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In a recent study, combination therapies of 223Ra with new-generation 
hormonal agents (NHAs), docetaxel, immunotherapeutic drugs, and 
polyadenosine diphosphate-ribose polymerase inhibitors (PARPis) 
have been extensively explored.4 Among them, 223Ra combined with 
NHAs, especially abiraterone or enzalutamide, has been widely 
investigated. Several studies showed that patients who received 
223Ra combined with abiraterone acetate plus prednisone (AAP) or 
enzalutamide had a longer survival time, a better QoL, and better 
tolerance to the combination therapy than those treated with 223Ra 
alone.5–14

In contrast, the results of the phase 3 clinical trial (evaluation of 
radium-223 dichloride in combination with abiraterone in castration-
resistant prostate cancer [ERA223]; NCT02043678) showed that the 
addition of AAP to 223Ra was associated with an increased frequency 
of bone fracture and did not improve SSE-free survival (SSE-FS) or 

INTRODUCTION
The most common metastatic site of prostate cancer (PCa) is bone, with 
an incidence of nearly 75%. Bone metastatic lesions manifest symptoms 
and even cause pathological fractures, which not only seriously affect 
the quality of life (QoL) but also sometimes threaten the patient’s life.1,2 
As a bone-seeking calcium mimetic, radium-223 (223Ra) concentrates in 
osteogenic active sites and emits high-energy alpha particles to induce 
double-stranded DNA breaks to exert a therapeutic effect on osteogenic 
bone metastatic tumors.3 In the Alpharadin in Symptomatic Prostate 
Cancer Patients (ALSYMPCA; NCT00699751) clinical trial, 223Ra 
prolonged the overall survival (OS) of patients with symptomatic bone 
metastatic castration-resistant prostate cancer (mCRPC) and delayed the 
occurrence of the first skeletal symptom event (SSE).3 Therefore, 223Ra was 
approved as one of the first-line therapies for symptomatic bone mCRPC 
by the Food and Drug Administration (FDA) of America in 2013.
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Patients with bone metastatic castration-resistant prostate cancer (mCRPC) might benefit from radium-223 (223Ra) combined with 
new-generation hormonal agents (NHAs) in terms of survival and quality of life (QoL). However, the safety of combination therapies 
remains unclear. Therefore, we aimed to perform a network meta-analysis by reviewing the literature about the combination of 
223Ra with abiraterone acetate plus prednisone (AAP) or enzalutamide and to evaluate the safety of combination therapy in bone 
mCRPC patients. Ultimately, ten studies (2835 patients) were selected, including four randomized controlled trials (RCTs), five 
retrospective cohort studies, and one single-arm study. Overall, there was no difference in the incidence of fracture between the 
223Ra+NHA combination group and the 223Ra monotherapy group (odds ratio [OR]: 1.46, 95% confidence interval [CI]: 0.91–2.34, 
P = 0.66), but the incidences in both the 223Ra+NHA combination group (OR: 3.22, 95% CI: 2.24–4.63, P < 0.01) and the 223Ra 
monotherapy group (OR: 2.24, 95% CI: 1.23–4.08, P < 0.01) were higher than that in the NHA monotherapy group. However, in 
the meta-analysis involving only RCTs, there was no difference between the 223Ra monotherapy group and the NHA monotherapy 
group (OR: 1.14, 95% CI: 0.22–5.95, P = 0.88), while the difference between the 223Ra+NHA combination group and the NHA 
monotherapy group remained significant (OR: 3.22, 95% CI: 2.24–4.63, P < 0.01). Symptomatic skeletal events (SSEs), SSE-free 
survival (SSE-FS), all grades of common adverse events (AEs), and ≥grade 3 AEs among all groups did not show any significant 
difference. Our results indicate that the combination of 223Ra with NHAs was well tolerated in bone mCRPC patients compared to 
223Ra monotherapy, even though the incidence of fracture was higher in patients who received 223Ra than that among those who 
received NHA monotherapy. More evidence is needed to explore the safety and efficiency of 223Ra combination therapies.
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OS compared to AAP monotherapy.15 Therefore, the combination of 
223Ra with AAP is not recommended in the National Comprehensive 
Cancer Network and European Association of Urology guidelines. 223Ra 
is always used after the failure of treatment with docetaxel or at least one 
novel antiandrogen receptor agent in clinical practice.16,17 Whether the 
combination of 223Ra and NHAs could lead to a worse outcome is still 
controversial. Therefore, we aimed to perform a network meta-analysis 
by reviewing the literature about the combination of 223Ra with AAP 
or enzalutamide and to evaluate the safety of combination therapy in 
bone mCRPC patients.

MATERIALS AND METHODS
Literature search and inclusion criteria
The inclusion criteria were as follows: (1) enrolled patients were aged 
18 years or older with histologically or cytologically confirmed bone 
mCRPC (with no restriction as to whether they were symptomatic 
or asymptomatic; without any visceral diseases but lymph node 
metastases were allowed and no matter the size); (2) patients in the 
study were classified as 223Ra combined with NHAs versus 223Ra or 
NHA monotherapy; (3) primary or secondary endpoints of the study 
included safety indicators, such as fracture, SSEs, and adverse events 
(AEs); and (4) retrospective studies, randomized controlled trials 
(RCTs), and ongoing clinical trials.

The following databases were searched for studies that fulfilled the 
above inclusion criteria: Web of Science, PubMed, Embase, Scopus, 
and American Society of Clinical Oncology (ASCO) conference 
proceedings. Literature was searched by using titles and abstracts. The 
search terms were (“radium-223” OR “ra-223”) AND (“new-generation 
hormonal agents” OR “abiraterone” OR “enzalutamide”) AND 
(“combined” OR “combination” OR “concomitant” OR “concurrent”) 
AND (“castration-resistant prostate cancer” OR “CRPC”). The 
publication language was limited to English language publications, 
and the publication period was from the earliest available date to May 
1, 2022.

Data extraction and quality assessment
Basic information (authors and year of publication), study design 
(prospective or retrospective), patient characteristics (prior treatment, 
baseline prostate-specific antigen [PSA] and alkaline phosphatase 
[ALP], performance status, and histology), treatment regimen (223Ra 
combined with NHAs, 223Ra monotherapy, and NHA monotherapy), 
the incidence of fracture, SSEs, SSE-FS, and the incidence of other 
AEs were collected by two reviewers independently (MHW and JDD). 
The two reviewers independently evaluated the quality of the selected 
articles based on the Newcastle‒Ottawa scale (NOS), Jadad scale, 
and methodological index for nonrandomized studies (MINORS). 
Disagreements between the two reviewers were resolved by discussion 
with the third reviewer (PFS).

Treatment groups
Patients were categorized into three groups based on their treatment 
regimens. Since there were no significant differences in the incidences 
of fracture, SSEs, or other AEs in the studies that examined AAP or 
enzalutamide from the preliminary analysis, the two NHAs were 
combined in the final analysis. Patients were eventually assigned to the 
223Ra+NHA combination group, 223Ra monotherapy group, or NHA 
monotherapy group.

Outcome measures
The primary outcomes included the incidence of fracture and the 
incidence of SSEs; the secondary outcomes included SSE-FS, other 

common AEs based on available data (fatigue, diarrhea, nausea, 
vomiting, constipation, anorexia, and hypertension), and ≥grade 3 AEs.

Data syntheses and analyses
A network meta-analysis was performed to compare the outcomes 
of the incidence of fracture, SSEs, and common AEs among the 
223Ra+NHA combination group, 223Ra monotherapy group, and NHA 
monotherapy group. A paired meta-analysis was performed to compare 
all primary and secondary outcomes between combination therapy 
and monotherapy. RevMan version 5.4 (The Cochrane Collaboration, 
Oxford, UK) and R software version 4.1.2 (Lucent Technologies, Inc., 
Murray Hill, NJ, USA) were used for the meta-analysis.18–23 Statistical 
heterogeneity was tested using the I2 test. The results were expressed as 
the odds ratio (OR) with 95% confidence interval (CI) for dichotomous 
variables and as the weighted standard mean difference (SMD) with 
95% CI for continuous variables. The datasets used and analyzed during 
the current study are available from the corresponding author upon 
reasonable request.

RESULTS
Literature search and study selection
A total of 364 potentially relevant articles were identified from our 
search, and 10 articles (consisting of 2835 patients) were subsequently 
enrolled in the meta-analysis.5–7,9,15,24–28 The detailed steps of the 
literature search are shown in Supplementary Figure 1. These articles 
included four RCTs, five retrospective cohort studies (RCSs), and one 
single-arm trial. All ten studies were included in the final analysis after 
the quality assessment, and the characteristics and results of the quality 
assessment of these ten studies are shown in Table 1. The net plot for 
the network meta-analysis is shown in Supplementary Figure 2.

Fracture
Overall, there was no difference in the incidence of fracture between the 
223Ra+NHA combination group and the 223Ra monotherapy group (OR: 
1.46, 95% CI: 0.91–2.34, P = 0.66; Supplementary Figure 3), but the 
fracture incidence in the 223Ra+NHA combination therapy group (OR: 
3.22, 95% CI: 2.24–4.63, P < 0.01) and the 223Ra monotherapy group 
(OR: 2.24, 95% CI: 1.23–4.08, P < 0.01) was higher than that in the 
NHA monotherapy group (Figure 1a, and Supplementary Table 1 and 
Table 2).6,10,15,25,28 However, in the network meta-analysis of RCTs, there 
was no difference between the 223Ra monotherapy group and the NHA 
monotherapy group (OR: 1.14, 95% CI: 0.22–5.95, P = 0.88), while the 
difference between the 223Ra+NHA combination group and the NHA 
monotherapy group remained significant (OR: 3.22, 95% CI: 2.24–4.63, 
P < 0.01; Figure 1b, and Supplementary Table 3 and Table 4).6,15,25 
Although there is a discrepancy, the results suggested that the increased 
fracture frequency might have been mainly associated with the use of 
223Ra, and the 223Ra+NHA combination group did not significantly 
increase the fracture incidence compared to the 223Ra monotherapy 
group.

SSEs and SSE-FS
There was no significant difference in the incidence of SSEs among all 
groups (Figure 2, and Supplementary Table 1 and Table 2).5,6,10,21,27,28 
The pairwise comparison of SSEs and SSE-FS between the 223Ra+NHA 
combination group and the 223Ra monotherapy group did not yield 
significant differences (SMD: 0.11, 95% CI: −0.13–1.01, I2 = 80%, 
P = 0.13; Supplementary Figure 3 and 4).6,27,28 This result suggested that 
the use of 223Ra combined with NHAs did not cause a higher incidence 
of SSEs or shorter SSE-FS.
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Other AEs
Due to the control setting of the included studies, AEs of the 
hematopoietic system and ≥grade 3 AEs were only compared between 
the 223Ra+NHA combination group and the 223Ra monotherapy group. 
No significant differences in neutropenia (OR: 1.03, 95% CI: 0.47–2.26, 
P = 0.93), thrombocytopenia (OR: 0.92, 95% CI: 0.53–1.61, P = 0.78), 
anemia (OR: 0.72, 95% CI: 0.39–1.35, P = 0.31), and ≥grade 3 AEs 
(OR: 1.18, 95% CI: 0.86–1.61, P = 0.31) were observed between the 
two groups (Figure 3).5,24,26,28 There were no significant differences in 

other common AEs among all groups (Figure 4, and Supplementary 
Table 1 and Table 2).5,6,24,26,28 Except for fractures and SSEs, the safety 
of 223Ra+NHA combination therapy related to other AEs was not a 
concern.

Bone protection agents (BPAs)
Due to insufficient data, analysis of the protective effects of BPAs 
could not be performed, but several studies revealed the importance of 
BPAs. A retrospective study examined the effects of BPAs on fracture 
incidence. The incidence rates of fracture in all groups were 7% and 
15% in patients with and without concomitant BPA use, respectively, 
and in the 223Ra and AAP groups, the incidence rates were 11% and 
31%, respectively.9 In the ongoing randomized phase III EORTC-
1333-GUCG/PEACE III trial (NCT02194842) of 223Ra in combination 
with enzalutamide in mCRPC patients, the incidence of fracture in 
patients treated with 223Ra plus enzalutamide after 1 year was 33% 
without BPA use, and it was as low as 3% in the patients with BPA. If 
BPA was used at least 6 weeks before the first dose of 223Ra injection, 
the fracture incidence could be reduced to 0.25 The protective effect of 
BPA on bone was particularly significant in mCRPC patients, especially 
when used with 223Ra.

DISCUSSION
This meta-analysis evaluated the safety of the combination therapy of 
223Ra with NHAs based on published data. In general, 223Ra combined 
with NHAs was well tolerated in bone mCRPC patients, and it did not 
increase the risk of fracture, SSEs, or other AEs, even though fracture 
incidence varied when different studies were included. In addition, 
the protective effect of BPA on fracture was particularly significant.

In our study, the results of the meta-analysis of RCTs were different 
from those of the meta-analysis of all studies relevant to fracture 
incidence. This may be caused by the limited number of studies 
and group settings. Most RCTs focus on the comparison between 
combination therapy and NHA monotherapy, and a total of 1029 
patients were involved in the only RCT meta-analysis relevant to 
fracture incidence;15,25 however, all patients (19 patients) in the 223Ra 
monotherapy group were included in Petrylak et al.’s study.6 Therefore, 
there was an obvious bias involving 223Ra monotherapy. More studies 
should be conducted to explore the differences in fracture incidence 
among different treatments with or without 223Ra.

In the ERA223 trial, patients treated with 223Ra plus AAP had a 
fracture incidence of 29% compared to 11% in the AAP monotherapy 
patients after 12 months of follow-up, and the combination therapy 
caused the result to be taken for granted.15 However, subsequently, the 
radium-223 evaluation of activity and surrogate response (REASURE; 
ISRCTN17805587) trial compared the fracture incidence between 
patients with or without 223Ra with a 1-year follow-up, and the results 
showed that 223Ra increased the fracture incidence from 33% to 56%.29 
Similarly, the results of our study also showed that the increasing 
fracture frequency was strongly associated with the use of 223Ra and 
should not be attributed to combination therapy.

Previous androgen deprivation therapy (ADT) and concomitant 
prednisone might also increase the fracture incidence. A total of 78% 
of fractures in the ERA223 trial occurred at nonmetastasis sites, and 
a similar rate was observed in the REASURE study (68% of fractures 
occurred at nonmetastasis sites); such fractures were most likely due 
to osteoporosis.15,29 All patients had previously received ADT, which 
has been confirmed to cause osteoporosis, and ADT was associated 
with a significantly increased risk of any fracture (OR: 2.83, 95% CI: 
2.52–3.17).30,31 Patients in the 223Ra+NHA combination group also 

Figure 2: Forest plot of network meta-analysis in SSE. NHAs: new-generation 
hormonal agents; 223Ra: radium-223; SSE: skeletal symptom events; 
OR: odds ratio; CI: confidence interval.

Figure 3: Forest plot of pairwise comparison between the 223Ra+NHA 
combination therapy group and the 223Ra monotherapy group in hematopoietic 
system AEs and ≥grade 3 AEs. NHAs: new-generation hormonal agents; 223Ra: 
radium-223; OR: odds ratio; CI: confidence interval; AEs: adverse events.

Figure 1: Forest plot of network meta-analysis in fracture. (a) Results from all 
included studies; (b) result from RCTs alone. NHAs: new-generation hormonal 
agents; 223Ra: radium-223; RCTs: randomized controlled trials; OR: odds 
ratio; CI: confidence interval.
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received prednisone or prednisolone, which was also shown to cause 
osteoporosis.32 Therefore, it is necessary to improve osteoporosis and 
monitor bone density in patients treated with 223Ra.

Compared to the ERA223 trial, the fracture incidence was much 
higher in the REASURE trial. This might be due to the BPA use rates 
in the REASURE trial, which were only 11% in the 223Ra group and 6% 
in the control group compared to 39% and 42% in the ERA223 trial.15,29 
The ongoing PEACE III clinical trial also confirmed the importance 
of BPAs in mCRPC patients who received 223Ra treatment. The dosage 
regimen of BPAs might have influenced its protective function.25 In our 
study, a relevant meta-analysis was not conducted due to the impact of 
BPA administration timing on the fracture risk observed in the PEACE 
III trial and the unknown administration protocol of BPA in all studies 
that conducted BPA-related fracture risk.25

From the above outcomes, the destructive effect of 223Ra, 
osteoporosis, underutilizing of BPAs, and prior treatment history might 
have been important reasons for the increased fracture incidence in 
patients treated with 223Ra. Further clinical trials should be carried out 
on these influencing factors.

In addition to safety, the efficacy of 223Ra combined with NHAs was 
also discussed in several studies, which should have been the primary 
measurement outcome of the combination therapy. While the survival 
benefit of the combination therapy is still controversial, compared with 
monotherapy, it has obvious advantages in curative effects against bone 
lesions.6 Control of bone metastases can significantly impact OS in 
mCRPC patients.33–35 Given the mechanism of 223Ra and the results 
of the ALSYMPCA study, we should focus on the treatment efficacy 
of bone metastases when using 223Ra.3 Combination therapy might be 
better in patients with severe bone metastasis burden and symptomatic 
bone metastasis than in asymptomatic patients.

Moreover, two studies5,9 divided combination treatment regimens 
into layered and concurrent regimens, but only Shore et al.9 reported 
this categorization in detail. In that study, the concurrent group had a 

higher fracture incidence than the layered group, but they also achieved 
a longer OS. Given their impact on patient outcomes, these factors 
should be fully considered when conducting further clinical trials.

There are several limitations in our analysis. Due to the control 
settings and incomplete data, only a small number of studies were 
included in our meta-analysis, and the follow-up time and baseline 
characteristics of patients were not very uniform in these studies. 
Subgroup analysis related to some factors that may have influenced 
the results, such as BPA application, could not be performed due to 
incomplete data. These findings will be updated in the future once 
more relevant studies are published.

CONCLUSIONS
The combination therapy of 223Ra with NHAs was well tolerated in 
bone mCRPC patients compared to 223Ra monotherapy, even though 
the incidence of fracture was higher in patients who received 223Ra 
than NHA monotherapy. Further evidence is needed on the safety and 
efficiency of 223Ra combination therapy with different regimens, the use 
of bone protection agents, and prior treatment history.

AUTHORS CONTRIBUTIONS
MHW carried out the conceptualization, resources, writing, and 
editing. JDD carried out the data curation and review. XMZ carried 
out the data curation and review. JGZ, GXS, YHZ, Hong Z, and NWX 
carried out the data curation and resources. Hao Z and PFS carried out 
the review and edit. All authors read and approved the final manuscript.

COMPETING INTERESTS
All authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by the Science and Technology Support Program of 
Sichuan Province (2021YFS0119), the Natural Science Foundation of China 
(No. 82172785, 81902577, 81974398, and 81872107), Research Foundation for 

Figure 4: Forest plot of network meta-analysis in some common AEs. NHAs: new-generation hormonal agents; 223Ra: radium-223; AEs: adverse events; OR: 
odds ratio; CI: confidence interval.



Asian Journal of Andrology 

The safety of radium-223 in mCRPC 
MH Wang et al

447

the Postdoctoral Program of Sichuan University (2021SCU12014), and 1.3.5 
project for disciplines of excellence, West China Hospital, Sichuan University 
(ZYJC21020).

Supplementary Information is linked to the online version of the paper on 
the Asian Journal of Andrology website.

REFERENCES
1	 Costa L, Badia X, Chow E, Lipton A, Wardley A. Impact of skeletal complications 

on patients’ quality of life, mobility, and functional independence. Support Care 
Cancer 2008; 16: 879–89.

2	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J 
Clin 2021; 71: 7–33.

3	 Parker C, Nilsson S, Heinrich D, Helle SI, O’Sullivan JM, et al. Alpha emitter 
radium-223 and survival in metastatic prostate cancer. N Engl J Med 2013; 369: 
213–23.

4	 Cursano MC, Iuliani M, Casadei C, Stellato M, Tonini G, et al. Combination 
radium-223 therapies in patients with bone metastases from castration-resistant 
prostate cancer: a review. Crit Rev Oncol Hematol 2020; 146: 102864.

5	 Saad F, Carles J, Gillessen S, Heidenreich A, Heinrich D, et al. Radium-223 and 
concomitant therapies in patients with metastatic castration-resistant prostate 
cancer: an international, early access, open-label, single-arm phase 3b trial. Lancet 
Oncol 2016; 17: 1306–16.

6	 Petrylak DP, Vaishampayan UN, Patel KR, Higano CS, Albany C, et al. A randomized 
phase IIa study of quantified bone scan response in patients with metastatic 
castration-resistant prostate cancer (mCRPC) treated with radium-223 dichloride 
alone or in combination with abiraterone acetate/prednisone or enzalutamide. ESMO 
Open 2021; 6: 100082.

7	 Maughan BL, Kessel A, McFarland TR, Sayegh N, Nussenzveig R, et al. Radium-223 
plus enzalutamide versus enzalutamide in metastatic castration-refractory prostate 
cancer: final safety and efficacy results. Oncologist 2021; 26: 1006–e2129.

8	 McDermott RS, Greene J, McCaffrey J, Parker I, Helanova S, et al. Radium-223 in 
combination with enzalutamide in metastatic castration-resistant prostate cancer: 
a multi-centre, phase II open-label study. Ther Adv Med Oncol 2021; 13: 1–10.

9	 Shore N, Higano CS, George DJ, Sternberg CN, Saad F, et al. Concurrent or layered 
treatment with radium-223 and enzalutamide or abiraterone/prednisone: real-world 
clinical outcomes in patients with metastatic castration-resistant prostate cancer. 
Prostate Cancer Prostatic Dis 2020; 23: 680–8.

10	 Shore ND, Schellhammer PF, Tutrone RF, Mariados NF, Harrelson SS. Open label 
phase II study of enzalutamide with concurrent administration of radium 223 
dichloride in patients with castration-resistant prostate cancer. Clin Genitourin 
Cancer 2020; 18: 416–22.

11	 Shore ND, Tutrone RF, Mariados NF, Nordquist LT, Mehlhaff BA, et al. eRADicAte: 
a prospective evaluation combining radium-223 dichloride and abiraterone acetate 
plus prednisone in patients with castration-resistant prostate cancer. Clin Genitourin 
Cancer 2018; 16: 149–54.

12	 Sartor O, Vogelzang NJ, Sweeney C, Fernandez DC, Almeida F, et al. Radium-223 
safety, efficacy, and concurrent use with abiraterone or enzalutamide: first U.S. 
experience from an expanded access program. Oncologist 2018; 23: 193–202.

13	 Ahmed ME, Joshi VB, Badawy M, Pagliaro LC, Karnes RJ, et al. Radium-223 in 
the third-line setting in metastatic castration-resistant prostate cancer: impact of 
concomitant use of enzalutamide on overall survival (OS) and predictors of improved 
OS. Clin Genitourin Cancer 2021; 19: 223–9.

14	 McKay RR, Silver R, Bhak RH, Korves C, Cheng M, et al. Treatment of metastatic 
castration resistant prostate cancer with radium-223: a retrospective study at a US 
tertiary oncology center. Prostate Cancer Prostatic Dis 2021; 24: 210–9.

15	 Smith M, Parker C, Saad F, Miller K, Tombal B, et al. Addition of radium-223 to 
abiraterone acetate and prednisone or prednisolone in patients with castration-
resistant prostate cancer and bone metastases (ERA 223): a randomised, double-
blind, placebo-controlled, phase 3 trial. Lancet Oncol 2019; 20: 408–19.

16	 Cornford P, van den Bergh RC, Briers E, Van den Broeck T, Cumberbatch MG, et al. 
EAU-EANM-ESTRO-ESUR-SIOG guidelines on prostate cancer. Part II-2020 update: 
treatment of relapsing and metastatic prostate cancer. Eur Urol 2021; 79: 263–82.

17	 Schaeffer E, Srinivas S, Antonarakis ES, Armstrong AJ, Cheng HH, et al. NCCN 
Clinical Practice Guidelines in Oncology-Prostate Cancer (version 1. 2022). 

Available from: http://www.nccn.org/professionals/physician_gls/pdf/prostate.pdf. 
[Last accessed on 2022 Dec 12].

18	 Pinheiro J, Bates D, DebRoy S, Sarkar D, Heisterkamp S, et al. nlme: Linear and 
Nonlinear Mixed Effects Models. Available from: https://CRAN.R-project.org/
package=nlme. [Last accessed on 2022 Dec 12].

19	 Lin LF, Zhang J, Hodges JS, Chu HT. Performing arm-based network meta-analysis 
in R with the pcnetmeta package. J Stat Softw 2017; 80: 1–25.

20	 Rücker G, Krahn U, Kernig J, Efthimiou O, Davies A, et al. netmeta: Network Meta-
Analysis Using Frequentist Methods. Available from: https://CRAN.R-project.org/
package=netmeta. [Last accessed on 2022 Dec 12].

21	 Wickham H, Hester J, Chang W, Bryan J. devtools: Tools to Make Developing R 
Packages Easier. Available from: https://CRAN.R-project.org/package=devtools. 
[Last accessed on 2022 Dec 12].

22	 Viechtbauer W. Conducting meta-analyses in R with the metafor package. J Stat 
Soft 2010; 36: 1–48.

23	 Review Manager (RevMan). Version 5.4, The Cochrane Collaboration, 2020. Available 
from: https://training.cochrane.org/online-learning/core-software/revman. [Last 
accessed on 2022 Dec 12].

24	 Dan TD, Eldredge-Hindy HB, Hoffman-Censits J, Lin J, Kelly WK, et al. Hematologic 
toxicity of concurrent administration of radium-223 and next-generation antiandrogen 
therapies. Am J Clin Oncol 2017; 40: 342–7.

25	 Tombal BF, Loriot Y, Saad F, McDermott RS, Elliott T, et al. Decreased fracture 
rate by mandating bone-protecting agents in the EORTC 1333/PEACE III trial 
comparing enzalutamide and Ra223 versus enzalutamide alone: an interim safety 
analysis. J Clin Oncol 2019; 37: 5007.

26	 Rathbun JT, Franklin GE. Radium-223 (Xofigo) with concurrent abiraterone or 
enzalutamide: predictive biomarkers of improved overall survival in a clinically 
advanced cohort. Curr Probl Cancer 2019; 43: 205–12.

27	 Zhao H, Howard LE, De Hoedt AM, Terris MK, Amling CL, et al. Safety of concomitant 
therapy with radium-223 and abiraterone or enzalutamide in a real-world population. 
Prostate 2021; 81: 390–7.

28	 Kim SI, Szeto AH, Morgan KP, Brower B, Dunn MW, et al. A real-world evaluation 
of radium-223 in combination with abiraterone or enzalutamide for the treatment 
of metastatic castration-resistant prostate cancer. PLoS One 2021; 16: e0253021.

29	 Hijab A, Curcean S, Tunariu N, Tovey H, Alonzi R, et al. Fracture risk in men with 
metastatic prostate cancer treated with radium-223. Clin Genitourin Cancer 2021; 
19: e299–305.

30	 Greenspan SL, Coates P, Sereika SM, Nelson JB, Trump DL, et al. Bone loss after 
initiation of androgen deprivation therapy in patients with prostate cancer. J Clin 
Endocrinol Metab 2005; 90: 6410–7.

31	 Wang A, Obertová Z, Brown C, Karunasinghe N, Bishop K, et al. Risk of fracture 
in men with prostate cancer on androgen deprivation therapy: a population-based 
cohort study in New Zealand. BMC Cancer 2015; 15: 837.

32	 Buchman AL. Side effects of corticosteroid therapy. J Clin Gastroenterol 2001; 
33: 289–94.

33	 Brown MS, Kim GH, Chu GH, Ramakrishna B, Allen-Auerbach M, et al. Quantitative 
bone scan lesion area as an early surrogate outcome measure indicative of overall 
survival in metastatic prostate cancer. J Med Imaging (Bellingham) 2018; 5: 
011017.

34	 Naito M, Ukai R, Hashimoto K. Bone scan index can be a useful biomarker of survival 
outcomes in patients with metastatic castration-resistant prostate cancer treated 
with radium-223. Cancer Rep (Hoboken) 2019; 2: e1203.

35	 Yamamoto Y, Okuda Y, Kanaki T, Tanaka R, Nagahara A, et al. Clinical indicators for 
predicting prognosis after radium-223 administration in castration-resistant prostate 
cancer with bone metastases. Int J Clin Oncol 2021; 26: 192–8.

This is an open access journal, and articles are distributed under the terms of the 
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which 
allows others to remix, tweak, and build upon the work non-commercially, as long 
as appropriate credit is given and the new creations are licensed under the identical 
terms.

©The Author(s)(2023)



Supplementary Figure 1: PRISMA flow diagram. PRISMA: Preferred Reporting Items for Systematic reviews and Meta-Analyses.

Supplementary Figure 3: Forest plot of pairwise comparison between the 223Ra+NHA combination therapy group and the 223Ra monotherapy group in fracture 
and SSE. OR: odds ratio; CI: confidence interval; NHAs: new-generation hormonal agents; 223Ra: radium-223; SSE: skeletal symptom events.

Supplementary Figure 2: Net plot. (a) Net plot for fracture. (b) Net plot for SSE. (c) Net plot for fatigue, nausea, vomiting, constipation, and diarrhea. (d) Net 
plot for anorexia, hypertension, and back pain. (e) Net plot for fracture of RCT only analysis. NHAs: new-generation hormonal agents; 223Ra: radium-223; 
SSE: skeletal symptom events; RCTs: randomized controlled trials.
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Supplementary Figure 4: Forest plot of pairwise comparison between the 223Ra+NHA combination therapy group and the 223Ra monotherapy group in the 
SSE-FS. SMD: standard mean difference; CI: confidence interval; NHAs: new-generation hormonal agents; 223Ra: radium-223; SSE-FS: skeletal symptom 
event-free survival.

Supplementary Table  1: Results from network meta‑analysis  (league 
table)

Adverse outcomes Pairwise comparisons of outcomes among groups

Fracture NHAs

0.45 (0.24–0.81) 223Ra

0.31 (0.22–0.45) 0.70 (0.43–1.12) 223Ra + NHAs

SSE NHAs

1.01 (0.70–1.48) 223Ra

0.93 (0.69–1.27) 0.92 (0.74–1.15) 223Ra + NHAs

Fatigue NHAs

0.48 (0.096–1.60) 223Ra

0.72 (0.20–1.90) 1.5 (0.69–3.70) 223Ra + NHAs

Anorexia NHAs

0.18 (0.003–2.00) 223Ra

0.30 (0.01–1.90) 1.70 (0.26–12.00) 223Ra + NHAs

Nausea NHAs

0.64 (0.06–4.10) 223Ra

0.48 (0.06–2.00) 0.75 (0.21–2.50) 223Ra + NHAs

Vomiting NHAs

1.00 (0.15–3.3) 223Ra

0.69 (0.15–1.70) 0.69 (0.31–1.70) 223Ra + NHAs

Constipation NHAs

0.37 (0.01–5.20) 223Ra

0.44 (0.02–3.50) 1.20 (0.20–8.30) 223Ra + NHAs

Diarrhea NHAs

0.63 (0.04–4.30) 223Ra

0.44 (0.04–1.90) 0.70 (0.19–2.90) 223Ra + NHAs

Hypertension NHAs

1.60 (0.03; 47.00) 223Ra

0.43 (0.01–4.30) 0.27 (0.02; 2.20) 223Ra + NHAs

Back pain NHAs

1.60 (0.50–3.90) 223Ra

0.77 (0.32–1.50) 0.48 (0.25–0.98) 223Ra + NHAs

The value is OR and 95% CI, OR <1 favor the treatment in the column. NHAs: new‑ 
generation hormonal agents; SSE: symptomatic skeletal events; 223Ra: radium‑223; OR: odds 
ratio; CI: confidence interval



Supplementary Table  2: Results from network meta‑analysis  (rank 
probability)

Treatment Rank 1 Rank 2 Rank 3

Fracture

NHAs 0.88 0.11 0.01
223Ra 0.12 0.81 0.07
223Ra + NHAs 0 0.08 0.92

SSE

NHAs 0.45 0.21 0.34
223Ra 0.39 0.31 0.31
223Ra + NHAs 0.16 0.48 0.35

Fatigue

NHAs 0.80 0.14 0.06
223Ra 0.04 0.12 0.84
223Ra + NHAs 0.15 0.75 0.10

Anorexia

NHAs 0.90 0.06 0.03
223Ra 0.04 0.2 0.76
223Ra + NHAs 0.05 0.74 0.21

Nausea

NHAs 0.69 0.20 0.10
223Ra 0.27 0.47 0.26
223Ra + NHAs 0.03 0.33 0.64

Vomiting

NHAs 0.49 0.34 0.16
223Ra 0.47 0.38 0.15
223Ra + NHAs 0.03 0.28 0.69

Constipation

NHAs 0.70 0.16 0.14
223Ra 0.17 0.3 0.53
223Ra + NHAs 0.13 0.54 0.33

Diarrhea

NHAs 0.68 0.23 0.09
223Ra 0.29 0.47 0.24
223Ra + NHAs 0.03 0.30 0.67

Hypertension

NHAs 0.38 0.40 0.23
223Ra 0.60 0.31 0.08
223Ra + NHAs 0.02 0.29 0.69

Back pain

NHAs 0.17 0.66 0.17
223Ra 0.83 0.15 0.19
223Ra + NHAs 0.01 0.19 0.81

NHAs: new‑generation hormonal agents; SSE: symptomatic skeletal events; 
223Ra: radium‑223

Supplementary Table  3: Results from only randomized controlled trials 
analysis in fracture  (league table)

Adverse outcomes Pairwise comparisons of outcomes among groups

Fracture NHAs

0.88 (0.17; 4.62) 223Ra

0.31 (0.22; 0.45) 0.35 (0.07; 1.78) 223Ra + NHAs

The value is OR and 95% CI, OR <1 favor the treatment in the column. NHAs: new‑ 
generation hormonal agents; 223Ra: radium‑223; RCTs: randomized controlled trials; 
OR: odds ratio; CI: confidence interval



Supplementary Table  4: Results from only randomized controlled trials 
analysis in fracture  (rank probability)

Treatment Rank 1 Rank 2 Rank 3 PSCORE

NHAs 0.02 0.45 0.54 0.2202
223Ra 0.87 0.13 0.46 0.3315
223Ra + NHAs 0.12 0.42 0.46 0.9484

NHAs: new‑generation hormonal agents; 223Ra: radium‑223


