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Abstract

Background: For nonmetastatic castration-resistant prostate cancer (nmCRPC), 3 drugs under patent protection—apaluta-
mide, enzalutamide, and darolutamide—were approved based on randomized, placebo-controlled trials; 1 drug with generic
availability, abiraterone acetate, showed efficacy in a single-arm trial and is commonly prescribed. Lacking head-to-head tri-
als, the optimal treatment for nmCRPC is unknown, despite widely varied treatment costs. We compared the efficacy and
safety of nmCRPC treatments. Methods: We searched bibliographic databases, regulatory documents, and trial registries for
nmCRPC trials. We included published results and, when available, original data. We performed matching-adjusted indirect
comparison and network meta-analysis and compared treatments regarding metastasis-free survival, overall survival, and
serious adverse events. Results: We analyzed 5 trials with 4360 participants. Compared with placebo, abiraterone acetate
engendered the lowest hazard of metastasis and death (hazard ratio [HR] ¼ 0.22, 95% credible interval [CrI] ¼ 0.12–0.41),
followed by apalutamide (HR¼0.28, 95% CrI¼0.23–0.34), enzalutamide (HR¼0.30, 95% CrI¼0.25–0.36), and darolutamide
(HR¼0.41, 95% CrI¼0.34–0.49); darolutamide led to the lowest hazard of death (HR¼0.69, 95% CrI ¼ 0.53–0.90), followed by
enzalutamide (HR¼0.73, 95% CrI¼0.61–0.87) and apalutamide (HR¼0.75, 95% CrI¼0.59–0.95); darolutamide resulted in the
lowest odds of serious adverse events (odds ratio [OR] ¼ 1.32, 95% CrI ¼ 1.02–1.70), followed by enzalutamide (OR ¼1.43, 95%
CrI¼1.08–1.89), apalutamide (OR¼1.58, 95% CrI¼1.23–2.03), and abiraterone acetate (OR¼1.94, 95% CrI¼1.17–3.22).
Conclusions: For nmCRPC, darolutamide offered optimal efficacy and safety among approved drugs, and abiraterone acetate
may offer comparable metastasis-free survival benefit with cost savings from generic availability. Future research is needed
to more fully examine the benefit of abiraterone acetate.

Nonmetastatic castration-resistant prostate cancer (nmCRPC) is
defined by rising levels of serum prostate-specific antigen (PSA)
despite androgen-deprivation therapy in the absence of metas-
tases on conventional imaging (1,2). Among nmCRPC patients,
higher PSA levels and shorter PSA doubling time are associated
with increased risks of metastases and mortality (3-5). Three
androgen receptor inhibitors—apalutamide, enzalutamide, and
darolutamide—have been developed as add-on therapy to an-
drogen-deprivation therapy for nmCRPC since 2018. Phase III
randomized controlled trials (RCTs) demonstrated their

superiority to placebo in delaying PSA progression, metastasis,
and death (6–8), leading to their regulatory approval by the US
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA). An androgen synthesis inhibitor, abir-
aterone acetate, originally approved for metastatic prostate can-
cer, was also under development for nmCRPC. In the phase II,
single-arm trial (IMAAGEN), patients receiving abiraterone ace-
tate showed delayed PSA progression and metastasis to the
same extent that was observed in patients receiving the ap-
proved drugs (9). However, abiraterone acetate development for
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nmCRPC was terminated because of a successful generic chal-
lenge in the United States and pending expiry of regulatory ex-
clusivity in Europe (10,11). Nevertheless, abiraterone acetate is
commonly used off-label to treat nmCRPC (12–16).

As no RCTs have directly compared these drugs for nmCRPC,
guidelines from the US National Comprehensive Cancer
Network and the European Society for Medical Oncology cur-
rently do not suggest any preference for one of these treatments
over the others (1,2). Although previous studies have attempted
indirect treatment comparisons, they have been limited to ap-
proved drugs and thus have excluded abiraterone acetate (17–
20). Furthermore, these studies have failed to estimate relative
treatment effects in different patient subgroups and to address
nonproportional hazards presented in the underlying trials.

Besides the evidence gap in relative efficacy and safety,
these drugs also have widely varying costs because of different
patent protection status. For example, the drug acquisition
costs for a median 2-year treatment course in the United States
range from $34 378 for generic abiraterone acetate to $201 439
for darolutamide (Nubeqa), with enzalutamide (Xtandi) and
apalutamide (Erleada) at $177 680 and $190 314, respectively
(21). For Europe, similar price disparity is expected in 2022. We
compared the efficacy and safety of these drugs for nmCRPC to
inform clinical practice and reimbursement policy and to iden-
tify evidence gaps for future research.

Methods

Search Strategy and Selection Criteria

We prospectively registered our study with PROSPERO
(CRD42020160839) (22). We included parallel-group RCTs and
single-arm nmCRPC trials with a median follow-up of at least
12 months. Interventions of interest were apalutamide, enzalu-
tamide, darolutamide, and abiraterone acetate; comparators of
interest were any active drug, placebo, and no treatment. We
excluded abstracts and trial reports without results because of
the insufficient information these would provide for inclusion.
We searched bibliographic databases, including MEDLINE,
EMBASE, and Cochrane CENTRAL; trial registries, including
ClinicalTrials.gov and the European Union Clinical Trials
Register; and regulatory documents, including the FDA and EMA
review reports, from inception to November 5, 2020
(Supplementary Methods, available online). We did not apply
any language or date restriction.

We performed title and abstract screening using Sysrev and
full-text screening using Endnote X9. Two investigators (LW
and AF) independently performed the screening and data ex-
traction and resolved discrepancies by discussion. Deidentified
patient-level data of the 6 eligible trials were requested from 2
trial data-sharing websites, YODA (19) and Vivli (20), and se-
cured for 2 trials, IMAAGEN (9) and STRIVE (19). We included all
eligible trials in the systematic review. Only RCTs were included
in network meta-analysis except for abiraterone acetate, for
which we included the only available, single-arm trial
IMAAGEN (9).

Statistical Analysis

For each eligible trial, we extracted information regarding trial
design, baseline characteristics, and results (see Supplementary
Table 1, available online). We extracted the most recent results
in settings where we identified multiple publications reporting

the results of a single trial. Our efficacy outcomes of interest
were metastasis-free survival (MFS), defined as the time from
randomization to radiographic evidence of metastasis or death
from any cause, whichever occurs first, and overall survival
(OS). Our safety outcome of interest was serious adverse events
(SAEs). SAE was defined as any untoward medical occurrence
that at any dose results in death, is life-threatening, requires in-
patient hospitalization or prolongation of existing hospitaliza-
tion, results in persistent or clinically significant disability or
incapacity, or is a congenital anomaly or birthdefect (23). We
assessed the risk of bias for the primary outcome, MFS, using
the Cochrane Collaboration tool (2.0) adapted to single-arm tri-
als (24). The overall bias was judged from 5 domains: the ran-
domization process, deviations from intended interventions,
missing outcome data, outcome measurement, and selection of
reported results. We interpreted our results after having consid-
ered the risk of bias assessments (25).

Network meta-analysis facilitates indirect comparisons be-
tween treatments that were not compared in head-to-head tri-
als; it typically requires a “connected network” formed by RCTs
with shared comparators. As abiraterone acetate for nmCRPC
was tested only in the single-arm trial IMAAGEN (9), we con-
nected it to the treatment network by using a matching-
adjusted indirect comparison (MAIC) method (26). In addition to
connecting abiraterone acetate to the network, MAIC accounts
for the risk of bias from the single-arm trial because of a lack of
randomization. Thus, we selected an RCT (SPARTAN) (8) from
among the included trials that has a population most closely re-
sembling the IMAAGEN population based on baseline character-
istics; estimated inverse probability weights for individuals in
IMAAGEN to match individuals in SPARTAN, with covariates in-
cluding age, PSA, Eastern Cooperative Oncology Group (ECOG)
performance status, and prior prostatectomy or radiation ther-
apy; applied weights to IMAAGEN so that covariates were bal-
anced among 2 trials as if they were from the same pseudo-
RCT; and estimated weighted outcomes of the pseudo-RCT, and
included it in the network meta-analysis (see the
Supplementary Methods, available online). As an indirect com-
parison method recommended by the National Institute for
Health and Care Excellence of the United Kingdom, MAIC allows
inverse probability weights to be estimated with patient-level
data in 1 trial—in our case IMAAGEN, and aggregate-level data
in the other trial—in our case SPARTAN (26). MAIC uses the
method of moments (27) to estimate weights so that the
weights exactly balance the mean covariate values between the
weighted IMAAGEN population and the SPARTAN population.

We performed Bayesian network meta-analyses using gen-
eralized linear models (28). We fitted fixed effects models be-
cause treatment comparisons were examined in at most 1 RCT.
As primary analyses for OS and MFS, time-invariant hazard ra-
tios (HRs) from individual trials were combined to estimate
overall hazard ratios with 95% credible intervals (CrIs). For pa-
tient subgroups that were consistently assessed across trials,
we performed subgroup network meta-analyses. For SAEs, odds
ratios (ORs) estimated from individual trials were combined to
estimate the overall odds ratio with 95% credible intervals.

As secondary analyses for OS and MFS, we estimated time-
varying hazard ratios using Bayesian parametric survival net-
work meta-analysis and compared expected survival curves
across treatments. Specifically, we reconstructed patient-level
survival data from published Kaplan-Meier curves using Guyot
algorithms (29) and the STATA 16 ipdfc package (30). For
IMAAGEN (9) and STRIVE (19), we used the original patient-level
data. We fitted a series of first-order fractional polynomial
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models with power parameter p¼ (-2,-1,-0.5,0, 0.5,1,2,3), which
include common survival distributions such as Weibull (p¼ 0)
and Gompertz (p¼ 1) (31). We used the deviance information cri-
terion to assess model fit (32).

We used Markov chain Monte Carlo (MCMC) algorithms to
estimate treatment effects and diffuse priors to allow observed
trial data to inform the estimation (28). We used 4 parallel
MCMC chains comprising 100 000 samples in primary analyses
and 2 parallel MCMC chains containing 80 000 samples in sec-
ondary analyses, after a 5000-sample burn-in. The convergence
of MCMC chains was checked by Gelman-Rubin diagnostic sta-
tistics (33). Treatment effect sizes (median, 95% CrI) and ranking
probabilities were derived from MCMC samples. The surface un-
der the cumulative ranking line (SUCRA) was used to summa-
rize treatment rankings. SUCRA ranges from 0 to 1. The closer
SUCRA to 1, the higher the treatment rank. We performed MAIC
and primary analyses in R 4.0.3 (31) using sandwich, survival, and
gemtc packages (34–36) and secondary analyses in WinBUGS
1.4.3 (37). We have reported the parametric survival network
meta-analysis method previously (38).

Results

We identified 10 909 unique study records and screened the full
text of 126 publication citations and all trial registrations and
regulatory records (Supplementary Figure 1, available online).
We included 6 trials in the systematic review: 4 phase III RCTs
(6–8,39) involving apalutamide, enzalutamide, darolutamide,
bicalutamide, and 2 phase II single-arm trials IMAAGEN (9) and
ARN-509-001 (40) involving abiraterone acetate and apaluta-
mide, respectively (Table 1). We excluded ARN-509-001 from the
network meta-analysis. Because for apalutamide, the available
RCT, SPARTAN, has 1207 patients, whereas the single-arm trial
ARN-509-001 has only 51 patients. Including the single-arm trial
would only add bias without improving precision. The remain-
ing 5 trials formed the network in Figure 1.

These 5 trials involved 4360 participants. The median sam-
ple size was 1207 (range ¼ 112-1509), the median follow-up du-
ration was 19.9 months (range ¼ 17.9-40) for MFS and 48 months
(range ¼ 29-52) for OS. The main eligibility criteria entailed
nmCRPC with a PSA doubling time of 10 months or less.
Although STRIVE recruited both individuals with nmCRPC and
metastatic castration-resistant prostate cancer (39), we only in-
cluded data from individuals with nmCRPC who had a PSA dou-
bling time of 10 months or less. All 5 trials assessed MFS and
SAEs, and 3 trials assessed OS (Table 1). IMAAGEN reported time
to radiographic evidence of disease progression (9). With the
available patient-level data, including the time to death, we es-
timated MFS. Efficacy outcomes assessed in trials, along with
definitions, are summarized in Supplementary Table 2 (avail-
able online).

We detected the risk of bias within all 6 trials included in the
review (Table 2). Notably, missing outcome data were a concern
for all 6 trials. In each trial, the number of participants with
missing data was more than 10.0% of the observed number of
events (metastasis or death) and was distributed unevenly be-
tween treatment arms. Yet, no method was used to correct for
bias and neither was a sensitivity analysis done showing that
results were robust against different assumptions about the
missing data and its actual value. Furthermore, selective report-
ing of results may be of concern for all trials except IMAAGEN.
In these trials, we found 1) the protocol (including the statistical
analysis plan) was finalized after the data cutoff and unblinded

analysis, 2) the protocol was not publicly available, or 3) the
data cutoff date was not reported. Ideally, the analysis should
be specified before unblinded data become available. Otherwise,
investigators may cherry-pick the analyses that better support
their hypotheses.

Trial populations were largely comparable in terms of base-
line characteristics, with SPARTAN (8) bearing a close resem-
blance to IMAAGEN (see Supplementary Table 3, available
online) (9). After MAIC, the weighted IMAAGEN trial and the
SPARTAN trial were balanced in mean age and PSA and in per-
centage compositions of ECOG score and history of prostatec-
tomy or radiation therapy. The crude and weighted baseline
characteristics and the distribution of weights are available in
the Supplementary Methods (available online). Based on MAIC
with placebo, abiraterone acetate was associated with a lower
hazard ratio of metastasis or death (HR ¼ 0.22, 95% confidence
interval ¼ 0.12 to 0.41) estimated from MFS but increased odds
ratio of SAE (OR ¼ 1.94, 95% confidence interval ¼ 1.17 to 3.22).

With the available data, we compared 5 treatments with re-
spect to MFS and 3 treatments with respect to OS. Abiraterone
acetate was associated with the lowest of metastasis or death
(HR ¼ 0.22, CrI¼ 0.12–0.41) relative to placebo, followed by apa-
lutamide (HR ¼ 0.28, CrI¼ 0.23–0.34), enzalutamide (HR ¼ 0.30,
CrI ¼ 0.25–0.36), darolutamide (HR ¼ 0.41, CrI¼ 0.34–0.49), and
bicalutamide (HR ¼ 1.01, CrI¼ 0.43–2.38). The corresponding
SUCRAs were 0.91, 0.78, 0.69, 0.40, and 0.10, respectively.
Darolutamide was associated with the lowest hazard ratio of
death (HR ¼ 0.69, CrI¼ 0.53–0.90) relative to placebo, followed by
enzalutamide (HR ¼ 0.73, CrI¼ 0.61–0.87] and apalutamide (HR ¼
0.75, CrI¼ 0.59–0.95). The corresponding SUCRAs were 0.77, 0.65,
and 0.58, respectively (Figure 2).

Subgroup network meta-analyses were feasible for the com-
parison of 3 treatments on MFS and OS, by baseline age (MFS
only), ECOG score, PSA doubling time, and bone sparing agent
use. The results are presented in Figure 3. Across treatments,
better efficacy was observed in younger patients (younger than
75 years of age) and in patients with an ECOG score of 0 (instead
of 1). Across patient subgroups, in general, apalutamide and
enzalutamide were associated with lower hazard ratios of

Darolutamide

ApalutamideAbiraterone acetate

Placebo

Bicalutamide Enzalutamide

MAIC

MAIC

SPARTAN

ARAMIS

PROSPER

STRIVE

Figure 1. Network graph of treatment comparison. The figure depicts the under-

lying evidence base of this study. Circles represent competing treatments; solid

lines show which treatments have been compared in randomized controlled tri-

als; and the dashed line denotes matching-adjusted indirect comparison

(MAIC). The circle size is proportional to the number of trials evaluating each

treatment; and the line thickness is proportional to the precision (the inverse of

the variance of hazard ratios of metastasis or death estimated from metastasis-

free survival) of each comparison. The labels on the lines are trial names.
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metastasis or death, and darolutamide was associated with
lower hazard ratios of death, relative to placebo.

Allowing hazard ratios to change over time, parametric sur-
vival network meta-analysis provided consistent treatment
rankings. The first-order fractional polynomial model fitted the
MFS data best when p ¼ -2 and fitted the OS data best when
P¼ -1. Figure 4 shows the expected MFS and OS curves for each
treatment. Abiraterone acetate was associated with the highest
MFS probability at 24 months, and darolutamide was associated
with the highest OS probability at 48 months. SUCRAs over time
are presented in Supplementary Figure 2 (available online).

The risks of SAEs were compared among 5 treatments.
Darolutamide was associated with the lowest odds ratio of
SAE relative to placebo (1.32, 95% CrI ¼ 1.02–1.70), followed by
enzalutamide (1.43, 95% CrI ¼ 1.081.89), bicalutamide (1.63, 95%
CrI ¼ 0.61–4.41), apalutamide (1.58, 95% CrI ¼ 1.23–2.03), and
abiraterone acetate (1.94, 95% CrI ¼ 1.17–3.22). The correspond-
ing SUCRAs were 0.62, 0.50, 0.40, 0.35, and 0.17, respectively
(Figure 2). Bicalutamide had a higher point estimate of odds ra-
tio than apalutamide, and it had a higher SUCRA than apaluta-
mide (ie, ranked higher in terms of safety) because SUCRA takes
into account the entire distribution of odds ratio estimates from
the MCMC samples, and there were more times that an odds
ratio estimate for bicalutamide was lower than that of apaluta-
mide. Ranking probabilities and pairwise comparisons of treat-
ments on MFS, OS, and SAEs are available in Supplementary
Figure 3 (available online).

Discussion

We compared treatments for nmCRPC given their common use,
variable costs, and the absence of head-to-head trials. To do so,
we comprehensively searched for eligible trials, critically ap-
praised trial quality, incorporated RCTs and single-arm trials,
and compared treatments based on their efficacy and safety. All
3 FDA- and EMA-approved nmCRPC drugs—apalutamide, enza-
lutamide, and apalutamide—statistically significantly pro-
longed OS, with darolutamide providing the largest OS benefit.
These 3 drugs and abiraterone acetate also statistically signifi-
cantly prolonged MFS, with abiraterone acetate providing the
largest MFS benefit. All treatments increased SAEs, with darolu-
tamide having the lowest SAE risk. These results suggest that
darolutamide has optimal efficacy and safety profile among ap-
proved treatments and that abiraterone acetate, a less expen-
sive alternative to approved treatments, may offer comparable
value to patients with nmCRPC.

Our findings yield several new insights. First, in contrast to
prior reviews (17–20), our analysis included the “forgotten dance
partner” (12) abiraterone acetate in the treatment comparisons
for nmCRPC (14). As an FDA- and EMA-approved treatment for
metastatic castration-sensitive or castration-resistantprostate
cancer, abiraterone acetate can delay disease progression, pro-
long OS, and is well tolerated (61,62). For nmCRPC, we found its
MFS benefit promising and safety profile similar to that ob-
served in its approved indications. Although there may be in-
sufficient incentive for the pharmaceutical industry to pursue a
phase III RCT validating the long-term benefit of abiraterone ac-
etate, such investments might be worthwhile for the health sys-
tem. Second, in contrast to prior reviews, we modeled time-
varying hazard ratios and validated the robustness of our
results based on different assumptions of the time-varying na-
ture of hazard ratios. This approach is important given that
nonproportional hazards can be visually spotted from theT
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crossing OS curves in PROSPER (50) and were demonstrated by
our parametric survival models. When Kaplan-Meier curves are
published, patient-level survival data can be reconstructed to
allow the more informative parametric survival network meta-
analysis, even if the original trial data are unavailable. Third,
the method we used to compare drugs that were only tested in
single-arm trials with competitor drugs—a combination of
MAIC and network meta-analysis—may be useful for future
comparative effectiveness research of cancer treatments, given
that as many as one-fifth of pivotal trials supporting the regula-
tory approvals of oncology drugs were single-arm (63,64). By
employing patient-level data and the MAIC method, we created

a pseudo-RCT that enabled network meta-analysis in a discon-
nected treatment network where 1 treatment has only been
tested in a single-arm trial. This approach, increasingly possible
through patient-level trial data sharing (65), may be preferable
to alternative methods such as reference prediction or aggre-
gate level matching because it accounts for the imbalance in pa-
tient characteristics induced by single-arm trials (66–68).

Our study has limitations, many related to the underlying
trial evidence. First, the trials we examined failed to adjust OS
estimates for crossover and subsequent therapies, which may
explain the different rankings for darolutamide between MFS
and OS. Trials were unblinded after a positive primary analysis

Figure 2. Treatment effects relative to placebo estimated from network meta-analysis. SUCRA was used to summarize treatment rankings. SUCRA ranges from 0 to 1.

The closer SUCRA to 1, the higher the treatment rank. CrI ¼ credible interval; HR ¼ hazard ratio; OR ¼ odds ratio; SUCRA ¼ surface under the cumulative ranking line.
R
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for MFS, and patients in the control arm were allowed to cross
over to the treatment arm. Different subsequent therapies were
given on disease progression based on clinical judgment.
Although the unblinding and crossover were inevitable because
of ethical concerns and different subsequent treatments were
concordant with clinical practice, they may obscure true OS

benefits. Several methods are available to adjust OS estimates
for crossover and subsequent therapies with patient-level data
(69), underscoring the importance of reporting both crude and
adjusted OS results. Second, although MAIC was used to ac-
count for the imbalance in patient characteristics induced by
the single-arm trial, factors that may bias the association

Figure 3. Treatment effects relative to placebo estimated from subgroup network meta-analysis. A) Depicts subgroup analyses for metastasis-free survival; (B) depicts

subgroup analyses for metastasis-free survival. SUCRA was used to summarize treatment rankings. SUCRA ranges from 0 to 1. The closer SUCRA to 1, the higher the

treatment rank. CrI ¼ credible interval; ECOG ¼ Eastern Cooperative Oncology Group; HR ¼ hazard ratio; PSA ¼ prostate-specific antigen; SUCRA ¼ surface under the cu-

mulative ranking line.
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between the treatment and outcomes, or residual confounding,
cannot be ruled out. An example of such confounding could be
that patients’ and clinicians’ judgment of clinical outcomes and
adverse events may differ because of their knowledge of the
assigned treatment in a single-arm trial as opposed to a double-
blinded RCT. The relative effects of abiraterone acetate to other
treatments derived from MAIC and network meta-analysis are
therefore exploratory and hypothesis generating for future re-
search. Finally, our results are limited by missing data across

trials, as well as trial investigators’ neglect to address potential
bias. Measures can be taken to reduce missing data in clinical
trials at the trial design and conduct stages. For example, a run-
in period can be included to ensure that only those who adhere
to treatments undergo randomization, efforts should be made
to limit the burden of data collection on participants and to
gather outcome data after treatment discontinuation, and trial
progress should be monitored regarding the acceptable target
rates for missing data (70). At the trial analysis stage,

Figure 3B Continued
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appropriate statistical methods can be used to address missing
data. For the primary analysis, multiple imputation models are
typically recommended, assuming missing data were missing
at random (ie, recorded patient characteristics can account for
differences in outcomes for observed and missing cases) (70). As
this assumption cannot be verified with observed data, sensitiv-
ity analyses are often helpful. For example, assuming that the
mean outcome differs between observed and missing cases by
an offset, investigators can explore the effect on results of a
range of offset values that are deemed clinically plausible (70).

Our study has important implications for patients, clini-
cians, and payers, given the uncertainty about the risk to benefit
balance of treatments for nmCRPC, as well as their highly vari-
able costs. Nevertheless, factors beyond those we examined
also may inform treatment selection. For example, apalutamide
and enzalutamide are associated with increased risks of seizure,
ischemic heart disease, falls, and fractures, whereas daroluta-
mide is not (6–8). Patients receiving abiraterone acetate plus
prednisone need to be monitored for symptoms and signs of
mineralocorticoid excess and adrenocortical insufficiency (9).

For nmCRPC, darolutamide offered optimal efficacy and
safety among approved drugs, and abiraterone acetate may of-
fer comparable MFS benefit with cost savings from generic
availability. Future research is needed to more fully examine
the benefit of abiraterone acetate.
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