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Background: In metastatic castration-resistant prostate cancer (mCRPC), assessing treatment response and bone lesions
with technetium-99m is limited by image resolution and subjectivity. We evaluated bone scan lesion area (BSLA), a
quantitative imaging assessment of response in patients with mCRPC receiving radium-223 alone or in combination
with androgen receptor pathway inhibitors (abiraterone/prednisone or enzalutamide).
Patients and methods: This randomized, non-comparative phase IIa three-arm trial (NCT02034552) evaluated
technetium-99m-based BSLA response rate (RR), safety, radiologic progression-free survival (rPFS), and time to first
symptomatic skeletal event (SSE) in men with mCRPC and bone metastases receiving radium-223 with/without
abiraterone/prednisone or enzalutamide. The primary endpoint was week 24 BSLA RR.
Results: Overall, 63 patients received treatment (abiraterone/prednisone combination, n ¼ 22; enzalutamide
combination, n ¼ 22; radium-223 monotherapy, n ¼ 19). Median treatment duration (first to last dose of any study
treatment) was 12 months (abiraterone/prednisone combination), 10 months (enzalutamide combination), and
3 months (radium-223 monotherapy). Week 24 BSLA RR was 58% [80% confidence interval (CI) 41% to 74%;
one-sided P < 0.0001; 11/19 patients] with abiraterone/prednisone combination, 50% (32% to 68%; one-sided
P < 0.0001; 8/16 patients) with enzalutamide combination, and 22% (10% to 40%; one-sided P ¼ 0.0109; 4/18
patients) with radium-223 monotherapy. Median rPFS was not evaluable for combination arms and 4 months (80%
CI 4 to 12) for monotherapy. SSEs were reported in 32% of patients; median time to first SSE was not estimable.
Fatigue and back pain were the most commonly reported treatment-emergent adverse events (TEAEs); more
patients receiving combination therapy than monotherapy had TEAEs. Fractures were reported in 18% receiving
abiraterone/prednisone, 32% receiving enzalutamide, and 11% receiving radium-223 monotherapy. Fracture rates
were lower in patients taking bone health agents versus not taking bone health agents at baseline.
Conclusions: Technetium-99m imaging BSLA may offer objective, quantifiable assessment of isotope uptake changes,
and potentially treatment response, in patients with mCRPC and bone metastases treated with radium-223 alone or
in combination with abiraterone/prednisone or enzalutamide. In this largely treatment-naive population, BSLA RR
was numerically lower with radium-223 monotherapy versus combination therapy, indicating a limited role as first-
line treatment. Use of radium-223 should follow evidence-based treatment guidelines and the licensed indication.
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INTRODUCTION

Multiple life-prolonging therapies are approved for meta-
static castration-resistant prostate cancer (mCRPC),
including androgen receptor pathway inhibitors (ARPIs;
abiraterone/prednisone and enzalutamide), chemotherapy
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(docetaxel, cabazitaxel), immunotherapy (sipuleucel-T), and
targeted alpha therapy (radium-223 dichloride). Abiraterone
(a CYP17 inhibitor), enzalutamide (a second-generation
androgen receptor inhibitor1), and radium-223 (a targeted
alpha therapy that selectively binds to areas of increased
bone turnover in bone metastases2) have all demonstrated
overall survival (OS) benefit in patients with mCRPC in
phase III clinical trials.3-10 The different mechanisms of ac-
tion of these agents and limited overlapping toxicity pro-
vided a rationale for their use in combination.1 However,
additional clarity about such combination therapies is now
required in light of recent negative findings for abiraterone/
prednisone plus radium-223 combination therapy
compared with abiraterone/prednisone alone in the
ERA 223 trial in men with chemotherapy-naive, asymp-
tomatic, or mildly symptomatic mCRPC.11

Bone metastases occur in approximately 90% of men
with mCRPC,3,10 but there are challenges with staging and
determining treatment response.12 The conventional
approach with technetium-99m uses visual assessment of
images to monitor metastases based on the number of
bone lesions over time. However, limited image resolution
and the subjectivity of visual assessment precludes reliable
quantitative assessment of lesion size. These issues of
specificity and sensitivity mean that conventional bone scan
imaging is too ‘blurry’ for clear visual discernment and
resolution of distinct lesions.12,13 Consequently, currently
there is no reliable means to evaluate changes in bone
lesion burden in mCRPC. Accordingly, Response Evaluation
Criteria in Solid Tumors (RECIST) 1.114 and Prostate Cancer
Clinical Trials Working Group 3 (PCWG3) criteria15 recom-
mend limited use of imaging endpoints in evaluating bone
lesions compared with soft-tissue lesions. Both RECIST 1.1
and PCWG3 use bone lesions as non-target lesions
(assessed qualitatively); thus, both criteria permit assess-
ment of complete response (CR) and progressive disease
(PD), but cannot distinguish partial response (PR) from
stable disease (SD). This severely limits the use of bone
lesion response as an efficacy endpoint. Therefore, when
determining treatment efficacy in patients with mCRPC and
bone metastases, quantifiable time-to-event-based efficacy
outcomes, including radiologic progression-free survival
(rPFS) or time to symptomatic skeletal events (SSEs), may
be more reliable than qualitative response categories (CR,
PD, or neither). Accordingly, the PCWG3 suggests using
alternative endpoints to response, even in early-phase
clinical trials of new agents for the treatment of mCRPC.15

Recently, bone scan lesion area (BSLA), determined using
an automated computer-aided detection (CAD) system, has
been used to quantify whole-body bone scintigraphic im-
ages and act as a biomarker for bone tumor burden.16 This
automated system was reported to have a sensitivity of 94%
and specificity of 89% for tumor pixels on bone scans,
compared withw77% sensitivity and 84% to 96% specificity
of manual interpretation.16 In a subsequent validation study
in men with mCRPC and bone metastases receiving either
abiraterone/prednisone or placebo, BSLA <200 cm2 at
baseline was prognostic for delayed progression and
2 https://doi.org/10.1016/j.esmoop.2021.100082
predictive of prolonged OS in treated patients. Further-
more, patients with PD, defined as a 30% increase in BSLA
from baseline to week 12 of treatment, had a significantly
shorter OS than patients without progression.13

This phase IIa three-arm study evaluated bone scan
response rate (RR) using the above-mentioned CAD system
to measure technetium-99m bone scan BSLA, safety, and
other outcomes in patients with mCRPC following treat-
ment with radium-223 alone or in combination with either
abiraterone/prednisone or enzalutamide. The study also
explored the clinical value of different imaging modalities
[diffusion-weighted magnetic resonance imaging (DW-MRI)
and sodium fluoride positron emission tomography/
computed tomography (Na18F PET/CT)] for evaluating
treatment response in bone lesions. Detailed rationales for
investigating BSLA, DW-MRI, and Na18F PET/CT in this
setting are provided in the Supplementary Materials,
available at https://doi.org/10.1016/j.esmoop.2021.100082.
This study was initiated and patients completed radium-223
treatments before the results of the ERA 223 trial of abir-
aterone/prednisone plus radium-223 were available and
before publication of the CAD BSLA validation study.

PATIENTS AND METHODS

Study design and conduct

The study was a randomized, non-comparative, open-label,
multicenter, phase IIa trial (NCT02034552). The study pro-
tocol and all subsequent amendments were approved by an
independent ethics committee or institutional review board
at each participating site (19 sites in 15 states and the
District of Columbia within the United States). The study
was conducted in accordance with the Declaration of Hel-
sinki and the Good Clinical Practice guidelines of the In-
ternational Conference on Harmonization. All patients
provided written informed consent before participating in
the study.
Patients

Patients aged �18 years were eligible for inclusion if they
had histologically or cytologically confirmed progressive
CRPC and two or more bone metastases detected by whole-
body bone imaging, but no known visceral metastases. Key
exclusion criteria included history of or known visceral
metastases, treatment with >1 chemotherapy agent for
prostate cancer, or previous abiraterone/prednisone, enza-
lutamide, radium-223, or systemic radiotherapy. The defi-
nition of castration-resistant disease and a full list of
inclusion/exclusion criteria are provided in Supplementary
Table S1, available at https://doi.org/10.1016/j.esmoop.
2021.100082.
Study design and treatment regimens

Following screening, eligible patients were randomized in a
1 : 1 : 1 ratio to one of three treatment arms: radium-223
plus abiraterone acetate and prednisone, radium-223 plus
enzalutamide, or radium-223 monotherapy. Radium-223
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55 kBq/kg was administered intravenously once every
4 weeks for six cycles. Patients in the combination arms also
received either oral abiraterone acetate (1000 mg once
daily) and oral prednisone/prednisolone (5 mg twice daily)
or oral enzalutamide (160 mg once daily). Abiraterone/
prednisone or enzalutamide were administered concur-
rently with radium-223. Patients could continue abirater-
one/prednisone or enzalutamide for up to 2 years after the
last radium-223 dose if investigators determined that pa-
tients would receive clinical benefit.

During treatment, all concomitant medications, including
those for prostate cancer, but excluding medication for
procedures and imaging, were to be recorded. Hormonal
therapy (e.g. luteinizing hormone-releasing hormone ago-
nists or antagonists, anti-androgens) was permitted in any
treatment arm. In the radium-223 arm only, other prostate
cancer therapies (e.g. diethylstilbestrol, estradiol, ketoco-
nazole, dexamethasone, hydrocortisone, prednisone) could
be used according to routine clinical practice, at the
discretion of the investigator, with the exception of
concomitant abiraterone/prednisone or enzalutamide. Dif-
ferential permissibility was considered ethically necessary,
given the lack of expected efficacy of radium-223 in soft
tissue disease, notwithstanding its potential for bias.

The primary endpoint for each treatment arm was BSLA
RR at week 24 calculated from each patient’s digitized
technetium-99m bone scan and based on a series of in-
termediate calculations. Bone scans were evaluated by
central review using CAD software (MedQIA, LLC, Los
Angeles, CA) to evaluate each patient’s digitized whole-
body technetium-99m bone scan at each time point (see
Supplementary Materials, available at https://doi.org/10.
1016/j.esmoop.2021.100082 for details). The reviewer
identified bone pixels and determined the BSLA (in cm2),
defined as the sum of the pixel areas identified as bone
lesions from the set of whole-body technetium-99m bone
imaging pixels, and disease status (bone lesion or not bone
lesion) for each pixel. For each treatment arm, response
was classified as a decrease in BSLA of �30% from baseline
at week 24.

Secondary endpoints included rPFS (non-bone or bone
progression, whichever occurred first), time to radiologic
non-bone (soft-tissue) progression (modified RECIST 1.1),
time to radiologic bone progression (adapted PCWG2
guidelines),17 SSE-free survival (SSE-FS), time to first SSE,
OS, and safety. An SSE was defined as any of the following:
use of external-beam radiotherapy (EBRT) to relieve skeletal
pain, new symptomatic pathologic bone fractures (vertebral
or nonvertebral), spinal cord compression, or tumor-related
orthopedic surgical intervention. Bone fractures and bone-
associated events were assessed both as SSEs and as
adverse events (AEs). Use of bone health agents (BHAs) was
assessed at baseline and during treatment and follow-up.
Follow-up safety assessments occurred every 12 weeks
from the end of treatment and for up to 2 years from the
last radium-223 dose.

The study treatment period was from treatment initiation
up to 30 days after the last dose of study treatment.
Volume 6 - Issue 2 - 2021
Patients entered an active follow-up period of up to 2 years
after the last radium-223 dose for efficacy, imaging, and
select safety information. After the active follow-up period,
patients entered a long-term follow-up period for up to
7 years from the last radium-223 dose. Following a protocol
amendment, patients were transitioned into a separate
long-term safety follow-up study for the remainder of their
long-term follow-up.

All AEs (severity, seriousness, and duration) and labora-
tory values were reported during the study treatment
period. Any AEs arising during this period were classified as
treatment-emergent AEs (TEAEs). All AEs related to study
medication and all serious AEs (SAEs) were also reported
during active follow-up. Select safety data were collected
throughout the study, including long-term follow-up data,
regardless of the investigator’s causality assessment. These
data included bone fractures and bone-associated events,
e.g. osteoporosis (reported as AEs or SAEs); all occurrences
of leukemia, myelodysplastic syndrome, aplastic anemia,
and primary bone cancer, or any other new primary ma-
lignancy (reported as SAEs); and survival.

All AEs were coded according to the Medical Dictionary
for Regulatory Activities (MedDRA) v.21.0, graded according
to the Common Terminology Criteria for Adverse Events
(CTCAE) v.4.0, and assessed by the investigator for their
relationship to treatment.

Clinical and imaging-related exploratory endpoints are
described in the Supplementary Materials, available at
https://doi.org/10.1016/j.esmoop.2021.100082.

Patients were assessed at screening and at weeks 8, 16,
and 24 using a whole-body technetium-99m bone scan and
MRI/CT imaging of the chest, abdomen, and pelvis.
Assessment continued every 12 weeks or until confirmed
radiologic progression (bone and/or soft tissue). Patients
were also assessed for SSEs at each clinic visit. Exploratory
imaging with DW-MRI and Na18F PET/CT was conducted at
screening, at weeks 8, 16, and 24, and then every 12 weeks
at selected sites. Results from each imaging method un-
derwent separate central review.
Statistical analysis

Patient baseline characteristics for the intention-to-treat
(ITT) population (all randomized patients) were reported
by treatment arm using descriptive statistics. The efficacy
population comprised a modified ITT population (mITT;
patients who received at least one dose of study drug). The
primary imaging analysis population included all patients in
the mITT population with evaluable baseline technetium-
99m bone scans. The safety population comprised all pa-
tients who received at least one radium-223 dose.

The primary endpoint analysis in each treatment arm was
based on formal non-comparative hypothesis tests for BSLA
RR at week 24, without adjustment for multiplicity. The
hypothesis tested in each arm was H0: BSLA RR �5% versus
HA: BSLA RR >5%, using an exact single-arm binomial test
with a one-sided alpha of 0.10. Twenty evaluable partici-
pants were required to obtain 90% power to detect a bone
https://doi.org/10.1016/j.esmoop.2021.100082 3
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scan RR of >5% at week 24 when the true RR was 30%.
Bone scan RR at week 24 was estimated with exact binomial
confidence intervals (CIs). There were no statistical com-
parisons between treatment arms.

Efficacy endpoints and AEs were reported using summary
statistics. Time-to-event variables (rPFS, SSE-FS, OS, time to
first SSE, time to radiologic bone progression) were sum-
marized by treatment arm using the KaplaneMeier method,
with median values and BrookmeyereCrowley CIs. Week 24
rates for time-to-event efficacy variables were based on a
KaplaneMeier analysis. Frequencies and percentages were
tabulated for categorical variables.
RESULTS

Patients and study regimen

From March 2014 to May 2018, 68 patients were entered
into the randomized study and 63 received treatment.
Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2021.100082, shows the efficacy, imaging,
and safety populations in each treatment arm. At baseline,
overall, the median time since diagnosis of bone metastasis
was 16 months, and 44% of patients had 6 to 20 metastases
(Table 1). Patients received a median of six radium-223
injections in each combination arm and four in the
radium-223 monotherapy arm. Median duration of treat-
ment (from first to last dose of any study treatment) was
12 months with the abiraterone/prednisone combination,
10 months with the enzalutamide combination, and
Table 1. Baseline patient characteristics (ITT population)

Radium-223 mon
(n ¼ 22)

Median age, years 72
ECOG PS, n (%)
0 10 (45)
1 9 (41)

Median total ALP, U/l 96
Median PSA, mg/l 31
Median time since PC diagnosis, months 25
Median time since first cancer progression, months 15
Median time since bone metastasis initial diagnosis,
months

10

Extent of disease, n (%)
<6 metastases 9 (41)
6-20 metastases 7 (32)
>20 lesions 3 (14)
Superscan 1 (5)

Median baseline BSLA, mm2 4315
Prior systemic anticancer therapies, n (%)a

Sipuleucel-T 5 (23)
Docetaxel 4 (18)

Prior BHA use, n (%) 8 (42)b

Denosumab 7 (37)b

Zoledronic acid 1 (5)b

ALP, alkaline phosphatase; BHA, bone health agent; BSLA, bone scan lesion area; ECOG P
PC, prostate cancer; PSA, prostate-specific antigen.
a >15% of patients overall.
b n ¼ 19.
c n ¼ 22.
d n ¼ 63.

4 https://doi.org/10.1016/j.esmoop.2021.100082
3 months with radium-223 monotherapy. The median
duration of the active follow-up period (up to 2 years after
the last radium-223 dose) was 7 months for both combi-
nation regimens and 19 months for radium-223 mono-
therapy. This was expected, as patients in the radium-223
arm received a maximum of six doses of radium-223,
whereas patients in the combination arms could receive
abiraterone/prednisone or enzalutamide for up to 2 years
after the last radium-223 dose until progression.

Most patients (85%) received �1 concomitant systemic
anticancer therapy during the treatment period (abirater-
one/prednisone arm: 83%, enzalutamide arm: 95%, and
radium-223 arm: 77%), and 81% received �1 concomitant
hormonal therapy (83%, 86%, and 73%, respectively). The
majority of patients received androgen-deprivation thera-
pies such as leuprorelin/leuprorelin acetate (75% of pa-
tients), degarelix/degarelix acetate (4%), and goserelin (4%).
Few patients received first-generation androgen receptor
inhibitors, such as bicalutamide (3%), and other prostate
cancer therapies were reported in <3% of patients each.
During follow-up, 88% of patients received �1 systemic
anticancer therapy (83%, 96%, and 86%, respectively), and
87% received �1 hormonal therapy (83%, 91%, and 86%,
respectively).
Efficacy

Primary endpoint. The BSLA RR at week 24 based on
technetium-99m bone scans in the imaging analysis popu-
lation was 58% (80% CI 41% to 74%; one-sided P < 0.0001;
otherapy Radium-223 D
abiraterone/prednisone
(n ¼ 24)

Radium-223 D
enzalutamide
(n ¼ 22)

Total
(N ¼ 68)

68 73 71

13 (54) 11 (50) 34 (50)
9 (38) 11 (50) 29 (43)

101 98 99
17 19 19
52 48 46
32 20 21
15 22 16

6 (25) 6 (27) 21 (31)
11 (46) 12 (55) 30 (44)
5 (21) 4 (18) 12 (18)
0 0 1 (1)

7479 7516 7266

6 (25) 3 (14) 14 (21)
3 (13) 5 (23) 12 (18)
7 (32)c 8 (36) 23 (37)d

6 (27)c 7 (32) 20 (32)d

1 (5)c 1 (5) 3 (5)d

S, Eastern Cooperative Oncology Group performance status; ITT, intention-to-treat;
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11/19 patients) for radium-223 plus abiraterone/predni-
sone, 50% (80% CI 32% to 68%; one-sided P < 0.0001; 8/16
patients) for radium-223 plus enzalutamide, and 22% (80%
CI 10% to 40%; one-sided P ¼ 0.0109; 4/18 patients) for
radium-223 monotherapy (Table 2).

Secondary endpoints. Median rPFS, time to radiologic non-
bone progression, time to radiologic bone progression, and
time to first SSE are shown in Table 2 and Figure 1A. In each
arm, 32% of patients had an SSE. Median SSE-FS was also
not estimable for the radium-223 plus abiraterone/predni-
sone arm (Table 2). The 24-month SSE-FS rates were 66%
(80% CI 50% to 79%), 47% (80% CI 33% to 61%), and 35%
(80% CI 20% to 50%) for radium-223 plus abiraterone/
prednisone, radium-223 plus enzalutamide, and radium-223
monotherapy, respectively.

Median OS was 38 months (80% CI 36 to not estimable)
for radium-223 plus abiraterone/prednisone, 30 months
(80% CI 27 to not estimable) for radium-223 plus enzalu-
tamide, and 36 months (80% CI 21 to 41) for radium-223
monotherapy (Table 2); 24-month OS rates were �75%
for each combination treatment and 64% for radium-223
monotherapy (Figure 1B).

Exploratory endpoints

Clinical exploratory endpoints. The alkaline phosphatase
(ALP) RR at the end of radium-223 treatment was 36% (80%
CI 26% to 59%) for radium-223 plus abiraterone/predni-
sone, 50% (80% CI 41% to 74%) for radium-223 plus enza-
lutamide, and 42% (80% CI 30% to 65%) for radium-223
monotherapy. Median percentage change in ALP from
baseline to the end of radium-223 treatment was �25% for
radium-223 plus abiraterone/prednisone, �31% for radium-
223 plus enzalutamide, and �21% for radium-223 mono-
therapy. Median time to confirmed ALP progression on
study was 10 months (80% CI 8 to 13) for radium-223 plus
abiraterone/prednisone, 9 months (80% CI 8 to 16) for
radium-223 plus enzalutamide, and not estimable for
radium-223 monotherapy.
Table 2. Primary and secondary efficacy endpoints (mITT population)

Radium-223 monotherapy
(n ¼ 19)

BSLA RR at week 24, % (80% CI),a

P value
22 (10-40); P ¼ 0.0109b

Median rPFS, months (80% CI)c 4 (4-12)
Median time to radiologic disease (non-bone)
progression, months (80% CI)c

5 (4-NE)

Median time to radiologic bone progression,
months (80% CI)c

12 (4-12)

Patients with an SSE, n (%) 6 (32)
Median SSE-FS, months (80% CI) 12 (10-25)
Median time to first SSE, months (80% CI) NE (13-NE)
Median OS, months (80% CI) 36 (21-41)

BSLA, bone scan lesion area; CI, confidence interval; mITT, modified intention-to-treat;
RR, response rate; SSE, symptomatic skeletal event; SSE-FS, SSE-free survival.
a Imaging population: radium-223 þ abiraterone/prednisone, n ¼ 19; radium-223 þ enzal
b Test of the null hypothesis of BSLA RR �5% at week 24 using an exact single-arm binom
c Central review.
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The prostate-specific antigen (PSA) RR at the end of
radium-223 treatment was 64% (80% CI 60% to 90%) for
each combination arm and 21% (80% CI 11% to 4%) for
radium-223 monotherapy. Median percentage change in
PSA from baseline was �84% for radium-223 plus abir-
aterone/prednisone, �93% for radium-223 plus enzaluta-
mide, and 50% for radium-223 monotherapy. Median time
to confirmed PSA progression was 26 months (80% CI 19 to
not estimable) for radium-223 plus abiraterone/prednisone,
10 months (80% CI 9 to 25) for radium-223 plus enzaluta-
mide, and 4 months (80% CI 3 to not estimable) for radium-
223 monotherapy.

Technetium-99-based imaging exploratory endpoints.
Mean BSLA at week 24 was numerically lower than at
baseline for the combination treatments and higher than
baseline for radium-223 monotherapy; CIs were overlapping
(Figure 2). Based on BSLA best overall response rate (BORR)
during the study using technetium-99m bone imaging, 13/
19 patients (68%) had a response with radium-223 plus
abiraterone/prednisone, 14/16 patients (88%) with radium-
223 plus enzalutamide, and 5/18 patients (28%) with
radium-223 monotherapy. These values are higher than the
BSLA RR at week 24 because responses in some patients
occurred later than week 24.

At week 24, >30% of patients across the three treatment
arms had quantitative involvement in all four axial regions
(Supplementary Table S2, available at https://doi.org/10.
1016/j.esmoop.2021.100082).

Additional exploratory radiologic methods for imaging
bone metastases (DW-MRI and Na18F PET/CT) are reported
in the Supplementary Information, available at https://doi.
org/10.1016/j.esmoop.2021.100082.

Safety

Adverse events. All patients, except one in the radium-223
monotherapy arm, experienced at least one TEAE during
the study (Table 3). Generally, the percentage of patients
with TEAEs was higher with combination treatment than
Radium-223 D abiraterone/prednisone
(n ¼ 22)

Radium-223 D enzalutamide
(n ¼ 22)

58 (41-74); P < 0.0001b 50 (32-68); P < 0.0001b

NE (19-NE) NE (10-NE)
NE (NE-NE) NE (NE-NE)

NE (NE-NE) NE (NE-NE)

7 (32) 7 (32)
NE (17-NE) 20 (12-28)
NE (17-NE) NE (20-NE)
38 (36-NE) 30 (27-NE)

NE, not estimable; OS, overall survival; rPFS, radiologic progression-free survival;

utamide, n ¼ 16; radium-223 monotherapy, n ¼ 18.
ial test in each treatment group with one-sided alpha ¼ 0.10.
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Table 3. Treatment-emergent adverse events (any grade) occurring in ‡20% of patients in any treatment arm (safety population)

Adverse event (MedDRA preferred term), n (%) Radium-223
monotherapy (n ¼ 19)

Radium-223 D
abiraterone/prednisone (n ¼ 22)

Radium-223 D
enzalutamide (n ¼ 22)

Total
(N [ 63)

Any TEAE 18 (95) 22 (100) 22 (100) 62 (98)
Fatigue 6 (32) 8 (36) 9 (41) 23 (37)
Back pain 5 (26) 8 (36) 9 (41) 22 (35)
Diarrhea 4 (21) 8 (36) 9 (41) 21 (33)
Nausea 2 (11) 9 (41) 6 (27) 17 (27)
Arthralgia 3 (16) 5 (23) 6 (27) 14 (22)
Decreased appetite 3 (16) 3 (14) 5 (23) 11 (17)
Hypertension 3 (16) 2 (9) 6 (27) 11 (17)
Constipation 1 (5) 6 (27) 3 (14) 10 (16)
Dizziness 1 (5) 3 (14) 6 (27) 10 (16)
Hot flush 1 (5) 3 (14) 5 (23) 9 (14)
Vomiting 2 (11) 6 (27) 1 (5) 9 (14)
Headache 1 (5) 5 (23) 1 (5) 7 (11)
Upper respiratory tract infection 0 5 (23) 2 (9) 7 (11)

MedDRA, Medical Dictionary for Regulatory Activities (v.21.0); TEAE, treatment-emergent adverse event.
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with radium-223 monotherapy. Overall, a greater percent-
age of patients receiving combination treatment [12 pa-
tients (55%) with abiraterone/prednisone and 15 patients
6 https://doi.org/10.1016/j.esmoop.2021.100082
(68%) with enzalutamide] experienced Grade 3-4 TEAEs
compared with those receiving radium-223 monotherapy
[seven patients (37%)]. One patient in the enzalutamide
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arm died from Grade 5 general physical deterioration
considered unrelated to study treatment. Treatment-related
TEAEs were reported in 43 patients (68%) overall: 17 (77%),
18 (82%), and 8 (42%) in the radium-223 plus abiraterone/
prednisone, radium-223 plus enzalutamide, and radium-223
monotherapy arms, respectively. The most commonly re-
ported any-grade treatment-related TEAEs overall were fa-
tigue (n ¼ 17; 27%), diarrhea (n ¼ 14, 22%), and nausea
(n ¼ 8, 13%). The only treatment-related serious TEAE was
nausea in one patient receiving radium-223 plus abirater-
one/prednisone.

Drug-related AEs during active follow-up were reported
in six patients (10%) overall: one patient receiving radium-
223 plus abiraterone/prednisone (pathological fracture),
three patients receiving radium-223 plus enzalutamide
(pathological fracture, arthralgia, and acute promyelocytic
leukemia), and two patients receiving radium-223 mono-
therapy (constipation and atypical femur fracture). Post-
treatment drug-related SAEs occurred in one patient
receiving radium-223 plus enzalutamide (acute promyelo-
cytic leukemia) and one patient receiving radium-223
monotherapy (atypical femur fracture). In addition to the
one patient in the enzalutamide combination arm who died
during the study treatment period, 20 patients died during
active 2-year follow-up, and 8 died during long-term follow-
up. Most deaths during follow-up were related to prostate
cancer (n ¼ 26); none was considered to be study drug
related.

Fractures/time to first fracture. The incidence of fractures
during study treatment or active follow-up and median time
to first fracture (censoring for death or loss to follow-up) are
shown in Table 4. Fracture rates were generally lower in
patients taking BHAs at baseline than in patients not taking
BHAs at baseline (Table 4).

DISCUSSION

This non-comparative trial was conducted to evaluate BSLA
RR using technetium-99m bone scans in patients with
mCRPC and bone metastases treated with radium-223 as
monotherapy or in combination with either abiraterone/
prednisone or enzalutamide. Patients in the combination
arms generally had a longer median duration of treatment
Table 4. Number of fractures and time to first fracture during and after treatm

All patients in the safety population Radium-223
monotherapy (n ¼ 19)

Number of patients with �1 fracture, n (%) 2 (11)
Median time to first fracture, months (80% CI) 18 (6-18)
Event-free rate at 2 years, % (95% CI) 0
Patients without baseline BHA use, n 11
Patients with �1 fracture, n (%) 1 (9)
Median time to first fracture, months (80% CI) 18 (NE-NE)
Event-free rate at 2 years, % (95% CI) 0

Patients with baseline BHA use, n 8
Patients with �1 fracture, n (%) 1 (13)
Median time to first fracture, months (80% CI) NE (6-NE)
Event-free rate at 2 years, % (95% CI) NE (NE)

BHA, bone health agent; CI, confidence interval; NE, not estimable.
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and a greater median number of radium-223 injections than
patients in the monotherapy arm. The primary endpoint of
a BSLA RR >5% at week 24 was met in each treatment arm
and BSLA RRs were numerically greater in each combination
arm than in the radium-223 monotherapy arm. The BSLA
BORR during the study was consistent with the BSLA RR at
week 24. Median rPFS and median times to radiologic non-
bone and bone progression were not estimable in either
combination arm (due to insufficient follow-up time) but
were reached in the monotherapy arm. As patients gener-
ally stopped follow-up for radiologic progression at the first
progression event, estimates of the components of radio-
logic progression (bone and non-bone) may be biased. A
similar proportion of patients in each treatment arm
experienced SSEs, but median SSE-FS was not estimable or
longer with the combinations than with radium-223 mon-
otherapy, suggesting that SSEs occurred later with combi-
nation therapy than with monotherapy.

The toxicity profile of each drug was consistent with
previously reported clinical experience.3-7 Furthermore,
although this study was non-comparative and low patient
numbers preclude between-arm conclusions regarding sur-
vival and disease progression, the study had rigorous follow-
up for drug-related and SSE-related events and no new
safety signals for the combination regimens were reported
for up to 2 years following the last study treatment.

Proportionally more patients had fractures with combi-
nation treatment than with radium-223 monotherapy.
However, for all three treatment arms combined, the pro-
portion of patients who experienced fractures was lower in
patients receiving BHAs at baseline than in patients not
receiving BHAs at baseline, although sample sizes and
numbers of events were small. Time to first fracture results
by treatment arm were inconclusive. Although current
treatment guidelines recommend a BHA, such as denosu-
mab or zoledronic acid, for all patients with mCRPC for the
prevention of skeletal-related events,18,19 at the time the
study was conducted (2014-2018), only 37% of patients
were receiving BHAs at baseline, and BHA use during the
study was not mandatory. Recent findings from the
PEACE III trial of enzalutamide alone or in combination with
radium-223 in patients with mCRPC showed that the
increased risk of fracture with this combination is almost
ent (safety population)

Radium-223 D
abiraterone/prednisone (n ¼ 22)

Radium-223 D
enzalutamide (n ¼ 22)

4 (18) 7 (32)
NE (17-NE) 35 (24-35)
72 (39-89) 67 (38-85)
15 14
4 (27) 5 (36)

NE (8-NE) 35 (8-35)
60 (23-84) 58 (17-85)
7 8
0 2 (25)

NE (NE-NE) NE (2-NE)
100 (100-100) 75 (31-93)
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eliminated with mandatory use of BHAs,20 suggesting that
mandatory BHA use in the current study may have reduced
fracture rates for combination regimens. In the ERA 223
trial, which was not completed at the time of initiation of
the current study, an increased fracture rate was reported
with abiraterone/prednisone plus radium-223 (compared
with abiraterone/prednisone plus placebo), yet only 39% of
patients in the abiraterone/prednisone plus radium-233
group received concomitant BHAs. Moreover, in the
ERA 223 combination therapy group, the fracture rate was
lower in patients taking BHAs rather than not taking BHAs
(15% versus 37%, respectively).11

Nevertheless, our results should be interpreted with
caution as patients were followed for different durations in
each treatment arm. The combination arms, which allowed
abiraterone/prednisone or enzalutamide therapy for up to
2 years, had substantially longer treatment periods than the
monotherapy arm, where treatment was generally limited
to 24 weeks. In addition, discrepancies were evident in the
proportions of patients who had received prior docetaxel
therapy: 18% of patients in the radium-223 monotherapy
group; 13% in the abiraterone/prednisone group; and 23%
in the enzalutamide group. These differences may have
contributed to intergroup differences in the primary
outcome. However, such subgroup differences are normal
and consistent with chance in a small randomized study.
Consequently, the effect of these differences cannot be
evaluated, given the small sample size. Future real-world
evidence studies of sequential ARPI-radium-223 therapy in
clinical practice would be useful to determine the impact of
prior taxane therapy on BSLA measurements and rPFS in
men with progressive CRPC and bone metastases. In addi-
tion, it is possible that the differential permissibility of
concomitant therapy in the radium-223 monotherapy group
compared with the other treatment groups may have
resulted in bias.

This study also explored the feasibility of CAD-derived
BSLA based on technetium-99m bone imaging to assess
treatment response.16 A whole-body bone scan is the
standard imaging assessment for patients with prostate
cancer.12 However, visual assessment of lesion numbers
based on technetium-99 imaging is not a reliable method to
quantify changes in total bone lesion burden, as lack of
image resolution and subjectivity in visual evaluation yield
variability in scan interpretation.16 Consequently, standard
bone scans are inadequate for measuring bone lesions and
existing technology limitations require RECIST to classify
bone metastases as non-measurable disease.14 Similarly,
PCWG3 guidelines focused on new lesion detection rather
than changes to existing lesions.17 In the current study,
BSLA measurements derived using an automated CAD sys-
tem provided a feasible, quantitative, and objective method
to measure changes in isotope uptake in patients with
mCRPC. Although additional evaluation of its reliability is
required, this method may be able to differentiate between
PR and SD, thereby permitting a response assessment. A
meaningful comparison between technetium-99m and
8 https://doi.org/10.1016/j.esmoop.2021.100082
DW-MRI and Na18F PET/CT was not possible because the
number of patient scans was too low.

Recently, the prognostic value of an automated bone
scan index (aBSI) derived using artificial intelligence has
been increasingly reported,21-24 although for patients
treated with radium-223, the aBSI requires validation in
prospective studies.22 The aBSI primarily has been evalu-
ated as a prognostic biomarker, whereas the BSLA is a
quantitative imaging biomarker being evaluated primarily
for treatment response assessment in prostate cancer.13

There has been clinical interest in the use of baseline aBSI
and changes in aBSI during treatment as possible predictors
of OS and time to symptom progression.21-24 A recent
analysis of 721 evaluable men with mCRPC enrolled in a
phase III trial of tasquinimod reported that baseline aBSI
was an independent prognostic imaging marker of survival
in mCRPC,25 and a recent meta-analysis of aBSI in 567 pa-
tients with mCRPC from nine studies suggested that high
baseline aBSI and a high change in aBSI during treatment
were associated with poor survival.26 However, this tech-
nique had not been validated at the time our study was
designed, and prospective studies of systemic therapies are
needed to clearly define the utility of changes in aBSI over
time as a primary endpoint in clinical trials and as a prog-
nostic biomarker in routine clinical practice.22,24

Limitations of our study include its small sample size, lack
of correlative studies with survival, the open-label design,
differential concomitant therapy, and the small number of
patients evaluable to explore the utility of an automated
CAD system to measure BSLA and the use of DW-MRI and
Na18F PET/CT to assess treatment response. The primary
endpoint of BSLA RR was based on an experimental
method, which could be considered a limitation, although
conventional endpoints were also measured. Differences in
median durations of treatment between arms make it
difficult to draw conclusions on AE frequency between
arms. Therefore, interpretation of the results of this
phase IIa trial should consider the limited sample size and
the use of BSLA as an exploratory method that was not
confirmed by larger randomized studies at the time our
study was conducted. Subsequent to the conduct of this
study, a clinical validation was published of baseline BSLA
and 12-week disease control calculated by the CAD BSLA
method as a surrogate biomarker for OS in 198 men with
mCRPC.13 However, a limitation of this validation study is
that the two BSLA-based endpoints validated are different
from the primary endpoint in our study, 24-week BSLA
response.

In conclusion, in our study in patients with mCRPC and
bone metastases treated with radium-223 alone or in
combination with abiraterone/prednisone or enzalutamide,
the primary endpoint of BSLA RR >5% was met in each
treatment arm. In the combination arms, rPFS and time to
radiologic progression were not estimable, and a lower
bone fracture incidence was observed in patients who were
receiving BHAs at baseline than in patients who were not
receiving BHAs at baseline. Although patients receiving
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combination treatment experienced more drug-related
TEAEs than patients receiving radium-223 monotherapy,
the safety profile of each drug was consistent with previous
experience and there were no new safety signals. However,
no preferred treatment combination or sequencing can be
recommended based on the results of this trial. The use of
radium-223 should follow current evidence-based treat-
ment guidelines.18,19 Our findings suggest that technetium-
99m imaging BSLA, using a CAD system, may be an objective
and quantifiable means of assessing isotope uptake changes
in this patient population, and represents a potential
method for assessing treatment response, improving
assessment of technetium-99m bone scans, complementing
other imaging modalities, and improving scan results in
countries where more expensive imaging is unavailable.
Although this study was too small to reliably correlate CAD-
based technetium-99m imaging BSLA with clinical out-
comes, a validation of this approach was subsequently
conducted, although not with the 24-week BSLA response
endpoint, which was the primary endpoint in our study.
Future studies should examine its utility further in this
setting.
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