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Simple Summary

Prostate cancer that has spread and no longer responds to hormone therapy, known as
metastatic castration-resistant prostate cancer (mCRPC), is a complex disease to treat. A new
type of therapy, known as radioligand therapy, utilises radioactive particles to target cancer
cells directly. One of the most promising agents in this field is [177Lu]Lu-PSMA, which
binds to a molecule found on the majority of prostate cancer cells. This study reviewed the
available clinical trials comparing [177Lu]Lu-PSMA to standard treatments. We found that
[177Lu]Lu-PSMA improved survival and delayed cancer progression, especially in the first
18 months of treatment. We also examined the cost-effectiveness of this approach, showing
that the treatment provides good value for its benefits. These results support the use of
[177Lu]Lu-PSMA as a valuable treatment option for men with advanced prostate cancer.

Abstract

Background: Radioligand therapy with [177Lu]Lu-PSMA-617 represents an emerging treat-
ment for metastatic castration-resistant prostate cancer (mCRPC). Its clinical positioning
relative to standard therapies remains under discussion. Objective: To compare overall
survival (OS), radiographic progression-free survival (rPFS), PSA response, and treatment
burden across randomised trials evaluating [177Lu]Lu-PSMA-617 versus androgen receptor
pathway inhibitors (ARTA), Cabazitaxel, or standard of care (SOC). Evidence Acquisition:
We conducted a meta-analysis of five randomised controlled trials, including 2073 patients
with PSMA-positive metastatic castration-resistant prostate cancer (mCRPC). We assessed
survival endpoints, baseline comparability, and treatment intensity. Evidence Synthesis:
[177Lu]Lu-PSMA-617 significantly improved rPFS and PSA response. While modest overall,
the OS benefit was more pronounced in taxane-naïve populations. Compared with Cabazi-
taxel, [177Lu]Lu-PSMA-617 was associated with similar or better survival despite shorter
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treatment duration and potentially lower cumulative toxicity and cost. Economic modelling
suggests it could offer a more sustainable therapeutic option under typical willingness-
to-pay thresholds. Conclusions: [177Lu]Lu-PSMA-617 shows clinical effectiveness and
economic value in mCRPC, with potential advantages over Cabazitaxel and ARTA. Its use
could be prioritised in early treatment lines. Patient Summary: This study suggests that
PSMA-targeted radioligand therapy is at least as effective as other treatments for advanced
prostate cancer, with potential benefits in terms of toxicity, duration, and overall cost.

Keywords: [177Lu]Lu-PSMA-617 and mCRPC; PSMA-targeted therapy; Economics evaluation
[177Lu]Lu-PSMA-617; Cost-effectiveness radioligand therapy

1. Introduction
The increasing use of earlier and more effective therapies in metastatic prostate cancer

is reshaping the treatment landscape, making therapeutic decisions in advanced stages
progressively more complex and nuanced [1]. In recent years, the early introduction
of androgen receptor-targeted therapies [2–5] and chemotherapeutic regimens [6,7] has
extended survival in patients with metastatic hormone-sensitive disease [8,9], thereby
shifting the burden of decision-making to later stages where disease becomes more resistant.
Patients may have already received multiple lines of treatment. As a result, clinicians face
a growing need to individualise therapeutic choices in the metastatic castration-resistant
prostate cancer (mCRPC) setting, balancing efficacy, tolerability, and quality of life.

In this context, [177Lu]Lu-PSMA has emerged as a promising radioligand therapy,
offering a novel mechanism of action that targets prostate-specific membrane antigen
(PSMA)-expressing cells [10].

The efficacy of [177Lu]Lu-PSMA has been demonstrated in the randomised, open-
label, Phase 3 VISION trial in both taxane-naïve and taxane-treated mCRPC patients [11].
The study showed that this agent prolongs radiological progression-free survival (rPFS)
(hazard ratio, 0.40; 99.2% CI, 0.29–0.57; p = 0.001) and overall survival (OS) (hazard ratio,
0.62; 95% CI, 0.52–0.74; p = 0.001) when added to standard of care (SOC) in patients
with advanced PSMA-positive mCRPC. In addition, the THERAp study, which compared
[177Lu]Lu-PSMA with Cabazitaxel, reported improved PSA response and progression-free
survival (PFS) with [177Lu]Lu-PSMA [12]. A more recent Phase 2 trial (ENZA-p) evaluated
the combination of enzalutamide, an androgen receptor-targeted agent (ARTA), with
[177Lu]Lu-PSMA compared to enzalutamide alone in high-risk patients with metastatic
castration-resistant prostate cancer (mCRPC). The combination treatment resulted in a
significantly higher number of patients with a PSA decline of >50%: 93% versus 78%,
respectively; hazard ratio (HR) = 0.43, p < 0.001. The experimental arm also prolonged
the time of biochemical progression (median 13 months vs. 7.8 months, respectively,
p < 0.0001) [13]. In the PSMAfore study, PSMA-positive taxane-naïve mCRPC patients
progressing on ARTA were randomised to [177Lu]Lu-PSMA or a change of ARTA. The
study results showed that [177Lu]Lu-PSMA significantly prolongs median rPFS compared
to ARTA (11.60 months (95% CI 9.30–14.19) vs. 5.59 months (4.21–5.95), respectively, HR
0.49 [95% CI 0.39–0.61]) [14]. In addition, in the SPLASH Phase III randomised study,
mCRPC patients progressing on ARTA were treated with 177Lu-PNT2002 or an alternate
ARTA. 177Lu-PNT2002 significantly reduced the rPFS compared to the change in ARTA
(median: 9.5 versus 6 months; HR: 0.71, 95% CI: 0.55–0.92, p = 0.0088) [15].

This meta-analysis evaluated the efficacy and cost-effectiveness of [177Lu]Lu-PSMA
compared to standard-of-care treatments, including ARTA and Cabazitaxel, focusing on
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radiological progression-free survival and overall survival. By integrating survival data
and health economic parameters, this study aims to provide a comprehensive perspective
on the clinical value of [177Lu]Lu-PSMA and its potential role in contemporary treatment
algorithms. The findings are intended to support evidence-based decision-making for
patients with advanced prostate cancer and contribute to the optimisation of therapeutic
strategies in the evolving mCRPC landscape.

Moreover, with the escalating costs of novel oncologic therapies, assessing the eco-
nomic sustainability of new treatment options has become increasingly important. Cabaz-
itaxel is the least expensive of the available therapies in this disease setting, but many
patients are not eligible for this chemotherapeutic agent. Therapies such as ARTA, al-
though well-tolerated and effective, are associated with considerable financial burdens over
time because they are administered continuously until disease progression. In contrast,
[177Lu]Lu-PSMA, which is typically delivered in a fixed number of cycles, may offer a more
economically viable alternative if it demonstrates comparable or superior efficacy. Careful
evaluation of the clinical benefits against treatment costs helps ensure that innovative thera-
pies remain accessible while supporting the long-term sustainability of healthcare systems.

2. Methods
The present study combines published data from multiple studies to assess rPFS and

OS in patients with mCRPC treated with [177Lu]Lu-PSMA radioligand therapy compared
to SOC, including ARTA and Cabazitaxel.

2.1. Study Selection, Qualitative Analysis and Economic Evaluation

MEDLINE/PUBMED and EMBASE searches were performed to identify eligible
reports published up to 31 December 2024, with no lower date limit. Keywords used for the
search included “prostate cancer”, “[177Lu]Lu-PSMA”, “radioligand therapy”, “metastatic
castration-resistant prostate cancer”, and “RCTs”. Studies were included if they met the
following criteria:

- The article was available in English and accessible in full-text format (including peer-
reviewed papers, congress abstracts with full data, or oral/poster presentations).

- The study population consisted of patients with mCRPC treated with [177Lu]Lu-PSMA
compared to SOC, ARTA, or Cabazitaxel;

- The study reported Kaplan–Meier curves for rPFS and/or OS.

The most complete and recent publication was retained if multiple reports from the
same study were available. The quality of the studies was assessed based on completeness
of reporting, methodology, and consistency of survival outcome measures. Studies available
only as abstracts without adequate methodological detail were excluded to ensure rigorous
data extraction and reproducibility.

To ensure transparency and standardisation in the reporting of the economic evalu-
ation, we followed the Consolidated Health Economic Evaluation Reporting Standards
(CHEERS) 2022 checklist [16]. A detailed summary of the components is provided in
Supplementary Table S1.

2.2. Data Extraction

Data extraction was conducted independently by three investigators (NS, JG, DG) by
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines. For each study, the following information was extracted: publication or presentation
date, first author’s last name, sample size, primary endpoints, regimens used, follow-
up period, number of outcome events, details about the study design, progression-free
survival (PFS), overall survival (OS), subgroup evaluation, and toxicities. Discrepancies be-
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tween reviewers were infrequent (overall interobserver variation < 10%) and were resolved
through discussion. Two independent reviewers (ED, EAG) assessed the risk of bias using
the Cochrane Risk of Bias table [17]. This tool encompasses seven domains: (1) random
sequence generation, (2) allocation concealment, (3) blinding of participants/personnel,
(4) blinding of outcomes assessors, (5) incomplete outcome data, (6) selective reporting of
outcomes, and (7) other potential sources of bias. The study-level assessment was applied
for domains 1, 2, 6, and 7, and the outcome-level assessment was applied for domains 3, 4,
and 5 of each trial. A third investigator was consulted in case of disagreements.

This study adhered to the PRISMA 2020 guidelines for systematic reviews and was
registered in PROSPERO with the ID 1058724.

2.3. Statistical Method

A random-effects meta-analysis mode [18,19] was conducted to pool hazard ratios
(HRs) for overall survival (OS) and radiographic progression-free survival (rPFS) across
eligible trials of [177Lu]Lu-PSMA-617 versus control therapies. The generic inverse-variance
method was applied, and 95% confidence intervals (CI) were calculated for each pooled
estimate. Between-study heterogeneity was quantified using the I2 statistic [20], with values
greater than 50% considered substantial. Forest plots were generated to visually represent
the individual study estimates and the pooled results. All analyses were performed
using R software (version 4.3.1) with the meta, metafor, and ggplot2 packages. Statistical
significance was set at p < 0.05.

A comparative overview of study-level heterogeneity, including design, patient char-
acteristics, and inclusion criteria, is provided in Supplementary Table S2.

To assess the potential for publication bias, we performed a visual inspection of
funnel plots for asymmetry. The trim-and-fill method was used to estimate the number of
potentially missing studies due to publication bias.

2.3.1. Reconstruction of Survival Data

As the primary outcomes (rPFS and OS) are time-dependent, we reconstructed
individual survival data from Kaplan–Meier curves using the algorithm proposed by
Guyot et al. [21]. This algorithm allows the estimation of individual participant data (IPD)
from published survival plots using digitised points. Graphical data were extracted us-
ing GetData Graph Digitiser (version 2.26.0.20, S. Fedorov, Russia) and then processed
to estimate time-to-event outcomes. Each reconstructed survival curve was visually vali-
dated by superimposing it on the original published Kaplan–Meier graph and comparing
reconstructed medians with reported values. For pooled analysis of survival outcomes, we
used the nonparametric method described by Combescure et al. [22], which models pooled
survival probabilities from multiple single-arm studies while incorporating between-study
heterogeneity using a random-effects model. The between-study covariance matrix was
estimated using the multivariate DerSimonian and Laird method [18,19]. This approach is
advantageous because it incorporates all relevant survival intervals, including those from
studies that concluded before the longest reported follow-up [23]. Furthermore, it does not
impose any assumptions on the shape of the survival curves and ensures the monotonicity
of pooled survival probabilities over time.

All statistical analyses and visualisations were conducted using R (R Founda-
tion for Statistical Computing, Vienna, Austria). A p-value of <0.05 was considered
statistically significant.

2.3.2. Methodology for Break-Even Cost Analysis

This section describes a Break-Even Cost Analysis framework designed to evaluate
the economic viability of [177Lu]Lu-PSMA-617 in comparison with standard-of-care (SOC)
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treatments. A simplified economic comparison was conducted using a Kaplan–Meier
survival curve-based approach to estimate the total area under the curve (AUC) for radio-
graphic progression-free survival (rPFS) [24]. This method provides a time-dependent and
comprehensive assessment of treatment benefits over the entire duration of the therapy. The
comparison was based on a fixed-duration administration of [177Lu]Lu-PSMA-617 (six cy-
cles) versus continuously administered androgen receptor pathway inhibitors (ARTA) or a
three-weekly course of Cabazitaxel. The AUC was derived by numerically integrating rPFS
probabilities at multiple time points, ensuring a more accurate representation of cumulative
survival benefits compared to fixed-timepoint estimates [25]. rPFS was selected as the
primary effectiveness endpoint because disease progression typically leads to treatment
discontinuation, offering a clear and clinically relevant time window for cost estimation.
Treatment costs were calculated by aggregating the full course of [177Lu]Lu-PSMA-617
and comparing them to the cumulative monthly costs of ARTA and the complete regi-
men of Cabazitaxel. Total treatment costs will be estimated by aggregating the cost of
all the planned administrations of [177Lu]Lu-PSMA and comparing them to the monthly
cumulative costs of ARTA and the full-course costs of Cabazitaxel.

Comparator regimens were defined according to the protocols of each included study.
ARTA (e.g., enzalutamide or abiraterone) was modelled as a continuous monthly cost,
while Cabazitaxel was administered every three weeks for up to six cycles. The “standard
of care” (SOC) varied across trials but was consistently aligned with clinical practice at the
time of publication. Treatment costs were calculated using publicly available data from
regulatory databases (AIFA, EMA) and literature-based estimates. These were standardised
to 2024 EUR values.

To assess economic viability, we calculated the incremental cost per additional month
in rPFS gained by [177Lu]Lu-PSMA versus each SOC.

The following formula was applied:

Incremental cost to gain in rPFS =
Cost_LuPSMA − Cost_SOC

rPFSLuPSMA − rPFS_SOC

The result expresses the cost required to obtain one additional month of radio-
graphic progression-free survival. The resulting values from the Break-Even Cost Analysis
were interpreted in light of commonly used willingness-to-pay (WTP) thresholds. For
example, the NICE-recommended threshold of GBP 40,000 per QALY—approximately
EUR 8000–10,000 per additional month of survival [26,27]—was used as a reference point
to assess cost-benefit alignment.

Although a formal health economic model (e.g., Markov or QALY-based) was
not feasible due to heterogeneity in the survival endpoints and the limited availabil-
ity of utility data, we followed a structured and transparent approach. Key economic
assumptions—including perspective, cost sources, currency normalisation (EUR, 2024),
and comparator definitions—are reported by the CHEERS 2022 framework and summarised
in Supplementary Table S1.

3. Results
The pooled analysis integrated data from five studies, comprising 2073 patients who

fulfilled the eligibility criteria and received either [177Lu]Lu-PSMA radioligand therapy
or the standard of care (SOC). All studies were randomised controlled trials comparing
[177Lu]Lu-PSMA to ARTA [13–15,28], Cabazitaxel [12], or best supportive care [11]. The
inclusion criteria were largely homogeneous across trials. The demographic profile of the
included patients showed a median age of 71 years (range 58–78 years). Most patients
across the included trials had a favourable performance status. An ECOG score of 0–1 was
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reported in most studies, with rates of 97% in TheraP, 95% in VISION, and 99.6% in SPLASH
(combined ECOG 0–1 rates). This finding suggests that the enrolled populations generally
maintain a well-preserved functional baseline.

3.1. Meta-Analysis of Hazard Ratios for rPFS and OS

To quantify the survival benefit of [177Lu]Lu-PSMA-617 across randomised trials,
we conducted a meta-analysis of hazard ratios (HRs) for both overall survival (OS) and
radiographic progression-free survival (rPFS), incorporating data from all five studies.

The pooled hazard ratio (HR) for radiographic progression-free survival (rPFS) was
0.57 [95% CI: 0.42–0.76], indicating a substantial delay in the radiographic progression
associated with Lu-PSMA-617 compared to standard therapies (Figure 1a). The between-
study heterogeneity was moderate (I2 = 59.3%).

Figure 1. Forest plots of the meta-analysis of hazard ratios (HRs) for (a) radiographic progression-free
survival (rPFS) and (b) overall survival (OS) in patients with metastatic castration-resistant prostate
cancer treated with [177Lu]Lu-PSMA-617.

The pooled HR for OS was 0.81 [95% CI: 0.56–1.18], suggesting a non-significant overall
survival benefit, with considerable between-study heterogeneity (I2 = 75.1%) (Figure 1b).
These findings highlight the consistent benefit of Lu-PSMA-617 in delaying progression,
while its impact on overall survival appears more variable across studies.

3.2. Radiological Progression-Free Survival (rPFS)

The median follow-up across the included studies was 20 months, providing sufficient
time to evaluate progression trends. A pooled survival curve was generated from rPFS
probabilities and at-risk numbers at multiple time points (Figure 2). At every interval,
[177Lu]Lu-PSMA was associated with higher rPFS than the control. The benefit was most
pronounced at 6 months (+16.5%), gradually decreasing to 14.9% at 12 months, 8.6% at
18 months, and 2.0% at 24 months, suggesting a progressive attenuation of the advantage
and potential convergence of outcomes. The data indicate that the greatest relative benefit
of [177Lu]Lu-PSMA occurs between 6 and 18 months, supporting its early use, particularly
in patients showing rapid progression on SOC. Heterogeneity analysis revealed that rPFS
outcomes were more consistent across studies in the [177Lu]Lu-PSMA arm (I2 = 26.7%),
while the control arm exhibited considerable variability (I2 = 51.6%) (Figure S1). This
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higher heterogeneity likely reflects differences in prior treatment exposure, patient selection
criteria, and follow-up intensity. In contrast, the more uniform results with [177Lu]Lu-
PSMA reinforce its reliability and predictability as a therapeutic option across diverse
clinical contexts.

Figure 2. Curves of radiological progression-free survival obtained using the approach of Combescure
et al. with random effects. Blue lines represent the summarised radiological progression curves and
the 95% confidence bands (dashed lines) for [177Lu]Lu-PSMA. Red lines represent the summarised
disease progression curves and the control arm’s 95% confidence bands (dashed lines).

3.3. Overall Survival (OS)

Reconstruction of individual patient-level data (IPD) for overall survival (OS) was suc-
cessfully performed across all included studies. A summary survival curve was generated
using OS probabilities and the number of patients at risk at multiple time points (Figure 3).
[177Lu]Lu-PSMA demonstrated an OS advantage at every time point relative to control.
At 9 months, survival was 7.6% higher; at 18 months, the advantage persisted at 4.0%. By
30 months, the confidence intervals (CIs) of the two groups no longer overlapped, indicat-
ing a statistically significant survival benefit. At 36 months, OS appeared to approach 100%
in both groups, likely due to censoring and limited long-term follow-up.

Figure 3. Curves of overall survival obtained using the approach of Combescure et al. with random
effects. Blue lines represent the summarised overall survival curves and the 95% confidence bands
(dashed lines) for [177Lu]Lu-PSMA. Red lines represent the overall survival curves and the control
arm’s 95% confidence bands (dashed lines).

Patients treated in the control arm experienced earlier mortality, while [177Lu]Lu-
PSMA was associated with more durable survival, suggesting improved long-term out-
comes. Heterogeneity analysis revealed that the OS results were more variable than rPFS,
with I2 values of 36.4% for [177Lu]Lu-PSMA and 67.1% for SOC (Figure S2). This higher
heterogeneity in the SOC arms likely reflects differences in patient characteristics, treat-
ment sequencing, or supportive care practices across studies. In contrast, the moderate
heterogeneity observed in the [177Lu]Lu-PSMA arms suggests a more consistent treatment
effect across diverse trial settings.
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3.4. Overall Survival Subgroup Analysis
3.4.1. Control Group

Pooled survival estimates from the control groups (SOC, ARTA, and Cabazitaxel) were
analysed to assess the comparability of patient populations across studies. This finding
was necessary to distinguish between differences due to baseline disease severity and those
attributable to treatment efficacy (Figure 4). Survival analysis revealed that the overall
survival (OS) outcomes were similar for both the SOC and ARTA groups. At the same time,
patients treated with Cabazitaxel in the TheraP trial exhibited substantially lower survival
probabilities. This finding initially suggested a possible selection bias, with the Cabazitaxel
cohort including patients with more advanced disease. However, a comparison between
TheraP and VISION revealed no significant differences in key baseline characteristics, such
as PSA levels, ECOG performance status, and the presence of visceral metastases [29].
This comparability challenges the assumption that Cabazitaxel’s poorer outcomes are
solely related to patient selection, instead pointing toward a more limited therapeutic
benefit in PSMA-positive mCRPC. Although cross-trial comparisons should be interpreted
cautiously, the consistency in baseline profiles strengthens the argument that Cabazitaxel
may provide inferior survival benefits relative to [177Lu]Lu-PSMA or ARTA in similarly
selected populations.

Figure 4. Curves of overall survival of control arms obtained using the approach of Combescure et al.
with random effects. Blue lines represent the summarised overall survival curves for ARTA-treated
patients. The red lines represent the overall survival curves for patients treated with SOC, while the
green lines represent those for patients treated with Cabazitaxel.

3.4.2. Lu-PSMA vs. ARTA

In studies comparing [177Lu]Lu-PSMA with ARTA [14,15,28], the two agents were
evaluated as competing monotherapies, with patients receiving either one or the other. The
comparison reveals broadly similar overall survival (OS) outcomes, with only marginal
differences across key metrics. The median overall survival (OS) was slightly higher for
ARTA (73.4%) compared to [177Lu]Lu-PSMA (71.6%), a difference of 1.8% that is unlikely
to be clinically meaningful. Conversely, [177Lu]Lu-PSMA achieved a slightly higher mean
OS (70.2% vs. 69.7%) and a greater minimum survival probability (34.2% vs. 30.5%),
suggesting more consistent performance, especially among patients with more aggressive
disease profiles. Over time, survival differences widened modestly, with [177Lu]Lu-PSMA
showing a more pronounced advantage beyond 18 months, peaking at 30 months with an
absolute gain of nearly 9%. Although the confidence intervals for both treatments overlap,
indicating no statistically significant difference, the consistent mid- to long-term trends
favouring [177Lu]Lu-PSMA suggest it may offer more durable disease control and a more
predictable survival trajectory, particularly in higher-risk populations (Figure 5).
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Figure 5. Curves of overall survival obtained using the approach of Combescure et al. with random
effects. Blue lines represent the summarised overall survival curves for [177Lu]Lu-PSMA. Red lines
represent ARTA’s overall survival curves, with 95% confidence bands (dashed lines) shown.

3.4.3. Lu-PSMA + SOC vs. SOC Alone

In studies comparing [177Lu]Lu-PSMA plus standard of care (SOC) versus SOC
alone [11,13,30], radioligand therapy is administered as an adjunct rather than a replace-
ment. As such, the observed survival benefits reflect the effect of the combination strategy,
not [177Lu]Lu-PSMA in isolation. The results consistently favour the combined approach,
particularly in long-term follow-up (Figure 6). In the early phase, patients receiving the
combination demonstrated improved disease control, with a minimum survival of 29.9%
compared to 20.8% in the SOC-only group. This finding suggests that radioligand therapy
may enhance the control of early progression. The benefit becomes more evident in the
mid-term, where median survival reaches 68.8% with the combination versus 55.7% with
SOC alone—a 13.1% absolute improvement. Similarly, mean survival is higher with the
combination (68.3% vs. 58.1%), corresponding to a 10.2% increase. These data support
the additive value of [177Lu]Lu-PSMA in augmenting standard treatment across multiple
time points.

Figure 6. Curves of overall survival obtained using the approach of Combescure et al. with random
effects. Blue lines represent the summarised overall survival curves for [177Lu]Lu-PSMA+SOC. Red
lines represent the overall survival curves, and the 95% confidence bands (dashed lines) are shown
for SOC. Confidence intervals extending beyond the upper bound of 1.0 are not displayed for clarity,
as this occurs only at early time points with high survival probabilities.

3.4.4. Lu-PSMA as a Monotherapy and [177Lu]Lu-PSMA Combined with Standard of
Care (SOC)

A comparison between [177Lu]Lu-PSMA-617 monotherapy and its combination with
standard of care (SOC) shows that both strategies confer substantial survival benefits. How-
ever, the addition of SOC does not appear to improve survival outcomes over monotherapy
significantly. At 12 months, pooled survival probability was higher in the monotherapy
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group (33.0% [CI: 18.7–58.3%]) compared to the combination arm (24.4% [CI: 14.7–40.4%]),
suggesting a more consistent early benefit in patients receiving radioligand therapy
alone. The median survival estimates were also broadly similar between the two groups
(61.8% vs. 69.3%), with overlapping confidence intervals.

These values were not directly reported in the original trials but were extracted through
the reconstruction of Kaplan–Meier curves and meta-analytic modelling based on available
survival data. While this approach introduces some uncertainty, it allows meaningful
cross-trial comparisons in the absence of head-to-head studies.

3.4.5. Publication Bias

To assess potential publication bias, we performed both funnel plot inspection and
formal statistical testing for rPFS outcomes. The funnel plot (Supplementary Figure S3)
appeared symmetrical, and the trim-and-fill method did not impute any missing studies,
indicating a low likelihood of small-study effects. Egger’s regression test was also non-
significant, supporting the absence of major publication bias.

The pooled hazard ratio under the random-effects model remained statistically signifi-
cant (HR = 0.57, 95% CI: 0.42–0.76, p = 0.0061), with moderate heterogeneity (I2 = 59.3%).
These results reinforce the robustness of the survival benefit associated with [177Lu]Lu-
PSMA-617 across the included trials. For overall survival (OS), the funnel plot demon-
strated noticeable asymmetry (Supplementary Figure S4). Application of the trim-and-fill
method imputed two potentially missing studies, suggesting the presence of small-study
effects. After correction, the pooled hazard ratio was adjusted from the original estimate to
0.68 (95% CI: 0.47–0.98, p = 0.042), remaining statistically significant under a random-effects
model. Heterogeneity was substantial (I2 = 82.1%), which may further contribute to funnel
plot asymmetry. The trim-and-fill results suggest that, although publication bias cannot
be excluded, the overall effect of [177Lu]Lu-PSMA-617 on OS remains robust even after
conservative adjustment.

4. Cost-Effectiveness Analysis
Radiological progression-free survival (rPFS) was selected as the primary endpoint

for the Break-Even Cost Analysis, given its close alignment with real-world treatment-
switching patterns and its relevance for economic evaluation. Based on Kaplan–Meier
reconstruction and area under the curve (AUC) estimates, the mean rPFS was 14.6 months
for patients treated with [177Lu]Lu-PSMA, compared to 12.1 months with ARTA and
11.3 months with Cabazitaxel. These data reflect incremental gains of 2.5 months over
ARTA and 3.3 months over Cabazitaxel.

Assuming a fixed total cost of EUR 120,000 for six doses of [177Lu]Lu-PSMA (at
EUR 20,000 each), we calculated the break-even thresholds. To match the cost-effectiveness
of [177Lu]Lu-PSMA, the monthly cost of ARTA should remain below approximately EUR
4300 to justify its use, given the shorter rPFS duration. Specifically, using the willingness-
to-pay (WTP) threshold of EUR 8000 per month and the 2.5-month incremental bene-
fit of [177Lu]Lu-PSMA over ARTA, the break-even threshold for ARTA is calculated as
follows: (EUR 8000 × 2.5)/12.1 ≈ EUR 1653. This value represents the maximum incre-
mental monthly cost that ARTA could sustain while remaining economically comparable
to [177Lu]Lu-PSMA.

For Cabazitaxel, which offers a shorter mean rPFS of 11.3 months compared to the
14.6 months achieved with [177Lu]Lu-PSMA, the incremental gain of 3.3 months should be
considered in light of the willingness-to-pay (WTP) threshold of EUR 8000 per additional
month of rPFS. This survival advantage translates into an added clinical value of approxi-
mately EUR 2,336 (3.3 × EUR 8000/11.3). Therefore, to remain economically competitive
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with [177Lu]Lu-PSMA, the total cost of Cabazitaxel should not exceed this threshold. This
analysis supports the economic rationale for the use of [177Lu]Lu-PSMA, particularly in
patients for whom extending rPFS is a key clinical objective.

These results indicate that [177Lu]Lu-PSMA, while associated with a higher upfront
cost, provides a longer and more durable progression-free interval than both ARTA and
Cabazitaxel. Although its cost-effectiveness may initially appear to exceed conventional
willingness-to-pay (WTP) thresholds (e.g., EUR 8000 per month), the magnitude of its
clinical benefit justifies a closer examination of price-value alignment.

To better illustrate this point, we developed a scenario-based bar chart (Figure 7)
showing the maximum incremental monthly cost that ARTA and Cabazitaxel could sustain
while remaining economically comparable to [177Lu]Lu-PSMA. Specifically, this break-
even threshold was EUR 1653 for ARTA and EUR 2336 for Cabazitaxel. These values
were derived from their respective incremental rPFS disadvantages and the standard WTP
benchmark, representing the maximum monthly cost that would still be economically
justifiable to compensate for their shorter rPFS relative to [177Lu]Lu-PSMA.

Figure 7. Break-even monthly cost comparison for ARTA and Cabazitaxel about [177Lu]Lu-PSMA.
The bars represent the maximum incremental monthly cost that ARTA (€1653) and Cabazitaxel
(€2336) could sustain while remaining economically comparable to [177Lu]Lu-PSMA, based on their
respective radiographic progression-free survival (rPFS) gains. The dashed black line indicates the
willingness-to-pay (WTP) threshold, while the solid red line represents the estimated monthly cost of
[177Lu]Lu-PSMA (€8219).

5. Discussion
The development of PSMA-targeted imaging and radioligand therapy has marked

a turning point in prostate cancer management, introducing a theranostic approach that
combines diagnosis and therapy. [177Lu]Lu-PSMA, a β-emitting radioligand, selectively de-
livers radiation to PSMA-expressing cells, enabling targeted cytotoxicity. Unlike therapies
targeting androgen receptor (AR) pathways, [177Lu]Lu-PSMA operates independently of
AR signalling. This finding is particularly relevant in the context of tumour heterogeneity,
as both AR-dependent and AR-insensitive clones drive disease progression [28]. PSMA is
frequently overexpressed in prostate cancer cells, including those less responsive to hor-
monal therapy, enabling [177Lu]Lu-PSMA to target a broader range of tumour phenotypes
effectively. This meta-analysis supports [177Lu]Lu-PSMA as a clinically and economically at-
tractive alternative to standard-of-care therapies for metastatic castration-resistant prostate
cancer (mCRPC). Improvements in rPFS and OS were most pronounced within the first
18 months, highlighting its role in controlling early disease progression and reinforcing its
suitability for patients with high disease burden or rapid PSA kinetics.

Given these outcomes, [177Lu]Lu-PSMA should be considered early in the treatment
course for appropriately selected patients.
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A previously published meta-analysis [31] confirmed the benefits of [177Lu]Lu-PSMA
on radiological progression-free survival (rPFS) but did not demonstrate a statistically sig-
nificant improvement in overall survival (OS). This discrepancy may reflect methodological
differences. The earlier study relied exclusively on aggregate hazard ratios (HRs) from
published data, which may underestimate time-dependent effects or long-term benefits.
In our analysis, we integrated both pooled HR estimates and reconstructed Kaplan–Meier
survival curves, offering a more dynamic and granular assessment of clinical outcomes.
While the pooled HR for OS (HR = 0.81 [95% CI: 0.56–1.18]) confirm that it did not reach
statistical significance, the time-dependent analysis based on reconstructed curves revealed
that the survival benefit of [177Lu]Lu-PSMA becomes more apparent after 30 months, sug-
gesting a possible delayed effect that traditional HR-based analyses may fail to capture.
Additionally, by incorporating both standard of care (SOC) and Cabazitaxel arms, our study
provides a broader comparative context, enabling an integrated evaluation of both clinical
effectiveness and economic sustainability. This dual approach supports a more nuanced
understanding of treatment value beyond what is captured by hazard ratios alone.

Despite the overall consistency in clinical outcomes, the trials included in this meta-
analysis differ in several key aspects, such as study design, inclusion criteria, lines of prior
therapy, and definitions of standard of care (SOC). For example, some studies allowed the
continuation of ARTA as a standard of care (SOC), while others included taxane-naïve
or pretreated patients. These differences introduce a degree of heterogeneity that may
influence observed treatment effects. To address this, we included a detailed summary of
baseline characteristics and trial-level features in Supplementary Table S2. Although statis-
tical heterogeneity in the pooled HRs was moderate to high in some comparisons (e.g., OS),
the clinical direction of benefit remained consistent across all studies. Acknowledging and
transparently reporting this heterogeneity is crucial for interpreting pooled findings and
refining treatment sequencing strategies in real-world settings.

The relatively low heterogeneity observed in outcomes from [177Lu]Lu-PSMA-treated
patients suggests a consistent therapeutic effect across varied trial settings and patient pop-
ulations. Conversely, greater heterogeneity in SOC arms likely reflects disparities in prior
treatments, eligibility criteria, and institutional practices. Stratifying patients based on these
variables may further refine treatment sequencing strategies. The timing of intervention
remains critical. The greatest gains in rPFS occur within the first 6–18 months, suggest-
ing that this interval could serve as a benchmark for assessing response and considering
treatment modifications. Early use of [177Lu]Lu-PSMA may prevent progression-related
complications and preserve quality of life.

In patients who tolerate ARTA well, continuation may be a reasonable option. How-
ever, transitioning to [177Lu]Lu-PSMA for those with inadequate response could provide
more durable disease control. This finding is supported by its higher minimum survival
probabilities in cross-trial comparisons, particularly among patients with unfavourable
baseline features.

From a clinical perspective, [177Lu]Lu-PSMA monotherapy emerges as an effective
and stable treatment, offering predictable survival benefits with fewer variations in patient
response. Monotherapy’s more uniform survival outcomes suggest that it provides a reliable
and reproducible effect across different patient groups. For some patients, particularly those
with more aggressive disease or a high tumour burden, initiating [177Lu]Lu-PSMA earlier as a
standalone treatment may optimise outcomes, while for others, maintaining standard of care
(SOC) and introducing radioligand therapy at a later stage may be a more effective approach.

These findings emphasise the importance of personalised treatment strategies, en-
suring that therapy selection is tailored to individual disease characteristics and response
patterns. Given that [177Lu]Lu-PSMA monotherapy already provides substantial survival
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benefits, further research should identify which patients would benefit most from com-
bination therapy and which would be optimally treated with monotherapy. The lack of
a significant survival advantage with SOC + [177Lu]Lu-PSMA suggests that treatment
sequencing decisions should be carefully evaluated, as unnecessary combination therapy
could introduce additional costs and potential toxicity without meaningful survival gains.

The study results reinforce that radioligand therapy is a powerful treatment option and
highlight the need for a strategic, patient-specific approach to maximise its clinical benefits.
The clinical implications of these findings strongly support the integration of [177Lu]Lu-
PSMA into standard treatment protocols for metastatic castration-resistant prostate cancer.

In oncology, the concept of “value” typically encompasses the balance between clinical
benefit, side effects, and cost-effectiveness. Frameworks such as the ESMO-Magnitude of
Clinical Benefit Scale (ESMO-MCBS) [32] and the ASCO Value Framework [33] provide
structured approaches for quantifying value. While these frameworks were not formally
applied, our integrated evaluation of survival outcomes and treatment costs reflects their
foundational principles.

The Kaplan–Meier AUC-based approach was selected because it enables a dynamic and
comprehensive evaluation of clinical and economic benefit across the entire treatment period.
Unlike traditional methods based on median survival, this method incorporates the entire
survival experience of patients and more accurately reflects the benefit of treatments such
as [177Lu]Lu-PSMA, which offer durable responses within a predefined number of cycles.
In this study, the analysis focused on radiological progression-free survival (rPFS) rather
than overall survival (OS), as rPFS more closely aligns with real-world treatment decision-
making and cost accrual patterns. Notably, rPFS often represents the clinical juncture at which
treatment discontinuation or modification occurs, particularly for fixed-schedule therapies
such as [177Lu]Lu-PSMA. Conversely, OS does not necessarily correlate with active treatment
duration, especially for continuously administered comparators such as ARTA, potentially
leading to misalignment between clinical benefit and economic burden.

Although long-term survival extrapolation is often required in pharmacoeconomic
models, we adopted a conservative and empirically grounded approach by using recon-
structed Kaplan–Meier curves to estimate time-dependent survival through area under the
curve (AUC) analysis. This method avoids speculative extrapolations beyond observed
follow-up and enables a more reliable estimation of clinical benefit within a fixed treatment
window. As a result, our cost evaluations reflect observed efficacy data rather than assump-
tions about unmeasured long-term outcomes. In this framework, treatment value was
interpreted against a standard willingness-to-pay (WTP) threshold of EUR 8000 per month
of radiographic progression-free survival (rPFS) gained. Economic comparisons were thus
made by calculating the maximum monthly cost that comparators could sustain to remain
within acceptable cost–benefit margins relative to [177Lu]Lu-PSMA. However, we acknowl-
edge that the lack of extended follow-up data may limit the accuracy of lifetime economic
estimates and should be addressed in future studies using formal modelling approaches.

The analysis was performed assuming a cost of EUR 20,000 per dose of [177Lu]Lu-
PSMA, resulting in a total regimen cost of EUR 120,000 for six fixed administrations. This
assumption allows a conservative and realistic estimate of economic impact. However,
potential discounts, price negotiations, or national reimbursement agreements could signif-
icantly lower acquisition costs, further enhancing the cost-effectiveness of [177Lu]Lu-PSMA.
These aspects should be considered when evaluating real-world sustainability.

Assuming a standard WTP threshold of EUR 8,000 per month per rPFS gained,
[177Lu]Lu-PSMA exhibits a cost-effectiveness profile aligned with accepted sustainabil-
ity benchmarks, outperforming ARTA and Cabazitaxel in terms of clinical value per euro
spent. These break-even considerations underscore the importance of treatment pricing and



Cancers 2025, 17, 2247 14 of 16

scheduling in evaluating economic value. Notably, [177Lu]Lu-PSMA demonstrates early
and consistent rPFS benefits, particularly within the first 18 months, making it a favourable
option for patients with rapid disease progression or high disease burden. The bar chart in
Figure 7 complements this interpretation by visualising the maximum incremental monthly
cost that ARTA and Cabazitaxel could sustain while remaining economically comparable
to [177Lu]Lu-PSMA under WTP assumptions. This type of break-even threshold analysis
reinforces the importance of aligning therapeutic value with affordability.

6. Limitations and Future Directions
This study has several limitations. It relies on reconstructed individual patient data

from Kaplan–Meier curves, which—despite validation—are subject to approximation and
may not fully reflect dynamic survival patterns. Additionally, heterogeneity across trials
regarding primary endpoints, treatment sequences, prior exposure, and definitions of
standard of care limits direct comparability. For instance, some studies included only
taxane-naïve patients or allowed ARTA continuation as SOC, introducing potential bias.
Additionally, while this analysis employed break-even cost thresholds anchored to com-
monly accepted willingness-to-pay (WTP) values, it does not account for country-specific
variations in pricing, healthcare reimbursement policies, or societal preferences. Sensitivity
analyses exploring different pricing scenarios, time horizons, and survival assumptions
will be essential to support more generalisable and equitable decision-making. Finally, iden-
tifying predictive biomarkers to select patients most likely to benefit from early [177Lu]Lu-
PSMA use may further optimise clinical outcomes and economic sustainability.

7. Conclusions
This meta-analysis supports a paradigm shift in managing mCRPC, in which radioli-

gand therapy—particularly [177Lu]Lu-PSMA—emerges as a front-line option for appro-
priately selected patients. Combining clinical efficacy, a predictable safety profile, and
favourable cost-effectiveness within fixed-cycle regimens, [177Lu]Lu-PSMA represents a
viable alternative to current standards and may define a new therapeutic benchmark in
PSMA-positive disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17132247/s1, Figure S1: Heterogeneity Analysis for rPFS;
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