume of disease, the failure free
survival for the high volume group was just over 1 year (32). As shown
in Supplementary Fig. S1, 1 patient progressed rapidly into mCRPC
and did not receive study treatments which may positively skew our
data with reference to STAMPEDE.

The effect of radium-223 onoverall skeletal health has been a subject
of some debate. The original ALSYMPCA trial (25) demonstrated that
radium-223 significantly prolonged the time to first symptomatic
skeletal event from 9.8 months to 15.6 months P < 0.001. More
recently, the ERA-223 randomized controlled trial combining radi-
um-223 with abiraterone was unblinded early due to concerns about
increased rates of fracture and death in the combination. Fractures
occurred in 29% of the combination group compared with 11% of the
placebo (abiraterone alone) group (28). InADRRAD15 adverse events
occurred relating to fracture. The majority of these (9 events) were
asymptomatic pathological fractures picked up on imaging alone. One
symptomatic pathological fracture occurred. One patient sustained
two fracture events which were clearly related to trauma. Three
patients sustained fragility fractures – that is fractures in sites of bone
without metastases but with no history of trauma to explain the
fracture. These were two vertebral fractures and one sacral ala fracture.
The effect of LHRHa in reducing bone mineral density is well
established (33), pelvic radiotherapy may also predispose to sacral
insufficiency fractures (34). So whilst the underlying rate of fractures
appears high at 15 events, it is unclear at this stage if there is an excess
fracture risk attributable to radium-223 orwhether it simply represents
the combined effects of metastases causing pathologic fractures and
other treatments contributing to osteoporosis. None of the patients in
this study received bone health agents, as was the clinical standard for
mHSPC at the time. In light particularly of the ERA-223 study, such
agents would likely be encouraged or mandated in future phase III
trials.

Translational assays were built into the trial looking at circulating
tumor cell numbers, markers of DNA damage in circulating tumor
cells and lymphocytes and positivity for a previously published 44 gene
microarray identifying deficiencies in DNA damage repair (35). These
results are pending.

Prostate radiotherapy has become established as a standard of care
for patients with mHSPC and low volume disease. Radium-223

remains a standard of care treatment for patients with mCRPC.
Additionally, next generation radionuclides are in development. Early
data have been promising for Lutetium-177/PSMA conjugates (36)
and further trials continue. It seems likely that in metastatic prostate
cancer there will continue to be a role for radiotherapy to target
prostate and radionuclide therapy to target areas ofmore disseminated
metastases. This trial demonstrates for the first time the feasibility of
combining these modalities and shows early signals of efficacy which
will continue to be investigated in future trials.

Future work surrounds completion of the translational science
analysis and the design of a phase III randomized control trial testing
formally the efficacy of the combination.
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