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Summary
Background Quantitative parameters derived from gallium-68 [⁶⁸Ga]Ga-prostate-specific membrane antigen 
(PSMA)-11 PET-CT (PSMA-PET-CT) such as whole-body standardised uptake value (SUV)mean and total tumour 
volume (PSMA-TTV) have shown prognostic value for response to lutetium-177 [¹⁷⁷Lu]Lu-PSMA-617 monotherapy 
in patients with prostate cancer. Adding [¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide improved overall survival compared 
with enzalutamide in patients with metastatic castration-resistant prostate cancer in the ENZA-p trial. This 
prespecified substudy of ENZA-p evaluated baseline PSMA-PET quantitative parameters as predictive and 
prognostic biomarkers for enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 and enzalutamide monotherapy.

Methods ENZA-p was an open-label, randomised, phase 2 trial done in 15 hospitals in Australia. Participants were 
aged 18 years or older with progressive metastatic castration-resistant prostate cancer who had not previously been 
treated with docetaxel or androgen receptor pathway inhibitors (abiraterone permitted) for metastatic castration-
resistant prostate cancer, had [⁶⁸Ga]Ga PSMA-PET-CT-positive disease, an Eastern Cooperative Oncology Group 
performance status of 0–2, and at least two risk factors for early progression on enzalutamide. Patients were 
randomly assigned (1:1) by a centralised, web-based system using minimisation with a random component to either 
enzalutamide 160 mg daily (oral) or enzalutamide 160 mg daily plus adaptive-dosed (two or four doses) intravenous 
[¹⁷⁷Lu]Lu-PSMA-617 7·5 GBq  every 6–8 weeks. The primary endpoint was prostate-specific antigen (PSA) 
progression-free survival, which has been reported previously. All participants underwent baseline [⁶⁸Ga]Ga-PSMA-11 
PET-CT to assess eligibility (SUVmax >15 at a single site and SUVmax >10 at all larger tumour sites). PSMA-PET 
parameters were quantified with semi-automated software to derive PSMA-TTV and SUVmean and correlated with 
overall and PSA progression-free survival in a prespecified analysis, with the primary endpoint of this substudy 
being overall survival. Thresholds were based on SUVmean highest quartile (Q4 vs Q1–3) and PSMA-TTV median 
at baseline. We used the Kaplan–Meier method and Cox regression models and analysed patients on a treatment 
received basis. The trial is registered with ClinicalTrials.gov, NCT04419402, and follow-up is complete.

Findings Between Aug 17, 2020, and July 26, 2022, 162 participants were randomly assigned to enzalutamide (n=79) 
or enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 (n=83). This substudy included the 160 of the 162 randomly assigned 
patients who received study treatment (79 in the enzalutamide group and 81 in the enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 group). Median follow-up at the final data cutoff (July 31, 2024) was 34 months (IQR 29–39), 
with 96 overall survival events (53 with enzalutamide and 43 with enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617). Baseline 
median SUVmean was 7·7 (IQR 6·5–9·8) and median PSMA-TTV was 234 mL (76–687). Median overall survival 
for PSMA-TTV below or above the median in the enzalutamide group was 39 months (95% CI 31–not estimable) 
versus 20 months (13–24; HR 0·23 [95% CI 0·13–0·42], log-rank p<0·0001). The corresponding median overall 
survival for PSMA-TTV below or above the median in the enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group was 
35 months (95% CI 32–37) versus 28 months (26–34; HR 0·66 [0·36–1·21], log-rank p=0·18). The test for interaction 
between PSMA-TTV and treatment group for overall survival was p=0·0078. Median overall survival for 
SUVmean Q4 versus Q1–3 in the enzalutamide group was 29 months (95% CI 17–39) versus 25 months (21–31; 
HR 0·84 [0·44–1·60], log-rank p=0·59). For enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617, median overall survival for 
SUVmean Q4 versus Q1–3 was 32 months (95% CI 21–not estimable) versus 34 months (27–35; HR 0·80 
[0·38–1·68], log-rank p=0·56). The test for interaction between SUVmean (Q4 vs Q1–3) and treatment group for 
overall survival was p=0·88.

Interpretation Baseline PSMA-TTV is prognostic for overall survival and predictive for a beneficial effect on overall 
survival with the addition of [¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide as first-line treatment for high-risk metastatic 
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castration-resistant prostate cancer. By contrast, PSMA SUVmean was not prognostic for PSA progression-free 
survival or overall survival when [¹⁷⁷Lu]Lu-PSMA-617 was administered with enzalutamide.
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Introduction
Combination enzalutamide plus lutetium-177 [¹⁷⁷Lu]
Lu-prostate-specific membrane antigen (PSMA)-617 
improves overall survival compared with enzalutamide 
alone, with an 8-month survival difference in early 
metastatic castration-resistant prostate cancer.1 
Identifying which patients will most likely benefit from 
therapy intensification is a key translational goal of the 
ENZA-p trial. Imaging biomarkers, including 
standardised uptake value (SUV)mean on PSMA-PET 
have been evaluated with [¹⁷⁷Lu]Lu-PSMA-617 
monotherapy, showing that SUVmean is prognostic for 
depth of response and radiographic progression-free 
survival.2,3 PSMA-total tumour volume (TTV) has been 
shown to be prognostic for overall survival with 
[¹⁷⁷Lu]Lu-PSMA-617, but not other systemic therapies.4 

The aim of this prespecified trial substudy was to 
determine the prognostic and predictive value of PSMA 
SUVmean and PSMA-TTV for PSA progression-free 
survival and overall survival with enzalutamide and 
combination enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617.

Methods
Study design and participants
ENZA-p (ANZUP 1901) is a multicentre, open-label, 
randomised, phase 2 trial performed at 15 hospitals in 
Australia. The trial protocol, primary, and key secondary 
outcomes up to a median follow-up of 34 months have 
been previously reported.1,5,6 ENZA-p enrolled individuals 
aged 18 years or older with adenocarcinoma of the 
prostate defined by histopathology or metastatic disease 
typical of prostate cancer, without substantial 

Research in context

Evidence before this study
We searched PubMed and MEDLINE for peer-reviewed, original 
studies published between July 13, 2012, and Jan 15, 2019, 
using the search terms “lutetium-177”, “Lu-177”, “PSMA” or 
“prostate specific membrane antigen”, and “enzalutamide”. We 
also reviewed key journals and congress abstracts in the fields 
of urological oncology and nuclear medicine. No publications 
were found. We designed an imaging-based translational 
programme as a tertiary endpoint in ENZAp to evaluate the 
prognostic and predictive benefit of prostate-specific 
membrane antigen (PSMA)-PET imaging, including at 
screening, to be done concurrently embedded into the ENZAp 
therapy trial. Subsequent to commencing the ENZAp trial, 
two sub-analyses from randomised trials with lutetium-177 
[¹⁷⁷Lu]Lu-PSMA-617 in patients with metastatic castration-
resistant prostate cancer demonstrated the prognostic value of 
PSMA quantitative standardised uptake value (SUV)mean for 
[¹⁷⁷Lu]Lu-PSMA-617 monotherapy. A further prospective trial 
demonstrated the prognostic value of PSMA total tumour 
volume in patients receiving [¹⁷⁷Lu]Lu-PSMA-617.

Added value of this study
To our knowledge, this ENZA-p substudy is the first trial to 
show that PSMA-PET total tumour volume is a prognostic 
biomarker for enzalutamide in metastatic castration-resistant 
prostate cancer, with longer overall survival in patients with low 
volume compared with those with high volume of prostate 
cancer treated with enzalutamide monotherapy. PSMA-PET 

total tumour volume is also predictive of longer overall survival 
with the addition of ¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide in 
patients with metastatic castration-resistant prostate cancer 
and risk factors for early treatment failure on enzalutamide 
alone. In contrast to the studies that have found that PSMA 
SUVmean to be predictive for a good response to [¹⁷⁷Lu]Lu-
PSMA-617 monotherapy, this study found no such predictive or 
prognostic value with SUVmean when [¹⁷⁷Lu]Lu-PSMA-617 was 
added to first-line enzalutamide therapy for metastatic 
castration-resistant prostate cancer.

Implications of all the available evidence
PSMA-PET quantitative parameters have increasing value in 
guiding treatment choices in metastatic castration-resistant 
prostate cancer. Patients with high PSMA-PET total tumour 
volume commencing enzalutamide should be considered for 
intensification with the addition of [¹⁷⁷Lu]Lu-PSMA-617 to 
increase overall survival. Furthermore, although PSMA 
SUVmean has prognostic and predictive value with 
[¹⁷⁷Lu]Lu-PSMA-617 monotherapy in metastatic castration-
resistant prostate cancer, it does not when [¹⁷⁷Lu]Lu-PSMA-617 
is added to enzalutamide. This has implications for decisions 
around optimal treatments for patients based on PSMA 
SUVmean and broadens our understanding of how and when 
these imaging biomarkers should be used. Further research is 
needed to fully understand the impact of combination 
therapies on biomarkers with known prognostic and predictive 
value for monotherapies. 
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sarcomatoid, spindle cell, or neuroendocrine small-cell 
components. Participants had metastatic castration-
resistant prostate cancer and an Eastern Cooperative 
Oncology Group performance status of 0–2, with 
progressive disease defined by a rising serum prostate-
specific antigen (PSA) as per Prostate Cancer Working 
Group 3 criteria and serum PSA higher than 5 ng/mL. 
Participants had metastatic castration-resistant prostate 
cancer not previously treated with androgen receptor 
antagonist (previous abiraterone was permitted) and 
with no previous docetaxel for metastatic castration-
resistant prostate cancer. Docetaxel for metastatic 
hormone-sensitive prostate cancer was permitted. 
Eligible participants were those for whom enzalutamide 
alone was considered the appropriate next standard 
treatment and who had two or more risk factors for early 
progression on enzalutamide alone.7,8 These risk factors 
included serum lactate dehydrogenase more than or 
equal to the institutional upper limit of normal (IULN), 
alkaline phosphatase more than or equal to the IULN, 
albumin less than 35 g/L, M1 disease at initial diagnosis, 
less than 3 years from initial diagnosis to randomisation, 
more than five bone metastases, visceral metastases, 
PSA doubling time less than 84 days, pain requiring 
opiates for longer than 14 days, or previous treatment 
with abiraterone for hormone-sensitive prostate cancer.7,8 
Patients with other active malignancies within 5 years 
before consent and seizures or conditions predisposing 
to seizures were excluded. Eligibility also required 
adequate renal, haematological, and liver function. 
Screening of potential participants included central 
review of a gallium-68 [⁶⁸Ga]Ga-PSMA-11 PET-CT 
(PSMA-PET-CT). Imaging criteria for inclusion were 
PSMA-positive disease with a maximum SUV (SUVmax) 
of 15 or more at a single site of disease, and SUVmax of 
more than 10 at all sites of measurable disease not 
affected by partial volume effect on PSMA-PET.

All participants provided written informed consent. 
The study and protocol had ethical and regulatory 
approval at all participating sites. Consumer research 
advocates contributed to grant applications, protocol 
development, and trial conduct. The trial was conducted 
in accordance with the principles of the Good Clinical 
Practice guidelines and the Declaration of Helsinki. Data 
on gender and race were not collected. The trial is 
registered with ClinicalTrials.gov, NCT04419402.

Randomisation and masking
We randomly assigned participants (1:1) to enzalutamide 
or adaptive-dosed enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 
with a centralised, web-based system using minimisation 
with a random component to stratify for study site, 
disease burden (>20 lesions vs ≤20 lesions by PSMA-
PET-CT), use of early docetaxel for hormone-sensitive 
disease (yes vs no), and previous treatment with 
abiraterone for hormone-sensitive disease (yes vs no). 
Treatment allocation was concealed until after 

registration was completed. Neither participants nor 
investigators were masked to the group assignment.

Procedures
Participants in both groups received enzalutamide 
160 mg orally daily until disease progression or 
unacceptable toxicity. The experimental group received 
two doses of [¹⁷⁷Lu]Lu-PSMA-617 intravenously 2 weeks 
and 8 weeks after commencing enzalutamide. All 
participants had a repeat PSMA-PET-CT at week 12, 
which was centrally reviewed to guide adaptive dosing of 
either two or four doses of [177Lu]Lu-PSMA-617 in the 
experimental group. Patients with persistent PSMA-
positive disease (defined as evidence of tumour PSMA 
expression above blood-pool intensity) on a centrally 
reviewed PSMA-PET-CT at week 12 were treated with up 
to a further two doses of [¹⁷⁷Lu]Lu-PSMA-617 16 weeks 
and 24 weeks after commencing enzalutamide. All 
administered doses of [¹⁷⁷Lu]Lu-PSMA-617 were 7·5 GBq. 
Participants were reviewed every 4 weeks during which 
they underwent blood tests for haematology, 
biochemistry, and serum PSA while on study treatment, 
then every 6 weeks until radiological progression. 
Participants with dose-limiting toxic effects attributable 
to [¹⁷⁷Lu]Lu-PSMA-617 could receive a 20% dose 
reduction in [¹⁷⁷Lu]Lu-PSMA-617 with no re-escalation 
allowed. Similarly, participants who had toxic effects 
attributable to enzalutamide could interrupt study 
treatment, restarting at the original dose (160 mg 
per day), or the dose of enzalutamide could be reduced to 
120 mg per day for chronic long-term grade 2 adverse 
events.5 CT of the chest, abdomen, and pelvis, and 
technetium-99m bone scans were performed every 
12 weeks until radiological progression. Study treatment 
was discontinued for progressive disease, unacceptable 
toxicity, substantial treatment delays, or patient choice, or 
if the participant was no longer clinically benefitting. 
Adverse events were graded according to the National 
Cancer Institute Common Terminology Criteria for 
Adverse Events (version 5.0). A safety assessment was 
done at 6 weeks and 12 weeks after the last dose of study 
treatment, and follow-up continued every 6 weeks 
thereafter until radiographic progression, after which 
survival and subsequent treatment follow-up occurred 
every 12 weeks.

[⁶⁸Ga]Ga-PSMA-11 was required for PSMA-PET-CT 
imaging at all timepoints. Both the PSMA PET-CT 
imaging protocol and acquisition procedures were 
standardised across sites with phantom certification of 
PET cameras and [⁶⁸Ga]Ga-PSMA-11 radiopharmacy 
production through the Australian Radiopharmaceutical 
Trials Network.5 All PSMA-PET-CT timepoints were 
uploaded to a de-identified cloud-based server specific to 
the ENZA-p trial (WIDEN) and pushed automatically to 
a cloud-based image quantification software (MIM 
encore, MIM Software, a GE HealthCare Company, 
Beechwood, OH, USA) specifically designed for the trial. 
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The semi-quantified workflow used previously developed 
minimum criteria (SUVmax of 3 and volume of 0·2 mL) 
to identify each tumour deposit based on the rationale of 
including all active tumour deposits above blood pool.9 
Whole-body SUVmean and PSMA-TTV were calculated 
from the derived whole-body tumour regions using this 
method. All workflow-derived tumour regions were 
assessed for quality by a nuclear medicine investigator. 
SUVmean and PSMA-TTV were quantitatively derived 
for each PSMA-PET-CT scan (figure 1). Enrolment of trial 
participants required a screening PSMA-PET-CT. PSMA-
PET-CT was also undertaken at day 15 after commencing 
enzalutamide (before [¹⁷⁷Lu]Lu-PSMA-617), day 92 after 
commencing enzalutamide, and at first progression 
(PSA or radiographic; appendix p 2). For this substudy, 
only the quantitative analysis of the PSMA-PET-CT at 
screening was evaluated.

Outcomes
The prespecified tertiary substudy endpoint was to 
determine the association between screening PSMA-PET 
total tumour quantitative parameters, SUVmean and 
PSMA-TTV with clinical outcomes, and by treatment 
received. This substudy primary endpoint was overall 
survival, the secondary endpoint was PSA progression-
free survival, and the exploratory endpoint was PSA 
response rate, specifically a 90% reduction in PSA from 
baseline. Overall survival was defined as the interval 
from the date of randomisation to date of death from any 
cause, or the date last known alive. PSA progression free 
survival was defined as the interval from the date of 
randomisation to the date of first evidence of PSA 
progression, commencement of non-protocol anticancer 

therapy, or death from any cause, whichever occurred 
first.

Statistical analysis
This analysis was prespecified before the unblinded 
analysis. The sample size was not powered for this 
biomarker substudy and was dictated by the data available 
from the ENZA-p trial. The sample size for the ENZA-p 
primary endpoint of 160 participants followed up until 
150 PSA progression-free survival events had occurred, 
providing 80% power to detect a true hazard ratio (HR) 
of 0·625, using a two-sided, type I error rate of 0·05. 
Analyses for this substudy were undertaken in the 
160 participants who received treatment (appendix p 3). 
This substudy hypothesis was that PSMA-TTV and 
SUVmean will modify the comparative effect of 

Figure 1: PSMA-PET total tumour quantitation
PSMA-TTV is the volume (mL) of all tumour quantified on PSMA-PET using 
deposits identified as tumour and PSMA positive with an SUVmax >3 and 
0·2 mL minimum lesion size. SUVmean is the mean SUVmax of all voxels 
included in the total tumour volume. In this case, PSMA-TTV is 1431 mL and 
SUVmax is 8·5. PSMA=prostate-specific membrane antigen. SUV=standardised 
uptake value. TTV=total tumour volume.

Enzalutamide 
group (n=79)

Enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 
group (n=81)

Age, years 71 (62–76) 71 (66–76)

PSA at enrolment, ng/mL 33 (13–87) 39 (16–75)

>20 PSMA-avid metastases 47 (59%) 51 (63%)

Metastatic disease (M1) at 
initial diagnosis

46 (58%) 43 (53%)

Pain requiring opiates for 
>14 days

12 (15%) 9 (11%)

Previous early docetaxel for 
castration-sensitive disease

44 (56%) 43 (53%)

Previous treatment with 
abiraterone

9 (11%) 12 (15%)

Time since diagnosis, years 2·8 (1·4–6·6) 2·2 (1·2–6·2)

Haemoglobin, g/L 130 (121–137) 132 (121–140)

Lactate dehydrogenase ≥IULN 19 (24%) 15 (19%)

Alkaline phosphatase ≥IULN 37 (47%) 36 (44%)

Albumin <35 g/L 6 (8%) 8 (10%)

De-novo metastatic disease 
(M1) at initial diagnosis

46 (58%) 43 (53%)

<3 years since initial diagnosis 44 (56%) 49 (60%)

>5 bone metastases 46 (58%) 46 (57%)

Visceral metastases 10 (13%) 7 (9%)

PSA doubling time <84 days 40 (51%) 51 (63%)

Pain requiring opiates >14 days 12 (15%) 9 (11%)

Previous abiraterone 9 (11%) 12 (15%)

PSMA SUVmean

Q1: ≤6·4 19 (24%) 20 (25%)

Q2: 6·5–7·6 19 (24%) 20 (25%)

Q3: 7·7–9·8 23 (29%) 19 (23%)

Q4: >9·8 18 (23%) 22 (27%)

PSMA-TTV

Below median: <234 mL 39 (49%) 41 (51%)

Above median: ≥234 mL 40 (51%) 40 (49%)

Data are median (IQR) or n (%). ¹⁷⁷Lu=lutetium-177. IULN=institutional upper 
limit of normal. PSA=prostate-specific antigen. PSMA=prostate-specific 
membrane antigen. Q=quartile. SUV=standardised uptake volume. TTV=total 
tumour volume. 

Table 1: Baseline characteristics



Articles

5www.thelancet.com/oncology   Published online July 30, 2025   https://doi.org/10.1016/S1470-2045(25)00339-0

enzalutamide versus combination treatment on overall 
and PSA progression-free survival. We examined the 
association between survival outcomes and treatment 
group in all randomly assigned patients who received 
treatment. As all analyses in this paper are unstratified, 
the results will differ from those presented previously.1,6 
We elected to follow this approach to maintain statistical 
efficiency, since a primary goal of this paper was to 
examine associations between imaging parameters 
within treatment groups in a smaller sample, not in the 
whole sample. The quantitative imaging parameters 
analysed in this study included SUVmean greater or less 
than the upper quartile (Q4) and PSMA-TTV higher or 
lower than the median. For SUVmean, this clinically 
relevant definition was chosen to be concordant with 
previous prospective studies demonstrating the 
prognostic value of SUVmean upper quartile.2,3 With 
a scarcity of similar previous evidence for PSMA-TTV, 
above or below the median was chosen as the variable for 
PSMA-TTV to maximise subgroup sample size. Survival 
outcomes were analysed by unstratified Cox regression, 
and by treatment received. Participants without the event 
of interest at the cutoff date of July 31, 2024, were 
censored. Effect modification between treatment group 
and imaging parameter was examined by entering both 
variables into a Cox model with an interaction term, the 
p value of which is reported. The proportional hazards 
assumption was tested by inspection of Schoenfeld 
residuals and in no case for these outcomes was this 
violated. Survival curves and median survival time were 
estimated with the Kaplan–Meier method and compared 
using unstratified log-rank tests. Exploratory analysis 
included multivariable Cox regression for overall 
survival, adjusting for the continuous variables of 
baseline haemoglobin and PSA (per doubling), and the 
binary variables: lactate dehydrogenase above upper limit 
of normal and albumin less than 35 g/L. Additionally, 
univariable Cox regression was undertaken, entering the 
imaging parameters as quartiles, with Q4 as the 
reference category for PSMA-TTV and Q1 the reference 
category for SUVmean, because these are the putative 
worst quartiles for survival. The relationship between 
PSA 90% response rate and the quantitative parameters 
was visually explored by entering these as restricted 
cubic splines, with internal knots at the tertiles, into 
a logistic regression model. The proportion of patients 
with g a PSA 90% response within each treatment group 
and above or below the median SUVmean was also 
calculated. For this substudy, reported p values are 
nominal and inferences should be interpreted in this 
context. Analysis was performed with Stata 
(version 17.0MP).

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Between Aug 17, 2020, and July 26, 2022, we randomly 
assigned 162 participants: 79 to the enzalutamide group 
and 83 to the enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 
group. Median follow-up at the final data cutoff of 
July 31, 2024, was 34 months (IQR 29–39): 34 months 
(IQR 30–38) in those assigned to the enzalutamide group 
versus 34 months (IQR 29–39) in those assigned to the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group. The 
substudy analyses presented here include the 160 of 
162 participants who underwent therapy: 79 in the 
enzalutamide group and 81 in the enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 group. Baseline characteristics are 
summarised in table 1.

96 deaths were reported: 53 (67%) of 79 occurred in the 
enzalutamide group and 43 (53%) of 81 in the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group. Median 
overall survival was 26 months (95% CI 21–31) in the 
enzalutamide group versus 34 months (29–35) in the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group (HR 0·65 
[0·43–0·97]). PSA progression was observed in 
133 participants (73 [92%] in the enzalutamide group and 
60 [74%] in the enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 

Figure 2: Kaplan–Meier plots for overall survival with enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 and 
enzalutamide alone based on PSMA-TTV above the median and below the median
¹⁷⁷Lu=lutetium-177. PSMA=prostate-specific membrane antigen. TTV=total tumour volume.
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group), with a median PSA progression-free survival of 
8 months (95% CI 4–10) in the enzalutamide group 
versus 13 months (11–17) with enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 (HR 0·49 [0·34–0·69]). PSA 90% 
response was observed in 29 (37%) of 79 patients in the 
enzalutamide group versus 65 (80%) of 81 patients in the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group.

The median PSMA-TTV at baseline was 234 mL 
(IQR 76–687) in all patients, with PSMA-TTV above the 
median reported in 40 (49%) of 81 patients in the 
enzalutamide group and 40 (51%) of 79 patients in the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group. Median 
overall survival for PSMA-TTV below versus above the 

median in the enzalutamide group was 39 months 
(95% CI 31–not estimable) versus 20 months (13–24; 
HR 0·23 [0·13–0·42], log-rank p<0·0001). The 
corresponding median overall survival in the 
enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 group was 
35 months (95% CI 32–37) versus 28 months (26–34; 
HR 0·66 [0·36–1·21], log-rank p=0·18; figure 2). The 
p value for an interaction term between PSMA-TTV and 
treatment group was p=0·0078.

Predominately increasing hazard ratios were observed 
as quartiles of PSMA-TTV increased for both treatments 
(figure 3). In the multivariable analysis including 
clinical prognostic factors (haemoglobin, lactate 
dehydrogenase, albumin, and PSA levels), PSMA-TTV 
remained independently prognostic for overall survival 
in the enzalutamide group (HR 0·33 [95% CI 
0·15–0·72]) but not in the enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 group (0·66 [0·31–1·40]; table 2; 
appendix p 6).

Median PSA progression-free survival for PSMA-TTV 
below versus above the median for enzalutamide 
monotherapy was 11 months (95% CI 9–13) versus 
3 months (2–4; HR 0·31 [0·19–0·50]). The corresponding 
median PSA progression-free survival for enzalutamide 
plus [¹⁷⁷Lu]Lu-PSMA-617 was 15 months (95% CI 11–29) 
versus 11 months (9–16; HR 0·67 [0·40–1·11]; appendix 
p 4). The p value for a test of interaction between 
PSMA-TTV and treatment group was p=0·017. 

Overall survival and progression-free survival curves 
for PSMA-TTV presented as Q1–4 are in the appendix 
(pp 10–13).

The median SUVmean was 7·7 (IQR 6·5–9·8) in all 
patients overall. SUVmean in Q4 (SUVmean ≥9·8) was 
reported in 18 (23%) of 79 patients in the enzalutamide 
group and in 22 (27%) of 81 patients in the enzalutamide 
plus [¹⁷⁷Lu]Lu-PSMA-617 group. Median overall survival 
for SUVmean in Q4 versus Q1–3 for the enzalutamide 
group was 29 months (95% CI 17–39) versus 25 months 
(21–31; HR 0·84 [0·44–1·60], log-rank p=0·59). The 
respective median overall survival for the enzalutamide 
plus [¹⁷⁷Lu]Lu-PSMA-617 group was 32 months (95% CI 
21–not estimable) versus 34 months (27–35; HR 0·80 
[0·38–1·68], log-rank p=0·56; figure 4). The p value for 
an interaction term between SUVmean and treatment 
group was p=0·88. No clear relation was seen between 
hazard of overall survival and increasing quartile of 
SUVmean in either treatment group (figure 3).

Median PSA progression-free survival for SUVmean 
in Q4 versus Q1–3 in the enzalutamide group was 
5·0 months (95% CI 3·0–9·9) versus 7·8 months 
(4·0–11; HR 1·17 [0·69–2·01]). The respective median 
PSA progression-free survival in the enzalutamide plus 
[¹⁷⁷Lu]Lu-PSMA-617 group was 15 months (95% CI 7–
not estimable) versus 13 months (10–17; HR 0·69 
[0·38–1·25]; appendix p 5). The p value for a test of 
interaction between SUVmean and treatment group 
was p=0·17.

Figure 3: Hazard ratios for overall survival with enzalutamide and enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 
based on PSMA-TTV and SUVmean
¹⁷⁷Lu=lutetium-177. PSMA=prostate-specific membrane antigen. SUV=standardised uptake value. TTV=total 
tumour volume.
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Table 2: Unadjusted and adjusted overall survival HRs (95% CIs) by imaging parameter and treatment group
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Survival curves for SUVmean as Q1–4 are presented for 
both overall survival and progression-free survival 
(appendix pp 14–17).

For SUVmean split at the median, in the enzalutamide 
group the PSA 90% response rate with an SUVmean 
above the median was 11 (27%) of 41 versus 18 (47%) of 38 
for an SUVmean below the median. With enzalutamide 
plus [¹⁷⁷Lu]Lu-PSMA-617, the PSA 90% response rate 
with an SUVmean above the median was 32 (78%) of 41 
versus 33 (83%) of 40 for an SUVmean below the median 
(appendix pp 8–9).

Discussion
Predictive and prognostic biomarkers are crucial for the 
personalisation of treatments to improve patient 
outcomes and optimise treatment choices. ENZA-p is 
a randomised trial that demonstrated improved overall 
survival with treatment intensification through the 
addition of [¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide in men 
with metastatic castration-resistant prostate cancer with 
risk factors for early treatment failure on enzalutamide 
alone.1,6 This ENZA-p subanalysis has found that 
screening PSMA-TTV is prognostic for overall survival 
with enzalutamide monotherapy in metastatic castration-
resistant prostate cancer, finding a difference in overall 
survival of 20 months versus 39 months based on 
PSMA-TTV above or below the median value. 
Furthermore, PSMA-TTV remained prognostic of overall 
survival independent of other prognostic clinical 
parameters. The prognostic value of PSMA-TTV for 
enzalutamide identified in this study suggests an 
additional potential role of PSMA-PET in metastatic 
prostate cancer above and beyond its current use in 
defining suitability for [¹⁷⁷Lu]Lu-PSMA-617 therapy.

PSMA-TTV has been previously found to be prognostic 
for progression-free survival and overall survival with 
[¹⁷⁷Lu]Lu-PSMA-617 therapy.4,10 A prospective trial of 
[¹⁷⁷Lu]Lu-PSMA-617 plus idronoxil showed that baseline 
PSMA-TTV was independently prognostic for overall 
survival even when other clinical prognostic predictors 
were included.4 However, to our knowledge, this is the 
first time that the prognostic value of PSMA-TTV for 
overall survival has been demonstrated for a systemic 
therapy other than [¹⁷⁷Lu]Lu-PSMA-617. Androgen 
receptor pathway inhibitors such as enzalutamide are 
used widely in metastatic prostate cancer, and biomarkers 
that effectively identify patients with poor overall survival 
without intensification are scarce. Future evaluation of 
PSMA-TTV should focus on its potential benefit in 
comparison to other prognostic parameters, including 
CHAARTED high and low volume criteria on diagnostic 
CT and bone scan in hormone-sensitive prostate cancer.11

 This study has also demonstrated that PSMA-TTV is 
predictive for improvement in overall survival with the 
addition of [¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide in 
metastatic castration-resistant prostate cancer in patients 
with prognostic risk factors for early treatment failure on 

enzalutamide alone. In patients with a PSMA-TTV above 
the median, median overall survival rose from 20 months 
to 28 months with the addition of [¹⁷⁷Lu]Lu-PSMA-617 to 
enzalutamide. However, in patients with a PSMA-TTV 
below the median, the median overall survival did not 
improve (39 months vs 35 months) with the addition of 
[¹⁷⁷Lu]Lu-PSMA-617 to enzalutamide. This predictive 
value of PSMA-TTV was supported by the p value for an 
interaction between the effects of treatment group and 
PSMA-TTV on survival. That PSMA-TTV is less 
prognostic for enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 
than for enzalutamide alone is likely to be due to the 
effectiveness of the combined agents even in participants 
with high-volume disease, through the concurrent 
targeting of disparate clonal populations. The TheraP 
trial showed that ctDNA at baseline predicted improved 
progression free and overall survival with 
[¹⁷⁷Lu]Lu-PSMA-617 monotherapy compared with 
cabazitaxel chemotherapy.9,12,13 The interaction between 
screening circulating tumour DNA and PSMA-PET is  
being examined within the ENZA-p cohort as part of the 
trial’s translational programme.5

Figure 4: Kaplan–Meier plots for overall survival with enzalutamide plus [¹⁷⁷Lu]Lu-PSMA-617 and 
enzalutamide alone based on PSMA SUVmean ≥Q3 versus <Q3
¹⁷⁷Lu=lutetium-177. PSMA=prostate-specific membrane antigen. SUV=standardised uptake value.
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PSMA-PET whole-body SUVmean is a quantitative 
PET parameter that measures the mean voxel intensity 
across all tumour deposits included in the total body 
tumour volume, capturing both PSMA intensity and 
heterogeneity of PSMA expression. SUVmean has 
previously been found to be prognostic for depth of 
response, progression-free survival, and overall survival 
with [¹⁷⁷Lu]Lu-PSMA-617 monotherapy.2–4 However, in 
this study, SUVmean was neither predictive nor 
prognostic for progression-free survival or overall 
survival. This lack of association between baseline PSMA 
SUVmean and treatment response was predicted for this 
prespecified tertiary endpoint. The rationale for ENZA-p 
was that complementary therapies targeting clonal 
populations with disparate PSMA expression would 
result in deeper and longer responses than 
monotherapy.14,15 A recent study found that androgen 
receptor pathway inhibitors in metastatic castration-
resistant prostate cancer have higher response rates in 
those with lower PSMA intensity.16 Consistent with this, 
the current study also found higher PSA 90% response 
rates with SUVmean below the median with 
enzalutamide than with SUVmean above the median. 
This absence of association between high SUVmean and 
either PSA progression-free survival or overall survival 
when [¹⁷⁷Lu]Lu-PSMA-617 is administered with 
enzalutamide represents a novel and important finding. 
Although SUVmean remains an important imaging 
prognostic biomarker when [¹⁷⁷Lu]Lu-PSMA-617 is used 
as monotherapy, it requires re-evaluation when used in 
combination with other active therapies such as androgen 
receptor pathway inhibitors, or if a radionuclide therapy 
has different PSMA receptor expression requirements 
(such as targeted alpha therapy).17

There are several limitations to this study. Quantitative 
assessment of PSMA-PET parameters requires semi-
automated software that are labour intensive and are not 
yet in routine clinical use. Although this study 
demonstrates potential clinical utility of PSMA-TTV for 
guiding patient treatments, it is not available to imaging 
specialists without substantial additional input. This 
situation is changing with recent work demonstrating an 
automated PSMA-PET quantitative programme to be 
predictive for treatment response and overall survival 
with [¹⁷⁷Lu]Lu-PSMA therapy without requiring human 
correction.18 Until validated and harmonised fully 
automated PET quantitation programmes become 
available, the full value of PSMA-PET quantitation will 
not be realised in routine clinical practice.

Participants in ENZA-p had metastatic castration-
resistant prostate cancer with risk factors for early 
treatment failure on enzalutamide monotherapy. As 
such ENZA-p represents a higher risk group than the 
broader metastatic castration-resistant prostate cancer 
population treated with enzalutamide, and the impact of 
PSMA-TTV on overall survival might therefore be 
different in this wider patient population. Furthermore, 

the ENZA-p trial used first-line enzalutamide in early 
metastatic castration-resistant prostate cancer, whereas 
most patients are now receiving androgen receptor 
pathway inhibitors in the metastatic hormone-sensitive 
prostate setting. ENZA-p is a randomised, phase 2 trial 
with a small number of participants in each treatment 
group, limiting full evaluation of imaging biomarkers. 
Additionally, due to the sample size, the number of 
clinical prognostic risk factors evaluated was limited to 
four, with the stratification risk factor of more than 
20 sites of disease not chosen due to its inherent 
association with PSMA-TTV. Further evaluation of 
PSMA-TTV in larger prospective trials in a broader-risk 
group and in earlier settings is warranted given the 
strength of the findings in this study.  Finally, the 
screening PSMA PET was used to exclude patients with 
low PSMA expression disease, defined as an SUVmax of 
more than 15 at a single site and SUVmax of more 
than 10 at all larger sites of disease. This might have 
affected the number of patients with low PSMA 
expression included in the trial, although the median 
SUVmean in this trial is similar to that in the randomised 
phase 3 trials using [¹⁷⁷Lu]Lu-PSMA-617.2

In conclusion, baseline PSMA-TTV is prognostic for 
overall survival and predictive of a beneficial effect on 
overall survival with the addition of [¹⁷⁷Lu]Lu-PSMA-617 
to enzalutamide in metastatic castration-resistant 
prostate cancer. In contrast to previous studies with 
[¹⁷⁷Lu]Lu-PSMA-617 monotherapy, PSMA SUVmean was 
not prognostic for PSA progression-free survival or 
overall survival when [¹⁷⁷Lu]Lu-PSMA-617 was 
administered with enzalutamide as a first-line treatment 
for metastatic castration-resistant prostate cancer.
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