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Lutetium 177 (177Lu) prostate-specific membrane antigen 
(PSMA)–617 is an effective new tool in metastatic castration-

resistant prostate cancer, with trials demonstrating improved over-
all survival (OS) and radiographic progression-free survival (PFS) 
compared with standard-of-care comparators both before and 
after chemotherapy (1–4). The ENZA-p trial demonstrated a no-
table improvement in quality of life and OS for 177Lu-PSMA-617 
in combination with enzalutamide compared with enzalutamide 
alone in participants with metastatic castration-resistant prostate 
cancer and risk factors for early treatment failure on enzalutamide 
alone (5,6). ENZA-p used an interim PSMA PET/CT scan (at 
12 weeks) in the 177Lu-PSMA-617 and enzalutamide combina-
tion arm to determine whether participants received two versus 
four doses of 177Lu-PSMA-617: Those with no residual persistent 

disease above blood pool at the interim PSMA PET/CT scan 
received only two doses. 177Lu-PSMA-617 SPECT/CT was per-
formed 24 hours after each 177Lu-PSMA-617 injection as part of 
an exploratory end point but was not used to inform trial man-
agement. Associations were previously demonstrated between 
177Lu-PSMA-617 SPECT/CT quantitative parameters at 6 weeks 
and both OS and PFS in patients receiving 177Lu-PSMA-617 
monotherapy (7–10), and these quantitative parameters may 
allow early personalized treatment decisions around treatment 
pause or intensification (11).

The aim of this ENZA-p substudy was to evaluate the predic-
tive value of 177Lu-PSMA-617 SPECT/CT quantitative param-
eters and prostate-specific antigen (PSA) response at 6 weeks for 
predicting OS.

Background:  Lutetium 177 (177Lu) prostate-specific membrane antigen (PSMA)–617 SPECT/CT has demonstrated promise as a response biomarker 
for 177Lu-PSMA-617 therapy.

Purpose:  To predict overall survival (OS) after enzalutamide plus 177Lu-PSMA-617 using quantitative parameters at 177Lu-PSMA-617 SPECT/CT at 
6 weeks, as well as prostate-specific antigen (PSA) response, in participants with metastatic castration-resistant prostate cancer.

Materials and Methods:  This secondary analysis of the multisite prospective ENZA-p trial (August 2020–July 2022) included participants who received 
enzalutamide plus 177Lu-PSMA-617 (7.5 GBq). SPECT/CT was performed 24 hours after each treatment, and total tumor volume (TTV) and mean 
standardized uptake value were compared between the first (baseline) and second (6-week) doses. TTV complete response (CR) at SPECT/CT was 
defined as TTV less than 1 mL at dose 2, and deep PSA response was defined as 90% or greater PSA reduction at dose 2. Relationships between TTV 
CR and deep PSA response at dose 2 and OS were examined.

Results:  This analysis included 74 men (median age, 71 years [IQR, 66–78 years]). Median follow-up was 33 months (95% CI: 28, 37). Median OS 
was 31 months (95% CI: 25, 33), and the 2-year survival rate was 70% (95% CI: 58, 79). Median TTV was 236 mL (IQR, 81–688 mL) at baseline 
and 65 mL (IQR, 12–215 mL) at 6 weeks. Median change in TTV was −57% (IQR, −89% to −38%); 4.1% (three of 74) of participants had an 
increase in TTV, and 16% (12 of 74) had TTV CR. Deep PSA response was seen in 63% (45 of 71) of participants. The 2-year survival rate with 
TTV CR was 83% (95% CI: 48, 96), versus 67% (95% CI: 54, 77) without TTV CR (hazard ratio, 0.26 [95% CI: 0.08, 0.85]; log-rank P = .02). 
The 2-year survival rate was 76% (95% CI: 58, 87) with deep PSA response without TTV CR (log-rank P = .05 vs TTV CR) and 54% (95% CI:  
33, 71) with neither deep PSA response nor TTV CR (log-rank P = .003 vs TTV CR).

Conclusion:  TTV CR at 177Lu-PSMA-617 SPECT/CT at 6 weeks was associated with improved OS and may be a valuable tool for treatment 
personalization with 177Lu-PSMA-617.
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Materials and Methods

Study Sample
This study, conducted between August 17, 2020, and July 26, 
2022, was a secondary analysis of the prospective ENZA-p  
trial, a multicenter, open-label phase 2 randomized clinical 
trial conducted across 15 Australian sites (ClinicalTrials.gov: 
NCT04419402). Ethical approval was obtained at all sites, and 
all participants provided written informed consent. The trial 
protocol and primary and key secondary outcomes (with a me-
dian follow-up of 34 months) have been previously reported 
(5,6,12).

ENZA-p enrolled participants with metastatic castration-
resistant prostate cancer with progressive disease defined per 
Prostate Cancer Working Group 3 criteria and serum PSA level 
greater than 5 µg/L. Participants had metastatic castration- 
resistant prostate cancer not previously treated with an andro-
gen receptor pathway inhibitor, except for prior abiraterone use 
for metastatic hormone-sensitive prostate cancer. Docetaxel for 
metastatic hormone-sensitive prostate cancer was permitted. 
Participants were required to have two or more risk factors for 
early progression on enzalutamide alone (7,8). Stratification 
factors included disease burden (>20 sites of disease vs ≤20 sites 
according to PSMA PET/CT), use of docetaxel for metastatic 
hormone-sensitive prostate cancer, and prior treatment with 
abiraterone for metastatic hormone-sensitive prostate cancer. 
Treatment allocation (1:1) was concealed until after registra-
tion was completed. Participants were required to have PSMA- 
positive metastatic disease at baseline PSMA PET/CT, defined 
as a maximum standardized uptake value (SUVmax) greater than 
15 at a single site and greater than 10 at all larger sites of disease 
not impacted by partial voluming.

Abbreviations
CR = complete response, HR = hazard ratio, OS = overall survival,  
PFS = progression-free survival, PSA = prostate-specific antigen,  
PSMA = prostate-specific membrane antigen, SUVmax = maximum 
standardized uptake value, SUVmean = mean standardized uptake value, 
TTV = total tumor volume

Summary
Lutetium 177 prostate-specific membrane antigen–617 SPECT/
CT total tumor volume complete response at 6 weeks was associated 
with overall survival and may help guide early personalized 
treatment decisions in metastatic castration-resistant prostate cancer.

Key Results
	■ In this secondary analysis of 74 participants in the ENZA-p 
trial who underwent lutetium 177 prostate-specific membrane 
antigen–617 therapy and 6-week SPECT/CT, the median change 
in total tumor volume (TTV) at SPECT/CT was −57%, with 
61% (45 of 74) of participants showing a 50% or greater 
reduction in TTV.

	■ The 2-year survival rate with TTV complete response (CR) was 
83%, versus 67% without TTV CR (hazard ratio, 0.26; log-rank 
P = .02).

	■ The 2-year survival rate was 76% with a deep prostate-specific 
antigen (PSA) response but not TTV CR and 54% if neither a 
deep PSA response nor TTV CR was observed (log-rank P = .02 
and .002 vs TTV CR, respectively).

This secondary analysis included participants from the experi-
mental arm of the ENZA-p trial, all of whom received treatment 
with enzalutamide plus 177Lu-PSMA-617. Participant inclusion 
required availability of centrally standardized 177Lu-PSMA-617 
SPECT/CT at both baseline (dose 1) and 6 weeks (dose 2) (Fig 
1). Participants were excluded if SPECT standardization failed, 
if baseline 177Lu-PSMA-617 SPECT/CT was not performed, or 
if no measurable SPECT-avid disease was present on the baseline 
scan. For this study, 177Lu-PSMA-617 SPECT/CT was explor-
atory and did not inform trial management.

Treatments
Participants in both the control and experimental arms of 
ENZA-p received enzalutamide at 160 mg daily until disease 
progression or unacceptable toxicity. The experimental group re-
ceived two initial doses of 177Lu-PSMA-617 at 2 and 8 weeks 
(baseline and 6 weeks for the purposes of the current study) 
after starting enzalutamide. Participants in the experimental 
arm with persistent PSMA-positive disease (above blood pool) 
on a centrally reviewed PSMA PET/CT scan at 12 weeks were 
treated with two additional doses of 177Lu-PSMA-617 given at  
16 and 24 weeks after starting enzalutamide. All administered 
doses of 177Lu-PSMA-617 were 7.5 GBq. Participants underwent 
hematologic, biochemical, and PSA blood tests every 4 weeks 
while on study treatment, then every 6 weeks until radiologic 
progression. CT of the chest, abdomen, and pelvis and techne-
tium 99m (99mTc) bone scans were performed every 12 weeks 
until radiologic progression.

177Lu-PSMA-617 SPECT/CT Acquisition and  
Standardization
177Lu-PSMA-617 was administered as an intravenous injection 
(7.5 GBq), and 177Lu-PSMA-617 SPECT/CT (with noncontrast 
low-dose CT) encompassing the neck, chest, abdomen, and pel-
vis was performed 24 hours (±4 hours) after 177Lu-PSMA-617 
administration. All centers were certified by the Australasian 
Radiopharmaceutical Trials Network, including certification 
of 177Lu-PSMA-617 production and SPECT/CT cameras. To 
standardize data acquisition across different imaging centers, 
three phantoms were used at each center. Phantom scanning 
determined the CT-based attenuation correction (CT density 
phantom), SPECT/CT cross-calibration factor (large, cylindri-
cal, single-compartment phantom filled with 250 MBq of 177Lu), 
and SPECT/CT image quality (National Electrical Manufactur-
ers Association and International Electrotechnical Commission 
phantom with one cylindrical and six spherical inserts filled with 
1000 MBq of 177Lu). For each treatment cycle, a case report form 
was completed that included the participant’s weight; the date, 
time, and dose of 177Lu-PSMA-617 administration; and the date 
and time of SPECT/CT imaging.

Raw SPECT/CT data were prospectively collected in a cen-
tral database (WIDEN; Dixit), the data were analyzed centrally, 
and the sensitivity factor for each camera was determined. 
The 177Lu-PSMA-617 SPECT/CT series were standardized 
by applying the camera-specified sensitivity factors and were 
centrally reconstructed with an iterative ordered subset esti-
mation maximum algorithm that used four iterations and 10 
subsets, using SPECTRA Quant (MIM Software). No pre- or 
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postreconstruction filters were 
applied. CT-based attenuation 
correction, dual-energy window 
scatter correction, collimator-
based resolution recovery, and 
quantitative conversion to stan-
dardized uptake value were 
performed during the recon-
struction based on the param-
eters derived for each SPECT/
CT scanner.

Image Analysis
The standardized SPECT/CT 
images after dose 1 (baseline) 
and dose 2 (6 weeks) of 177Lu-
PSMA-617 were quantified us-
ing a semiautomated workflow 
(MIM Encore; MIM Software). 
Volumes of interest were gener-
ated centrally with fixed thresh-
olds (maximum standardized 
uptake value [SUVmax] ≥ 3; le-
sion volume ≥ 0.2 mL). A nu-
clear medicine physician (N.A., 
with >10 years of experience) 
reviewed each quantified image 
blinded to participant outcome: 
Physiologic uptake was removed 
manually, and if the automated 
segmentation missed a focus that 
met the set thresholds, an ad-
ditional volume of interest was 
added; no other manual adjust-
ments were permitted. Output 
parameters included mean stan-
dardized uptake value (SUVmean) 
and total tumor volume (TTV). 
TTV complete response (CR) was defined as residual TTV less 
than 1 mL at 6-week 177Lu-PSMA-617 SPECT/CT.

CR was also assessed qualitatively. For the qualitative analy-
sis, six experienced (>5 years) nuclear medicine specialists (R.A., 
A.I., E.A., S.K., S.Y., and M.E.), blinded to clinical outcomes and 
quantitative SPECT metrics, reviewed paired baseline and 6-week 
SPECT/CT images side-by-side for change in disease volume and 
the appearance of new lesions (PSMA-avid or non-PSMA-avid). 
Each quantitative image was assessed independently by three of 
the six readers. Qualitative CR was defined a priori as a 90% or 
greater decrease in disease volume; CR was assigned if two or 
more of the three readers indicated CR. Qualitative progression 
was recorded when there was an unequivocal increase in disease 
volume and/or new lesions. All readers participated in a 60-min-
ute calibration session before image review.

End Points
The primary end point of this substudy was OS, defined as the 
interval from the date of the second dose of 177Lu-PSMA-617 
to death from any cause. A secondary end point for this analysis 
was PSA PFS, with the progression event defined as an increase 

in PSA level of at least 25% and at least 2 µg/L higher than the 
nadir value, confirmed at least 3 weeks later or at the start of non-
protocol anticancer therapy, or death from any cause, whichever 
occurred first.

Statistical Analysis
The final data cutoff date for follow-up was July 31, 2024. TTV 
CR was defined as residual TTV less than 1 mL at SPECT/CT 
after the second dose of 177Lu-PSMA-617. Deep PSA response was 
defined as a percentage decrease in PSA level of 90% or greater 
from baseline to the lowest PSA level that was measured within 
20 days after the second dose of 177Lu-PSMA-617. The combi-
nation of these variables was used to further categorize response: 
TTV CR, deep PSA response without TTV CR, and neither deep 
PSA response nor TTV CR. Percentage change in TTV at 177Lu-
PSMA-617 SPECT/CT from baseline to 6 weeks was calculated 
as follows: (TTV at 6 weeks – TTV at baseline)/TTV at baseline 
× 100. Change in TTV was evaluated as a continuous predictor in 
Cox models and categorically by quartiles and by direction (any de-
crease vs increase). Associations between the exposure variables and 
the time-to-event outcomes were examined with Kaplan-Meier 

Figure 1:  CONSORT flow diagram of participant selection. 177Lu = lutetium 177, PSMA = prostate-specific mem-
brane antigen.
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plots, log-rank tests, and hazard ratios (HRs) estimated using 
Cox regression. Proportional hazards were tested by inspection of 
Schoenfeld residuals. P < .05 was considered to indicate a statisti-
cally significant difference. Statistical analyses were performed by 
one author (N.P.) using Stata version 19.5 (StataCorp).

Results

Participant Characteristics
This study included 74 participants from the ENZA-p trial (me-
dian age, 71 years [IQR, 66–78 years]; age range, 47–88 years) 
who received treatment with enzalutamide plus 177Lu-PSMA-617 
and had analyzable 177Lu-PSMA-617 SPECT/CT data at both 
baseline and 6 weeks. Of those not included in this analysis, five 
were participants for whom SPECT standardization failed, one 
participant did not have baseline SPECT/CT, and one did not 
have measurable SPECT/CT disease on either scan (Fig 1). One 
participant who was eligible according to baseline PSMA PET/
CT had no persistent lesions meeting the predefined SPECT 
quantification thresholds (volume ≥ 0.2 mL; SUVmax ≥ 3) on 
either scan.

At the final data cutoff on July 31, 2024, median follow-
up time (from dose 2) for those still alive was 33 months 
(95% CI: 28, 37). Median PSA level at enrollment was 39 
µg/L (IQR, 16–75 µg/L), 50% (37 of 74) of participants had 
previously received docetaxel for metastatic hormone-sensitive 
prostate cancer, and 9.5% (seven of 74) had visceral metasta-
ses (Table 1).

TTV at 177Lu-PSMA-617 SPECT/CT
Median TTV at 177Lu-PSMA-617 SPECT/CT was 236 mL 
(IQR, 81–688 mL) at baseline and 65 mL (IQR, 12–215 mL) 
at 6 weeks (dose 2) (Table 2). Representative baseline and 6-week 
SPECT/CT scans with quantitative TTV segmentation are 
shown in Figure 2. The median change in TTV between base-
line and 6 weeks was −57% (IQR, −89% to −38%), with 61% 
(45 of 74) of participants showing a 50% or greater reduction in 
TTV; 4.1% (three of 74) of participants had an increase in TTV 
(Fig 3). Twelve (16%) participants had TTV CR: 11 participants 
with no measurable tumor volume at 6 weeks and one with TTV 
of 0.5 mL (Fig 3). Of these 12 participants, five (42%) received 
only two doses of 177Lu-PSMA-617 due to no residual disease 
above blood pool on the interim PSMA PET, with the remainder 
(seven of 12) receiving all four doses of 177Lu-PSMA-617 due to 
residual uptake above blood pool on the 12-week interim PSMA 
PET/CT scan.

When participants were stratified by change in TTV at 
SPECT/CT as quartiles, the groups showed no evidence of a 
difference in survival curves (log-rank P = .08) (Fig 
S1), indicating that TTV magnitude at 6 weeks 
(outside of CR) was not associated with OS in this 
predominantly responding group. To contextualize 
the 6-week SPECT/CT findings, TTV CR at 12-
week PSMA PET/CT was evaluated. TTV CR at 
12-week PSMA PET/CT was identified in seven 
participants. A threshold of less than 1 mL of re-
sidual TTV at PSMA PET/CT did not discriminate 
OS (2-year survival rate, 57% vs 71%; log-rank P = 
.36) (Fig S2).

SUVmean at 177Lu-PSMA-617 SPECT/CT
Median SUVmean was 8.4 (IQR, 6.2–11.4) at 177Lu-PSMA-617 
dose 1 (baseline) and 6.1 (IQR, 4.2–7.3) at 177Lu-PSMA-617 
dose 2 (6 weeks) (Table 2). The median change in SUVmean was 
−30% (IQR, −56% to −13%), with 30% (22 of 74) of partici-
pants showing a 50% or greater reduction in SUVmean, and 15% 
(11 of 74) of participants showing an increase in SUVmean (Fig S3). 
Of the 12 participants with TTV CR at 6-week 177Lu-PSMA-617 
SPECT/CT, 11 (92%) had an SUVmean of 0 due to no residual 
tumor. When participants were stratified by quartiles of change 
in SUVmean, there was graded separation in survival curves (log-
rank P = .02), with participants with SUVmean reductions of 56% 
or greater demonstrating the most favorable survival compared 
with those with minimal change or increases in SUVmean (SUVmean 
change > −13%) (2-year survival rate, 83% vs 56%) (Fig S4).

TTV and PSA
Ninety-six percent (71 of 74) of participants had both baseline 
PSA level measured before dose 1 and PSA level measured within 

Table 1: Baseline Characteristics of Participants (n = 74)

Characteristic Value
Age (y)* 71 (66–78)
PSA level at enrollment (µg/L)* 39 (16–75)
Time since diagnosis (y)* 2.2 (1.2–6.5)
Prior docetaxel for castration-sensitive disease 37 (50)
>20 PSMA-avid metastases 45 (61)
Metastatic sites
  Lung 7 (9.5)
  Liver 1 (1.4)
  Bone 67 (91)
  Lymph node 47 (64)
Risk factors for early progression on enzalutamide
  Lactate dehydrogenase level ≥ IULN 15 (20)
  Alkaline phosphatase level ≥ IULN 31 (42)
  Albumin level < 35 g/L 8 (11)
  Metastatic disease (M1) at initial diagnosis 35 (47)
  <3 y since initial diagnosis 44 (59)
  >5 bone metastases 40 (54)
  Visceral metastases 7 (9.5)
  PSA doubling time < 84 d 47 (64)
  Pain requiring opiates > 14 d 9 (12)
  Prior abiraterone 11 (15)
Note.—Unless otherwise indicated, data are numbers of 
participants, with percentages in parentheses. IULN = 
institutional upper limit of normal, PSA = prostate-specific 
antigen, PSMA = prostate-specific membrane antigen.
* Data are medians, with IQRs in parentheses.

Table 2: SPECT/CT Parameters

Variable Dose 1 Dose 2 Percent Change (%)
SUVmax 51.7 (31.0–89.6) 20.4 (9.8–38.1) −55 (−83 to −28)
SUVmean 8.4 (6.2–11.4) 6.1 (4.2–7.3) −30 (−56 to −13)
TTV (mL) 236 (81–688) 65 (12–215) −57 (−89 to −38)
Note.—Data are medians, with IQRs in parentheses. SUVmax = maximum 
standardized uptake value, SUVmean = mean standardized uptake value, TTV = 
total tumor volume.
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20 days after dose 2 (6 weeks). The median PSA level measured 
on or after dose 2 was 2.1 µg/L (IQR, 0.3–9.1 µg/L), and the 
median change in PSA level was −94% (IQR, −98% to −72%). A 
deep PSA response (PSA reduction ≥ 90%) was seen in 63% (45 
of 71) of participants (Fig S5). Of the 12 participants with TTV 
CR at 6-week 177Lu-PSMA-617 SPECT/CT, 11 (92%) also had a 
deep PSA response, while 76% (34 of 45) of the participants with 
a deep PSA response did not have TTV CR. The distribution of 
participants in the three categories of evaluated responses was as 
follows: TTV CR, 17% (12 of 71); deep PSA response without 
TTV CR, 48% (34 of 71); and neither TTV CR nor deep PSA 
response, 35% (25 of 71).

Survival Outcomes
At the data cutoff time point, 42 deaths had occurred. The me-
dian time from dose 2 to death was 31 months (95% CI: 25, 
33), and the 2-year survival rate was 70% (95% CI: 58, 79). 
No participant who received a first dose of 177Lu-PSMA-617 
died before the second dose. The 2-year survival rate for par-
ticipants with TTV CR at 6-week 177Lu-PSMA-617 SPECT/
CT was 83% (95% CI: 48, 96), versus 67% (95% CI: 54, 
77) for participants without TTV CR (HR, 0.26 [95% CI: 
0.08, 0.85]; log-rank P = .02) (Fig 4A). The 2-year survival 
rate for participants with a deep PSA response (≥90% PSA re-
duction) at dose 2 was 78% (95% CI: 63, 87), compared with 

Figure 2:  Quantification of total tumor volume (TTV) at lutetium 177 prostate-specific membrane antigen (PSMA)–617 SPECT/CT shows heterogeneous TTV  
responses between dose 1 (Cycle #1) and dose 2 (Cycle #2) in participants with metastatic castration-resistant prostate cancer. Posttherapy coronal attenuation-
corrected noncontrast SPECT/CT maximum intensity projection images demonstrate (A) near-complete response in a 76-year-old man, (B) complete response 
in an 83-year-old man, (C) partial TTV reduction (not complete response) in a 69-year-old man, and (D) TTV increase (ie, progressive disease) in a 74-year-old 
man. Blue-shaded regions represent semiautomatically segmented PSMA-avid tumor volume, with associated TTV values given at the bottom of each panel. The 
gradient bar shows standardized uptake value (SUV) from 0 to 5.
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56% (95% CI: 35, 73) for participants without a deep PSA 
response at dose 2 (HR, 0.48 [95% CI: 0.26, 0.90]; log-rank 
P = .02) (Fig 4B). According to response category, the 2-year 
survival rate was 83% (95% CI: 48, 96) for participants with 
TTV CR, 76% (95% CI: 58, 87) for participants with deep 
PSA response without TTV CR (log-rank P = .05 vs TTV 
CR), and 54% (95% CI: 33, 71) for participants with neither 
deep PSA response nor TTV CR (log-rank P = .003 vs TTV 
CR) (overall log-rank P = .009) (Fig 5, Table S1). The propor-
tional hazards assumption was not violated for any of the Cox 
regression analyses.

PSA PFS
During follow-up, 57 participants experienced PSA progres-
sion events; three occurred before dose 2. The 2-year PSA 
PFS rate for those with TTV CR at 6-week 177Lu-PSMA-617 
SPECT/CT was 42% (95% CI: 15, 67), compared with 
23% (95% CI: 13, 34) for those without TTV CR (log-rank  
P = .10) (Fig S6). The median time to PSA progression was 
16 months (95% CI: 4.9, not estimable) for those with TTV 
CR, compared with 9.6 months (95% CI: 8.0, 13.0) for those 
without TTV CR.

Qualitative CR Assessment
Visual assessment identified qualitative CR in nine of 74 (12%) 
participants; for seven of these participants, all three readers indi-
cated CR (≥90% disease volume reduction). All nine of these par-
ticipants also had TTV CR at 6-week 177Lu-PSMA-617 SPECT/
CT. Due to the limited number of participants identified as hav-
ing disease progression at dose 2, visually or quantitatively (4.1%; 
three of 74), qualitative progression was not evaluated.

Discussion
The ENZA-p trial prospectively evaluated lutetium 177 
(177Lu) prostate-specific membrane antigen (PSMA)–617 
SPECT/CT as an early on-treatment response biomarker for 
prediction of overall survival in participants treated with 177Lu-
PSMA-617 therapy. ENZA-p analyzed the combination of 
enzalutamide plus adaptively dosed 177Lu-PSMA-617 therapy 
versus enzalutamide alone in men with metastatic castration-
resistant prostate cancer, with 177Lu-PSMA-617 SPECT/CT 
performed 24 hours after each 177Lu-PSMA-617 therapy dose 
in the experimental arm. Our secondary analysis evaluated 
quantitative parameters at 177Lu-PSMA-617 SPECT/CT after 
the first two doses of 177Lu-PSMA-617 in participants treated 

Figure 3:  Waterfall plot shows interparticipant variability in percentage change 
in total tumor volume (TTV) at lutetium 177 prostate-specific membrane antigen–617 
SPECT/CT between dose 1 (baseline) and dose 2 (6 weeks). Positive values indicate 
increased TTV, and negative values indicate tumor volume reduction. Blue bars indi-
cate participants with TTV complete response at dose 2, defined as residual TTV less  
than 1 mL at 6-week SPECT.

Figure 4:  Kaplan-Meier curves demonstrate overall survival (OS) stratified by early response biomarkers assessed 6 weeks (dose 2) after the start of lutetium 177 (177Lu) 
prostate-specific membrane antigen (PSMA)–617 therapy. (A) OS stratified by total tumor volume (TTV) complete response (<1 mL of residual TTV) versus no complete response 
(≥1 mL of residual TTV) at 6-week 177Lu-PSMA-617 SPECT/CT. (B) OS stratified by deep prostate-specific antigen (PSA) response (≥90% decrease from baseline) versus no deep 
PSA response (<90% decrease or increase). Kaplan-Meier curves are anchored from dose 2 of 177Lu-PSMA-617 therapy (6 weeks). Percentages indicate survival rate at 2 years 
(vertical line). Numbers of participants at risk and numbers with censoring events (in parentheses) are shown below the graphs.



Radiology: Volume 319: Number 1—April 2026  ■  radiology.rsna.org� 7

177LuPSMA-617 SPECT/CT in Metastatic Castration-Resistant Prostate Cancer Ayati et al

with the combination of enzalu-
tamide and 177Lu-PSMA-617. 
We found that total tumor vol-
ume (TTV) complete response 
(CR) was prognostic for OS 
(P < .02). This finding suggests 
that early TTV CR at SPECT/
CT could serve as an alternative 
to interim PSMA PET/CT–de-
rived CR for guiding adaptive 
dosing and deintensification 
treatment regimens for PSMA 
radioligand therapy.

177Lu-PSMA-617 SPECT/
CT findings have previously 
been shown in retrospective 
studies to predict PFS and OS 
at both the 6- and 12-week 
time points in patients under-
going 177Lu-PSMA-617 therapy 
(7–9,13). The prognostic value 
of 177Lu-PSMA-617 SPECT/CT 
at 6 weeks for PFS was evalu-
ated in a study of 127 patients 
treated with 177Lu-PSMA-617 
(7). The study showed that an 
increase (vs decrease) in TTV 
at dose 2 of 177Lu-PSMA-617 
therapy predicted short PFS 
(median PSA PSF, 3.7 months vs 
6.7 months; HR, 2.5; P < .001). 
Neubauer et al (8) confirmed the prognostic value of TTV at 
6-week 177Lu-PSMA-617 SPECT/CT for OS. Marked TTV 
reduction at the 6-week time point has been used to guide 
PSMA radioligand therapy in metastatic castration-resistant 
prostate cancer, with treatment pauses allowed for patients with 
marked response to 177Lu-PSMA-617 (11). In a retrospective 
study of this approach, patients with a marked PSA and 177Lu-
PSMA-617 SPECT/CT TTV response at 6 weeks had a median 
6-month treatment break before PSA increase triggered retreat-
ment with 177Lu-PSMA-617 (11). The current study prospec-
tively confirms the prognostic benefit of TTV CR at 6-week 
177Lu-PSMA-617 SPECT/CT, presenting an early, low-cost 
alternative to interim PSMA PET/CT for adaptive dosing of 
177Lu-PSMA-617 therapy.

In the current ENZA-p substudy, only 4.1% of participants 
had an increase in TTV at 6-week 177Lu-PSMA-617 SPECT/
CT, with a median 57% reduction in TTV at 6 weeks. This 
marked response to therapy, in contrast to other trials evaluat-
ing 177Lu-PSMA-617 SPECT/CT, is almost certainly due to the 
use of two active therapies with synergistic and complementary 
effects. Although there was a clear increase in PSMA PET/CT–
derived SUVmean and TTV in 68% of patients who underwent 
PSMA PET/CT 15 days after starting enzalutamide in this 
trial cohort (14), this increase in TTV was no longer evident at 
6-week 177Lu-PSMA-617 SPECT/CT, with a reduction in vol-
ume in more than 95% of participants in the experimental arm. 
This early, marked treatment response limited the ability of this 
secondary analysis to evaluate early 177Lu-PSMA-617 SPECT/

CT quantitative findings for disease progression. However, the 
finding that CR at SPECT/CT was prognostic for OS is impor-
tant when considering TTV at SPECT/CT as a biomarker for 
treatment response.

Prior evaluation demonstrated that a reduction in PSMA 
SUVmax or SUVmean on either PET/CT or SPECT/CT scans was 
not predictive of either PFS or OS with 177Lu-PSMA-617 therapy 
(7–9,15). This study confirms the association of TTV at 6 weeks 
with OS; however, it was not possible in this analysis to determine 
whether TTV CR or SUVmean was more associated with OS, as all 
participants with no residual tumor volume also had an SUVmean 
of 0. Further evaluation of TTV and SUVmean in prospective trials 
with a higher proportion of participants with progressive disease 
may help evaluate the relative utility of PSMA TTV and SUVmean 
for predicting OS.

In contrast to TTV CR at 6-week SPECT/CT, TTV CR at 
interim (12-week) PSMA PET/CT was not predictive of OS, 
likely due to the small number of participants with CR at in-
terim PSMA PET/CT (Fig S2). Given the differences in timing 
and the number of participants with TTV CR between the two 
modalities, we did not perform a formal comparative efficacy 
analysis; our describing CR at 6-week SPECT/CT as an alter-
native to CR at interim PSMA PET/CT denotes a pragmatic 
early interim option that clearly demonstrates prognostic value 
for OS. Further, 177Lu-PSMA-617 SPECT/CT at 6 weeks en-
ables more timely treatment adaptation because of the earlier 
timing, with no additional radiopharmaceutical dosing, lower 
incremental cost, and broader availability.

Figure 5:  Kaplan-Meier curves demonstrate overall survival stratified by response category assessed at 6 weeks (dose 2) 
after the start of lutetium 177 (177Lu) prostate-specific membrane antigen (PSMA)–617 therapy. The response categories were 
as follows: total tumor volume (TTV) complete response (CR) at 6-week 177Lu-PSMA-617 SPECT/CT (Group A), deep prostate-
specific antigen (PSA) response (≥90% decrease from baseline) without TTV CR (Group B), and neither TTV CR nor deep PSA 
response (Group C). Percentages indicate survival rate at 2 years (vertical line). Numbers of participants at risk and numbers with 
censoring events (in parentheses) are shown below the graph.
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Although deep PSA response (≥90% PSA reduction) was 
associated with improved OS, our findings highlight its limita-
tions as a stand-alone biomarker. In this study sample, deep PSA 
response was common (63% of participants). Participants with 
deep PSA response without concomitant TTV CR had a lower 
2-year survival rate than those with both a deep PSA response 
and TTV CR, underscoring the risk of undertreatment if treat-
ment decisions are guided by PSA response alone. This finding is 
likely due to 177Lu-PSMA-617 SPECT/CT revealing persistent 
clonal populations that may be non-PSA-secretory, representing 
a subgroup of patients who may benefit from continued treat-
ment with PSMA radioligand despite deep PSA response. This 
complementary interplay of biomarkers supports an integrated 
approach in which SPECT/CT is used to identify heterogenous 
disease burden that may not be reflected by PSA kinetics alone. 
In ENZA-p, adaptive dosing and the decision to administer two 
instead four doses of 177Lu-PSMA-617 required both CR at 12-
week PSMA PET/CT and a marked reduction in PSA level (eg, 
to <1 µg/L). This use of complementary on-treatment biomark-
ers to guide treatment decisions is key in optimizing patient out-
comes in PSMA radioligand therapy.

This study has a number of limitations. First, only 4.1% of 
participants demonstrated an increase in TTV at dose 2, which 
limited the evaluation of 177Lu-PSMA-617 SPECT/CT for pro-
gression assessment. The potential role of TTV and SUVmean as 
biomarkers for assessment of disease progression warrants fur-
ther investigation in more diverse or less treatment-responsive 
cohorts. Second, this analysis used quantitative proprietary soft-
ware (MIM SPECTRA and MIM Encore) that is labor intensive 
and not yet routinely available in clinical practice, although steps 
toward full automation are in progress (16). The analysis used 
a minimum SUVmax of 3 and volume of 0.2 mL to identify a 
tumor deposit, as a method for evaluating tumor volume on se-
rial images. Other available software programs that use artificial 
intelligence algorithms to define tumors may have variable tumor 
volume assessments that will need to be validated for serial mea-
surement (17,18). Finally, meaningful comparison of TTV CR 
at 6-week 177Lu-PSMA-617 SPECT/CT and interim (12-week) 
PSMA PET/CT was limited due to the small sample sizes in-
volved. This comparison requires evaluation in larger trials.

In conclusion, total tumor volume complete response at lute-
tium 177 (177Lu) prostate-specific membrane antigen (PSMA)–
617 SPECT/CT at 6 weeks was associated with improved overall 
survival in participants with metastatic castration-resistant pros-
tate cancer and may be valuable as a tool, in conjunction with 
prostate-specific antigen response, for guiding adaptive dosing in 
177Lu-PSMA-617 therapy. This approach may support treatment 
personalization with greater convenience and lower cost as an al-
ternative to interim PSMA PET/CT imaging.
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