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A B S T R A C T   

Background: Approximately 70% of patients with metastatic breast cancer (MBC) develop bone metastases. 
Despite advances in systemic treatment options and the use of bone targeted agents in the management of bone 
metastases to reduce skeletal morbidity, there remains an unmet need for further treatment options. Radium-223 
(Ra223) is an alpha-emitting radiopharmaceutical that is preferentially taken up into bone at sites of increased 
osteoblastic activity where it emits high-energy, short-range alpha-particles that could provide a targeted anti- 
tumour effect on bone metastases. Here we evaluate the safety, feasibility and efficacy findings of the combi-
nation of Ra223 with capecitabine chemotherapy in patients with MBC with bone involvement. 
Methods: CARBON is a multi-centre, open-label phase IB/IIA study evaluating the combination of Ra223 (55 kBq/ 
kg day 1 given on 6 weekly schedule) and capecitabine (1000 mg/m2 bd days 4–17 every 21 days) in patients 
with bone metastases from MBC (± other disease sites). Other eligibility criteria included ECOG performance 
status 0–2, ≤2 lines of chemotherapy for MBC and current bisphosphonate or denosumab use for ≥ 6 weeks. The 
phase IB part of the trial (6 patients) was conducted to provide preliminary feasibility and safety of capecitabine 
+ Ra223. Thereafter, 28 patients were randomised (2:1) to capecitabine + Ra223 or capecitabine alone to further 
characterise the safety profile and evaluate efficacy, the primary efficacy endpoint being the bone turnover 
marker (urinary n-telopeptide of type I collagen) change from baseline to end of cycle 5 and secondary endpoints 
of time to first symptomatic skeletal event, and disease progression at extra-skeletal and bone disease. 
Results: In addition to bone metastases, 10/23 [44%] and 13/23 [57%] capecitabine + Ra223 and 2/11 [18%] 
and 9/11 [82%] capecitabine alone patients had soft tissue and visceral disease sites respectively. More cape-
citabine + Ra223 patients had received prior chemotherapy for MBC: 11/23 [48%] vs 2/11 [18%]. The analysis 
populations comprise 34 patients (23 capecitabine + Ra223, 11 capecitabine); 2 patients randomised to cape-
citabine + Ra223 received capecitabine alone and are included in the capecitabine arm. Median number of cycles 
received was 8.5 in capecitabine + Ra223 (range 3–12) and 12 in the capecitabine arm (range 1–12). 94/95 
prescribed Ra223 cycles were administered. No dose limiting toxicities were seen in phase IB and no patients 
developed grade ≥ III diarrhoea. Gastrointestinal, haematological and palmer-planter erthyrodysesthesia adverse 
events were similar in both arms. Although formal statistical comparisons were not made, changes in bone 
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turnover markers, the times to extra-skeletal progression and bone disease progression, and the frequency of 
symptomatic skeletal events were similar across the two treatment arms. 
Conclusion: Capecitabine + Ra223 at the planned dose was safe and feasible in MBC patients with bone metas-
tases. However, no efficacy signals were seen that might suggest greater efficacy of the combination over 
capecitabine alone clinically or biochemically.   

1. Introduction 

Despite major advances in the treatment of patients with early breast 
cancer, and improvements in outcomes, a significant proportion of pa-
tients still develop metastatic disease; bone is the most common first site 
for distant metastasis, affecting approximately 70% of patients with 
metastatic breast cancer [1]. Specific developments for treating those 
with bone metastases have focused on symptom relief and prevention 
and treatment of skeletal complications through the addition of bone 
targeted therapies (bisphosphonates or denosumab) to current systemic 
anti-cancer therapies. Nevertheless, there remains an unmet need for 
further treatment options to improve median overall survival beyond 
around 3–4 years [2]. 

Radium-223 dichloride (Ra223) is a novel alpha emitting pharma-
ceutical, developed for the treatment of bone metastases [3]. The 
intrinsic bone targeting property of Ra223 is similar to that of other 
alkaline earth elements like calcium, with preferential uptake at sites of 
osteoblastic activity and increased bone formation. The characteristics 
of alpha-emitting radionuclides have benefits over beta-emitting ra-
dionuclides for bone targeting. Firstly, Ra223 emits alpha-particles with 
high linear energy transfer and a radiation range limited to less than 100 
µm [4]. This generates a highly localised and effective radiation zone 
with a high probability for inducing double-strand DNA breaks in cancer 
cells adjacent to the bone surface coupled with a reduced exposure to 
surrounding normal tissues leading to less myelotoxicity than is seen 
with beta-emitting agents. Ra223 received Food and Drug Administration 
(FDA) approval in 2013 for the treatment of patients with castration- 
resistant prostate cancer and bone metastases on the basis of the re-
sults of a phase III registration study of radium-223 (ALSYMPCA) that 
showed a 3.6 months improvement in median overall survival (HR =
0.70; 95% CI, 0.58–0.83; P = 0.001) in patients treated with Ra223 

compared to those who received placebo [5]. These benefits were ach-
ieved without significant toxicity and with additional benefits in terms 
of reduced skeletal morbidity, even in the presence of concomitant 
bisphosphonates [6]. 

The skeletal lesions seen in people with breast cancer are most 
commonly osteolytic. However, there is usually an osteoblastic 
component that is manifested by the visualisation of bone metastases on 
radionuclide bone scans and elevation of osteoblastic bone markers such 
as bone specific alkaline phosphatase [7], suggesting an osteoblast tar-
geted treatment could be of clinical value. 

In an open-label Phase IIa, non-randomised study of Ra223 in breast 
cancer patients with bone-dominant disease receiving bisphosphonates, 
but no other specific anticancer treatment, Ra223 significantly reduced 
the levels of the bone turnover markers urinary n-telopeptide of type I 
collagen (uNTX) and bone alkaline phosphatase (B-ALP) from baseline 
through to the end of treatment at 17 weeks. Ra223 was safe and well 
tolerated [8]. In breast cancer, unlike castrate resistant prostate cancer 
(CRPC), most patients with bone metastases have additional extra- 
skeletal disease; thus, strategies combining Ra223 with endocrine ther-
apy or chemotherapy are likely to be necessary. Randomised trials 
evaluating the addition of Ra223 to an aromatase inhibitor alone or 
combined with everolimus (NCT02258451, NCT02258464) recently 
completed accrual and reported preliminary findings [9,10]. Combina-
tions with chemotherapy are also of interest. A small safety study (n =
15) evaluated the combination of paclitaxel and Ra223 in a mixed pop-
ulation of cancer patients [11]. The current study is, however, the first to 
specifically assess Ra223 in combination with chemotherapy in people 

with advanced breast cancer. Capecitabine was selected as the chemo-
therapy partner due to its frequent use as a single agent in breast cancer 
and relative lack of myelotoxicity. The combination may therefore 
target both bone metastases as well as soft tissue and visceral metastases. 

2. Patients and methods 

2.1. Study design, aims and objectives 

CARBON was a randomised, controlled, open-label multi-centre 
phase IB/IIA study with an initial single arm safety phase to establish the 
feasibility, safety and preliminary efficacy of combining Ra223, at the 
recommended single agent dose of 55 kBq/kg, given on a 6 weekly 
schedule, with oral capecitabine administered with the standard 
schedule (two weeks of capecitabine followed by one week off treat-
ment) given at two dose levels. Recruitment to the initial safety phase 
utilised a 3 + 3 design. If the treatment in the initial safety phase proved 
to be feasible and safe, a randomised extension phase would open. The 
extension phase of the study aimed to further characterise the safety 
profile and provide preliminary estimation of efficacy. The study design 
schema is shown in Fig. 1. 

The primary objectives were to evaluate the safety, toxicity and 
feasibility of the combination, along with obtaining preliminary infor-
mation on whether multiple intravenous injections of Ra223 plus cape-
citabine had any clinically relevant effects on breast cancer patients with 
bone metastases, with or without other sites of disease. The number of 
patients experiencing dose limiting toxicities (DLTs) formed the primary 
safety/toxicity endpoint. Serious (SAE) and non-serious adverse events 
(AEs) as well as dose delays and reductions were evaluated. The primary 
efficacy endpoint was percentage change in uNTX from baseline. Sec-
ondary endpoints were change in bone turnover markers: procollagen 
type-1N pro-peptide (PINP), serum c-terminal telopeptide of type 1 
collagen (CTX) and bone alkaline phosphatase (B-ALP); time to first 
symptomatic skeletal event (SSE) (defined as any of: use of external 
beam radiotherapy to relieve skeletal symptoms; new symptomatic 
pathological vertebral or non-vertebral bone fracture; spinal cord 
compression; tumour-related orthopaedic surgical intervention); time to 
progression of bone disease specifically as well as extra-skeletal disease 
and overall disease progression; and patient reported outcomes of pain 
and quality of life. 

The study received ethical approval (London-Fulham Research 
Ethics Committee (REC), 16/LO/0052), and was approved by the 
competent regulatory authority (Medicines and Healthcare Products 
Regulatory Agency, London, UK) and by institutional review boards of 
participating centres. All patients provided written informed consent 
prior to registration to the trial. 

2.2. Study population 

The full inclusion and exclusion criteria have been reported previ-
ously [12]. Patients were eligible if they had histological evidence of 
primary breast cancer with imaging evidence of bone metastases, with 
or without soft tissue or visceral metastases. Systemic chemotherapy 
with capecitabine had to be considered appropriate by the treating 
physician. Participants could not have received more than two lines of 
chemotherapy in the metastatic setting and prior cytotoxic therapy 
should have been completed 28 days or more prior to initiation of study 
treatment. Patients were also required to be currently on a 
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Fig. 1. Study schema evaluating capecitabine plus radium-223.  
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bisphosphonate/denosumab for ≥ 6 weeks. Participants had to have an 
Eastern Co-operative Oncology Group (ECOG) performance status of 
0–2, and adequate haematological and biochemical parameters prior to 
commencing treatment. 

Patients were excluded from the study if they had had a severe and 
unexpected reaction to previous fluoropyrimidine therapy (e.g. adjuvant 
fluorouracil) or been diagnosed with dihydropyrimidine dehydrogenase 
deficiency; had received external beam radiotherapy or an investiga-
tional drug within four weeks prior to the first study treatment; had 
imminent or established spinal cord compression based on clinical 
findings and/or MRI, or had any other serious illness or medical con-
dition thought likely to compromise safe study participation. 

2.3. Registration and treatment 

Participants were recruited to the trial from five UK centres and 
registered via the University of Leeds Clinical Trials Research Unit 
(CTRU). Participants in the randomised extension phase were rando-
mised 2:1 to the combination and single agent capecitabine using the 
CTRU 9-to-5 randomisation service, via permuted blocks. 

In the safety phase, the starting dose of capecitabine was 1000 mg/ 
m2 bd, in accordance with the typical administration of capecitabine in 
patients with advanced breast cancer. A dose de-escalation to 850 mg/ 
m2 bd was incorporated in the event of unacceptable toxicity in the first 
three patients. Capecitabine was to be delivered for up to 12 cycles on 
days 4–17 of a 21 day cycle to provide a 3–4 day window before and 
after Ra223 to minimise any risk of potentiating normal tissue radiation 
sensitivity. After cycle 12, patients continuing to receive clinical benefit 
could continue with capecitabine off study as per standard of care. 

Ra223 was administered at the approved single agent dose of 55 kBq/ 
kg administered as a slow intravenous injection on day 1 of alternating 
cycles (every 6 weeks), starting at cycle 2 to provide one cycle of safety 
information from each participant with capecitabine alone. 

In the randomised extension phase, patients randomised to capeci-
tabine alone were to receive 1000 mg/m2 bd. Those randomised to the 
combination were to receive capecitabine at the recommended dose 
identified in the safety phase. 

2.4. Assessments 

Participants were assessed clinically at baseline, on Day 1 of each 
cycle, with additional haematology assessments during cycles 1 and 2 
(on Days 8 and 15), at the end of study visit, and then at the 12 weekly 
follow up visits. 

Radionuclide bone scans were performed at baseline and at the end 
of study visit, and when clinically indicated. Chest/abdomen/pelvis CT 
or MRI scans were performed at baseline, weeks 12 and 24 after the 
initiation of treatment, end of study and when clinically indicated. 

Serum and second voided urine samples (not fasted) were collected 
to analyse changes in bone turnover markers at baseline, Day 1 of 
alternating cycles starting at cycle 2, and at the end of study visit. NTX 
was measured by automated immunoassay analyser (Ortho-clinical Di-
agnostics, High Wycombe, UK), bone ALP by automated immunoassay 
(Isys, Immunodiagnostic Systems, Boldon, UK), and CTX and PINP by 
automated immunoassay (Roche Cobas, Penzberg, Germany). Quality of 
life was assessed using EORTC QLQ-C30 and QLQ-Bone Metastases 
Module (QLQ-BM22) completed by the participants prior to the first 
administration of trial treatment, Day 1 of alternating cycles starting at 
cycle 2, and at the end of study visit. 

Response was evaluated using RECIST v1.1 with comparisons to 
baseline evaluation. 

2.5. Safety evaluation 

AEs were categorised using the NCI Common Terminology Criteria 
for AEs, version 4.03. Safety data for the first cohort of 3 participants 

were reviewed by the independent Safety Review Committee who, 
depending on the frequency and severity of toxicity experienced, 
advised on whether the capecitabine dose was to be maintained at 1000 
mg/m2 b.d. for a further 3 participants or de-escalated to 850 mg/m2 b. 
d. DLTs for this initial safety phase were assessed during the second cycle 
of capecitabine treatment up to the administration of cycle 3 day 1 (i.e. 
within the first Ra223 cycle) and defined as: Grade ≥ III gastrointestinal 
toxicity lasting > 48 h despite adequate supportive care measures or 
grade ≥ IV haematological toxicity lasting > 7 days despite adequate 
supportive care measures (excluding use of bone marrow growth fac-
tors). Grade III gastrointestinal or grade ≥ IV haematological toxicity 
experienced by participants during the first cycle, i.e. up to the admin-
istration of cycle 2 day 1 were not classed as DLTs as they could not be 
related to Ra223. 

2.6. Sample size and statistical analysis 

A minimum of 6, and maximum of 12, evaluable participants were 
required in the initial safety phase, based on the number of participants 
experiencing DLTs, using a 3 + 3 approach. In the extension phase, up to 
36 participants were to be enrolled. The control arm in this extension 
phase was included to provide concurrent standard of care data only to 
aid interpretation, with no formal comparisons between arms to be 
made. The sample size calculation was based solely on the primary 
toxicity endpoint of grade III/IV diarrhoea toxicity. Twenty four par-
ticipants in the combination arm provided approximately 80% power to 
exclude a grade III/IV diarrhoea rate of 25% from the upper limit of a 1- 
sided 85% confidence interval (CI), assuming a rate of approximately 
10% with capecitabine alone. If no >3/24 participants experience grade 
III/IV diarrhoea the upper limit of the 1-sided 85% CI would exclude a 
25% rate. 

Primary analysis of the uNTX endpoint was focused on estimation 
only; formal comparisons were not made. Descriptive summaries of all 
endpoints were produced. Time to event endpoints were summarised 
using the Kaplan-Meier method and quality of life scores were analysed 
using the corresponding scoring manuals. Patients were categorised as 
responders for each bone turnover marker if they had ≥ 30% reduction 
from baseline to end of cycle 5 and were evaluable if both samples were 
available. 

The analysis population for the initial safety phase included any 
participant who had received at least one complete cycle of combined 
therapy. For the extension phase, intention to treat population, per 
protocol and safety analysis populations were evaluated summarised by 
treatment arm. 

2.7. Patient and public involvement (PPI) 

Members of the regional consumer research panel were centrally 
involved throughout the study, including its design, review of the pro-
tocol and all patient related documents and assistance with recruitment. 
Their contribution was particularly valuable in addressing patient con-
cerns linked to being given a radioactive drug. 

3. Results 

Thirty four patients (23 combination arm, 11 single agent capecita-
bine arm) received trial treatment; 6 in the initial safety phase (phase IB) 
and 28 in the randomised extension phase (phase IIA) (Fig. 2). Two 
patients randomised to the combination arm withdrew from the trial 
during the first cycle of capecitabine before starting Ra223 and are thus 
included in the capecitabine alone arm. The median patient age was 58 
(range 34–75 years) in the combination arm and 55 (range 45–85 years) 
in the single agent capecitabine arm. In addition to bone involvement, 
13/23 (57%) and 9/11 (82%) in the combination and single agent arms, 
respectively had visceral metastases. Patients in the combination arm 
were more heavily pre-treated with 11 (48%) pre-treated with 
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chemotherapy for advanced disease (10, one line; 1 two lines), whereas 
only 2 (18%) in the single agent capecitabine arm had received prior 
chemotherapy for metastatic disease (1, one line; 1, two lines). Baseline 
characteristics in terms of extra-skeletal disease, prior chemotherapy for 
metastatic disease, the number of study treatments received as well as 
the reasons for discontinuation are shown in Table 1. 

3.1. Safety 

No DLTs were observed in the initial safety phase indicating that the 
initial capecitabine dose of 1000 mg/m2 twice daily with Ra223 was 
feasible and could be evaluated in the extension phase. 

In the randomised extension phase, 94/95 (99%) of prescribed cycles 
of Ra223 were administered and 9 patients in each arm completed all 12 
cycles of trial treatment. In the combination arm, 8/23 (35%) patients 
experienced a total of 11 SAEs, while in the single agent capecitabine 
arm there were 7 SAEs affecting 2/11 patients (18%), including one 
patient who experienced a serious adverse reaction. Most SAEs were 
disease related (combination 4/11, single agent 4/7) or infection 
(combination 4/11, single agent 1/7C). A total of 25 grade III-IV AEs 
were reported in 15 patients (11 [48%] combination, 4 [36%] single 
agent capecitabine). 

No grade III-IV diarrhoea AEs were observed, but grade I-II diarrhoea 
was more common with the combination (16/23 patients [70%]) than 
with capecitabine alone (5/11 patients [45%]). The most frequent AEs 
(all grades) were diarrhoea, fatigue, nausea, palmar-planter dysaes-
thesia (PPE), oral mucositis and anorexia; these are shown in Table 2, 
along with haematological AEs. Three patients in the combination arm 

Fig. 2. CONSORT flow diagram.  

Table 1 
Patient baseline characteristics and delivery of study treatment.   

Capecitabine +
Ra223 

n = 23 

Capecitabine 
n = 11 

Patient baseline characteristics 
Age (years): median (range) 58 (34–75) 55 (45–85) 
Soft tissue metastases 10 (44%) 2 (18%) 
Visceral metastases 13 (57%) 9 (82%)  

Prior treatments 
No prior chemotherapy for MBC 12 (52%) 9 (82%) 
1 prior chemotherapy regimen for MBC 10 (44%) 1 (9%) 
2 prior chemotherapy regimens for MBC 1 (4%) 1 (9%)  

Treatment delivery 
Median number of capecitabine cycles (range) 8.5 (3–12) 12 (1–12) 
Total number of cycles 197 110 
Number of cycles with capecitabine at 1000 

mg/m2 
137 (70%) 81 (74%) 

Number of patients with permanent 
capecitabine dose reduction 

11 (48%) 6 (55%) 

Number of cycles with delay 25 (13%) 13 (12%) 
Completed all 12 cycles of study treatment 9 (39%) 9 (82%)  

Reasons for study treatment discontinuation 
Progressive disease 12 (52%) 0 
Toxicity 1 (4%) 1 (9%) 
Progressive disease and toxicity 1 (4%) 0 
Clinician decision 0 1 (9%)  
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developed grade III neutropaenia compared with none in the single 
agent capecitabine alone arm. 

3.2. Efficacy 

The median durations of follow-up were 11.5 (range 3.4–23.2) and 
13.5 (range 3.4–21.1) months for the combination and single agent 
capecitabine arms, respectively. 

Median and mean bone turnover marker levels at baseline were 
within the normal range and similar in the combination and single agent 
capecitabine arms, with only a minority of patients having one or more 
markers above the upper limit of normal despite all having metastatic 
bone disease; this most likely reflects the impact of concomitant bone 
targeted treatments on bone turnover (Table 3). Percentage changes in 
uNTX (the primary efficacy endpoint), and CTX, PINP and B-ALP over 
time were similar in both study treatment arms. Figs. 3 and 4 shows 
percentage change in uNTX and B-ALP, respectively as a waterfall plot, 
by treatment arm. 

Four SSEs were reported on study; 3 patients in the combination arm 
required external beam radiotherapy for bone pain and 1 in the single 
agent capecitabine arm experienced a new symptomatic pathological 
bone fracture. 

Two of 23 (9%) and 18/23 (78%) patients in the combination arm, 
and 1/11 (9%) and 7/11 (64%) in the single agent capecitabine arm 
experienced bone progression (BP) and extra-skeletal progression (EP), 
respectively. Only two patients treated with the combination of Ra223 

and capecitabine experienced BP before/at the same time as extra- 
skeletal progression. Median time to EP was 8.0 (95% CI 5.5–12.4) 
months for patients in the combination arm and 13.7 (95%CI 11.9–15.6) 
months in the single agent capecitabine arm. 

3.3. Quality of life (QOL) 

QOL questionnaire compliance at baseline was high, 100% for QLQ- 
C30 and 97.1% for QLQ-BM22 (1 patient in the combination arm did not 
complete it). This was reduced by cycle 6 and end of study visit to 73.9% 
and 78.3% respectively in the combination arm, and to 63.6% and 
72.7% respectively in the capecitabine alone arm. The mean QLQ-C30 
global health status was similar between the arms at baseline and end 
of study visit, but slightly increased in the capecitabine alone arm at 
cycle 6 (mean [95% CI]: 67.6 [55.6–79.7] combination arm and 82.1 
[79.2–85.1] capecitabine alone arm), although numbers are small 
(combination = 17 capecitabine alone = 7). QLQ-BM22 scores for 
painful sites, pain characteristics and functional interference were 
higher with the combination than capecitabine alone arm at both cycle 6 
and end of study visit. 

4. Discussion 

The combination of capecitabine and Ra223 was feasible and, 
although (with very low numbers), there were numerically more cases of 
low grade diarrhoea, oral mucositis and Grade III neutropenia in the 
combination arm (probably due to these patients having been more 
heavily treated), the combination was overall very well tolerated. The 
dose of capecitabine in the combination was the same as that typically 
used as a single agent in clinical practice. Similarly, the dose of Ra223 

was the same as the approved dose for the treatment of CRPC, albeit 
administered every 6 weeks compared with the usual 4 weekly schedule. 

Table 2 
AEs showing maximum grade (G) experienced, where G0 denotes participant not experiencing event.   

Capecitabine + Ra223 (n = 23) Capecitabine alone (n = 11) 

G0 G1 G2 G3 G0 G1 G2 G3 

Most common AEs 
Diarrhoea 7 (30%) 14 (61%) 2 (9%) 0 6 (55%) 4 (36%) 1 (9%) 0 
Fatigue 9 (39%) 9 (39%) 5 (22%) 0 3 (27%) 6 (55%) 2 (18%) 0 
Nausea 9 (39%) 10 (44%) 4 (17%) 0 6 (55%) 5 (46%) 0 0 
PPE 8 (35%) 6 (26%) 8 (35%) 1 (4%) 3 (27%) 4 (36%) 4 (36%) 0 
Oral mucositis 13 (57%) 8 (35%) 2 (9%) 0 8 (73%) 2 (18%) 1 (9%) 0 
Anorexia 13 (57%) 6 (26%) 4 (17%) 0 8 (73%) 2 (18%) 1 (9%) 0  

Haematological AEs 
Anaemia 21 (91%) 2(9%) 0 0 8 (73%) 1 (9%) 2 (18%) 0 
Neutropaenia 18 (78%) 0 2 (9%) 3 (13%) 10 (91%) 0 1 (9%) 0 
Thrombocytopaenia 21 (91%) 1 (4%) 1 (4%) 0 9 (82%) 1 (9%) 1 (9%) 0  

Table 3 
Bone turnover markers.   

Capecitabine +
Ra223 

n = 23 

Capecitabine 
N = 11 

NTX 
Median baseline NTX BCE/ 

mmolCr (range) 
16 (7–35) 17 (7–143) 

Baseline NTX ≥ 50 BCE/mmolCr 0/21 (0%) 2/11 (18%) 
Median % change from baseline at 

end of cycle 5, range 
+16% (14 
available), 
(-66%, 67%) 

− 6% (7 available), 
(-29%, 147%) 

NTX responder 3/16 (19%) 2/8 (25%)  

CTX 
Median baseline CTX (range) ng/ 

ml 
0.08 (0.05–0.19) 0.10 (0.05–0.58) 

Baseline CTX ≥ 0.15 ng/ml 2/22 (9%) 2/11 (18%) 
Median % change from baseline at 

end of cycle 5, range 
− 2% (15 
available), 
(-27%, 521%) 

− 7% (9 available), 
(-39%, 20%) 

CTX responder 0/18 1/10 (10%)  

PINP 
Median baseline PINP ng/ml 

(range) 
48 (8–149) 109 (26 – 356) 

PINP ≥ 60 ng/ml 9/22 (41%) 8/11 (73%) 
Median % change from baseline at 

end of cycle 5, range 
− 9% (15 
available), 
(-93%, 118%) 

− 39% (9 available), 
(-75%, 171%) 

PINP responder 7/18 (39%) 6/10 (60%)  

B-ALP 
Median baseline B-ALP ng/ml 

(range) 
17.2 (7.2 – 39.4) 28.6 (12.5 – 63.5) 

B-ALP ≥ 25 ng/ml 3/22 (14%) 5/9 (56%) 
Median % change from baseline at 

end of cycle 5, range 
− 5% (15 
available), 
(− 72%, 108%) 

+5% (6 available), 
(-68%, 78%) 

B-ALP responder 4/18 (22%) 2/7 (29%)  
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Fig. 3. Waterfall plot of NTX percentage change from baseline to end of cycle 5 by treatment received.  

Fig. 4. Waterfall plot of B-ALP percentage change from baseline to end of cycle 5 by treatment received.  
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The anticipated potential DLT of diarrhoea did not appear to be 
increased with the combination therapy and there were no grade III 
episodes reported. Additionally, bone marrow toxicity was generally 
mild with few dose delays or reductions necessary. 

The apparently worse outcome in the combination arm was related 
to the imbalance in prior treatments; in the 21 patients who had not 
received prior chemotherapy for MBC the median time to extra-skeletal 
progression was 11.5 (95%CI 5.6–15.9) months and 13.5 (95%CI 
9.8–15.6) months for the combination and capecitabine alone arms 
respectively. 10/11 (91%) of patients who received 1–2 prior lines for 
MBC in the combination arm developed extra-skeletal progression, with 
a median of 6.7 (95%CI 2.5–12.4) months. In the capecitabine alone arm 
in patients who received prior chemotherapy for MBC, 1/2 patients 
developed extra-skeletal progression at 13.7 months. 

Evaluation of efficacy is limited by the small numbers of patients 
studied and the imbalance of prior treatments favouring the capecita-
bine alone arm. However, there were no efficacy signals to suggest the 
combination of capecitabine and Ra223 has relevant clinical activity over 
and above that of single agent capecitabine. All patients at trial entry 
had extra-skeletal site(s) of disease (57% and 43% in the combination 
arm with visceral and soft tissue metastatic sites, 82% and 18% in the 
single agent capecitabine arm with visceral and soft tissue metastatic 
sites respectively). Not surprisingly, all except one progression event 
occurred in extra-skeletal sites before bone progression was observed, 
representing a significant limitation of this trial in terms of being able to 
evaluate the potential additional efficacy of Ra223. Ra223, through its 
targeting to sites of osteoblast activity, could only be expected to have 
antitumour activity within bone, with the progression of disease at soft 
tissue and visceral sites dependent on the activity of the concomitant 
capecitabine chemotherapy. We evaluated changes in bone turnover 
markers as a surrogate for possible antitumour activity within bone 
metastases but, unlike in the single agent study of Ra223 in MBC, failed to 
see any significant changes from baseline while on treatment. 

Breast cancer has a much higher frequency of visceral and soft tissue 
disease than is typically seen in men with advanced prostate cancer 
where Ra223 has been shown to improve survival. MBC requires, 
therefore, a different therapeutic strategy to achieve disease control. In 
line with our findings, the recently reported trials of endocrine therapy 
(both alone and in combination with everolimus) with and without 
Ra223 55 kBq/kg every 4 weeks in patients with ER positive MBC pa-
tients with BM also showed no clinically important effects on disease 
progression or symptomatic skeletal events (9,10). 

Also, in considering the potential effects of Ra223, the balance be-
tween osteoblastic and osteolytic lesions needs to be taken into account, 
since Ra223 is likely be more effective against osteoblastic lesions (as 
found in prostate cancer) than the osteolytic or mixed lesions found in 
breast cancer. Pre-treatment with the bone targeting agents 
bisphosphonates and Denosumab (used more commonly in breast cancer 
than prostate cancer) may also affect this balance. Although this was a 
negative study in terms of efficacy, pre-selection of patients with high 
osteoblastic phenotype with 18FNa Bone PET-CT could be helpful in 
future studies. It is also possible that a different dosing schedule is 
needed in patients with breast cancer. Skeletal uptake of Ra223 in MBC is 
likely to be less than that which occurs in CRPC, because of the mixed 
pattern of osteolytic and osteoblastic bone metastases in breast cancer, 
compared with the typical osteoblastic nature of BM in advanced pros-
tate cancer. Both markers of osteoblastic activity such as bone alkaline 
phosphatase [7] and uptake of radionuclide imaging agents such as 
methylene diphosphonate [13] are typically higher in men with BM 
from prostate cancer than in women with BM from breast cancer. This 
might suggest that higher doses of Ra223 are needed to deliver thera-
peutic doses to the bone surface. The high tolerability of Ra223 both in 
this study and others performed in breast cancer (8–10) indicate that 
there is probably scope to increase the dose safely. Also, combination 
agents, other than capecitabine, may be more effective. 

New studies with radiopharmaceuticals may be expected. For 

example, a first-in-human Phase I/II study of a targeted alpha 
radioimmuno-therapeutic agent that consists of FPI-1175, an insulin- 
like growth factor-1 receptor (IGF-1R)-targeting humanized mono-
clonal antibody and Actinium-225 (an alpha-emitting radionuclide) is 
currently underway in patients with locally advanced or metastatic solid 
tumours [14]. 

In summary, although efficacy of the combination was not demon-
strated, an important finding was the demonstration of safety and 
tolerability, which can underpin future studies of alpha emitter combi-
nations in breast cancer and other malignancies. 

5. Study funding, organisation and administration 

The CARBON study was funded by Bayer Healthcare, supported by 
Yorkshire Cancer Research (YCR) through the YCR Centre for Early 
Phase Clinical Trials, and sponsored by the University of Sheffield. 
Additional support was also provided by the National Institute for 
Health Research (NIHR) through the use of the Clinical Research 
Network (CRN). The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or writing of the 
report. Trial supervision was according to the principles of Good Clinical 
Practice and in line with the relevant Research Governance Framework 
within the UK and adherence with CTRU standard operating procedures. 
The trial is registered (ISRCTN92755158 and EudraCT number 2015- 
003979-29). 

Trial registration 
ISRCTN, ISRCTN92755158, Registered 17th February 2016, http:// 

www.isrctn.com/ISRCTN92755158? 
q=&filters=&sort=&offset=6&totalResults=14350&page=1&pageSiz-
e=10&searchType=basic-search. 
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