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PSMA PET total tumor volume predicts outcome of patients
with advanced prostate cancer receiving [177Lu]Lu-PSMA-617
radioligand therapy in a bicentric analysis
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Abstract
Introduction [177Lu]Lu-PSMA-617 (Lu-PSMA) radioligand therapy is an emerging treatment option for patients with end-stage
prostate cancer. However, response to Lu-PSMA therapy is only achieved in approximately half of patients. It is clinically
important to identify patients at risk of poor outcome. Therefore, the aim of this study was to evaluate pretherapeutic PSMA PET
derived total tumor volume and related metrics as prognosticators of overall survival in patients receiving Lu-PSMA therapy.
Methods A total number of 110 patients form the Departments of Nuclear Medicine Münster and Essen were included in this
retrospective analysis. Baseline PSMA PET-CT was available for all patients. Employing a previously published approach, all
tumor lesions were semi-automatically delineated in PSMA PET-CT acquisitions. Total lesion number, total tumor volume
(PSMA-TV), total lesion uptake (PSMA-TLU= PSMA-TV * SUVmean), and total lesion quotient (PSMA-TLQ = PSMA-TV /
SUVmean) were quantified for each patient. Log2 transformation was used for regressions.
Results Lesion number, PSMA-TV, and PSMA-TLQ were prognosticators of overall survival (HR = 1.255, p = 0.009; HR =
1.299, p = 0.005; HR = 1.326, p = 0.002). In a stepwise backward Cox regression including lesion number, PSMA-TV, PSA,
LDH, and PSMA-TLQ, only the latter two remained independent and statistically significant negative prognosticators of overall
survival (HR = 1.632, p = 0.011; HR = 1.239, p = 0.024). PSMA-TLQ and LDH were significant negative prognosticators in
multivariate Cox regression in contrast to PSA value.
Conclusion PSMA-TV was a statistically significant negative prognosticator of overall survival in patients receiving Lu-PSMA
therapy. PSMA-TLQ was an independent and superior prognosticator of overall survival compared with PSMA-TV.
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Introduction

The management of end-stage metastatic prostate cancer is
challenging, as only limited therapeutic options are present
[1]. However, [177Lu] Lutetium PSMA-617 (Lu-PSMA)
radioligand therapy has become a promising treatment option
in end-stage prostate cancer and is currently employed after
failure of androgen deprivation therapy, next generation an-
drogen receptor targeted therapy (ARTA), and taxane chemo-
therapy [2, 3]. It offers a favorable tolerability, and the effica-
cy is currently evaluated in prospective trials, including a
head-to-head comparison against cabazitaxel [4–7].

Biochemical response (PSA decline by at least 50% from
baseline) of patients undergoing Lu-PSMA therapy is
achieved in 45–66% of cases [2, 3, 8]. Therefore, the
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identification of biomarkers that are associated with response
to Lu-PSMA therapy and outcome is of great importance, as
this would enable early management changes.

It is well known that a high volume of disease is a negative
prognostic factor of patients with prostate cancer [9, 10]. For
example, the volumetric bone scan index, which is measuring
the volumetric affection of the skeleton by metastases, was an
excellent prognosticator of overall survival in prostate cancer
patients [11]. As Lu-PSMA therapy is applied in fixed doses
and not in a disease extent adapted fashion, the tumor volume
could be even more predictive of overall survival. However,
there are contradictory reports on the prognostic value of the
total tumor volume for patients treated by Lu-PSMA therapy:
Ferdinandus et al. had not observed a statistically significant
correlation between PSMA-TV and overall survival in 50 pa-
tients treated with Lu-PSMA [12]. Yet, a preliminary analysis
by Seifert et al. found PSMA-TV to be significantly correlated
with the overall survival in patients treated with Lu-PSMA
[13].

It might be of clinical importance to evaluate the prognostic
value of PSMA-TV for Lu-PSMA patients, as PSMA-TV
could potentially be employed to anticipate the need of thera-
py intensification. Therefore, the aim of this study was to
evaluate if PSMA PET derived tumor volume parameters
can prognosticate the overall survival of patients treated with
Lu-PSMA therapy. To this end, patients from two depart-
ments, which had partly been included in previous analyses,
were included to specifically evaluate the relevance of the
total tumor volume and related parameters.

Methods

Patients and eligibility for [177Lu]Lu-PSMA-617
therapy

All patients referred to Lu-PSMA therapy in either Essen or
Münster between December 2014 and November 2018 who
underwent baseline PSMA-11 PET-CT prior to Lu-PSMA
therapy were included in this retrospective analysis. Patients
were eligible for therapy, if they met the following inclusion
criteria: progressive, metastatic castration-resistant prostate
cancer (mCRPC), history of chemotherapy (docetaxel or
cabazitaxel) if no contraindications were present, PSMA avid
tumor lesions, adequate hematological reserve and adequate
liver, as well as renal function parameters [14].

Decision for Lu-PSMA therapy was done on a case-by-
case basis in the interdisciplinary tumor boards due to clinical
indication. Data analysis was done retrospectively. The retro-
spective analysis of the Münster cohort was approved by the
local ethics committee (No. 2016-585-f-S, Ethikkommission
der Ärztekammer Westfalen-Lippe und der Westfälischen
Wilhelms-Universität Münster). The retrospective analysis

of the Essen cohort was approved by the local ethics commit-
tee (No. 19-8570-BO). The Münster cohort was previously
employed for an analysis of SUVmetrics [15]. The previously
reported patient cohort (n = 40) that was used for a preliminary
technical analysis is also included in this study [13]. Patients
from Essen have been reported previously in a study investi-
gating diffuse bone marrow involvement [16].

Administration of [177Lu] Lutetium PSMA-617 therapy

The PSMA-617 precursor was provided by ABX (ABX
GmbH, Radeberg, Germany). [177Lu] Lutetium was provided
by ITG Isotopes Technology, Garching, Germany. Syntheses
of [177Lu]Lu-PSMA-617 (Lu-PSMA) was done as described
elsewhere [17]. Lu-PSMA was administered every 8 weeks
(median 8.0 weeks [2.6]) in a medium dose of 6.7 GBq [1.2]
until disease progression, severe adverse reactions, altered
therapy regime, or death.

PSMA PET imaging

The PSMA-11 precursor was obtained from ABX (ABX
GmbH, Radeberg, Germany). Image acquisition was initiated
60 min after tracer administration. A Biograph mCT was used
for image acquisition (Siemens Healthineers, Knoxville, TN,
USA). Median time from PET acquisition until Lu-PSMA
therapy start was 32 days [18]. PET reconstruction was done
using manufacture standard tools (with iterative reconstruc-
tion and time of flight correction, but without point spread
function adjustments).

PET image analysis

A research software prototype was used for image analysis
(MIWBAS, version 1.0, Siemens Medical Solutions USA,
Inc., Knoxville, TN, USA). Semi-automated PSMA PET le-
sion delineation was done as described elsewhere [13]. For
segmentation, a liver specific threshold was employed: thresh-
old = (4.3 / liver SUVmean) * (liver SUVmean + liver SUVstandard

deviation). Briefly, all metastases with an SUVpeak greater than
the liver specific threshold were segmented. Delineable le-
sions with PSMA uptake lesser than the liver specific thresh-
old were manually added, if necessary (in 7 patients). Lesions
smaller than 0.5 ml were discarded.

Segmentation of each individual lesion was done by calcu-
lating a lesion specific threshold, which was defined as 50% of
the maximum local SUV. The volume of a segmented lesion
was denoted TV. The volumes of all lesions are summed to
obtain the whole-body PSMA-TV for each patient (Eq. 1)
[13]:

PSMA−TV ¼ ∑
lesions

TV ð1Þ
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In analogy to FDG total lesion glycolysis, the TV of each
lesion was multiplied by its SUVmean. The resulting products
are summed to obtain the whole-body PSMA-TLU for each
patient (Eq. 2) [19]:

PSMA−TLU ¼ ∑
lesions

TV*SUVmean ð2Þ

PSMA-TV is suspected to be a negative prognosticator of
survival, whereas SUVmean is suspected to be a positive prog-
nosticator; both effects may antagonize in the PSMA-TLU
biomarker [12, 13]. Therefore, the TV of each lesion was
divided by its SUVmean. The resulting quotients are summed
to obtain the whole-body PSMA-TLQ for each patient (Eq. 3):

PSMA−TLQ ¼ ∑
lesions

TV
SUVmean

ð3Þ

Statistical analysis

SPSS version 25 was used for descriptive statistics, univariate
and multivariate (Cox-) regression, spearman correlation, and
Mann Whitney U tests (IBM Corp., Armonk, NY, USA). For
stepwise Cox regression, a backward LR approach with stan-
dard settings of SPSS was employed. Logarithmic transfor-
mation (base 2, log transformed) was used for regression anal-
yses. R version 3.5.2 was used to find ideal cutoffs for survival
stratification, log rank tests, and KaplanMeier curves [20, 21].
The log-log option was used to calculate the confidence inter-
vals for overall survival time. Values are presented as median
with inter quartile range in squared brackets. H0 was rejected
if p < 0.05.

Results

Patient characteristics

All patients were castration resistant and received androgen
deprivation therapy; 97.3% had received prior next generation
antiandrogen treatment (enzalutamide and/or abiraterone).
Eighty-one percent of patients had a history of docetaxel treat-
ment (26% of cabazitaxel treatment). Detailed patient charac-
teristics are given by Table 1.

Correlation of non-image parameters and PSMA PET
derived parameters

Lesion number (ρ = 0.589, p < 0.001), PSMA-TV (ρ = 0.617,
p < 0.001), PSMA-TLU (ρ = 0.525, p < 0.001), and PSMA-
TLQ (ρ = 0.608, p < 0.001) showed statistically significant
correlations with prostate-specific antigen (PSA) levels.

Correlations with lactate dehydrogenase were not as strong
as correlations with PSA levels (Table 2).

Table 1 Patient characteristics

Patient characteristics Total cohort

Number of patients 110

Patients from Essen/Münster 25/85

Age 72 [11.1]

Gleason score 8 (range: 5–10)

Metastases locations

Bone 102 (92.7%)

Lymph nodes 84 (76%)

Liver 26 (24%)

Lung/pleura 24 (22%)

History of previous therapies

Abiraterone 92 [83.6%]

Enzalutamide 90 [81.8%]

Docetaxel 92 [80.9%]

Cabazitaxel 29 [26.4%]

Pre- Lu-PSMA therapy blood parameter

Prostate-specific antigen [ng/ml] 231.0 [587.5]

Lactate dehydrogenase [U/l] 317.0 [245.0]

Aspartate aminotransferase [U/l] 33.0 [24.0]

Alanine transaminase [U/l] 19.0 [34.0]

White blood cell count [/μl] 6.0 [2.7]

Hemoglobin [g/dl] 10.5 [2.6]

Platelets [/μl] 234.0 [117.0]

Lu-PSMA therapy

Number of Lu-PSMA cycles 3 (range: 1–12)

Time between PSMA PET and Lu-PSMA start [days] 32 [22]

Average activity per cycle [GBq] 6.7 [1.2]

Cumulated activity [GBq] 21.2 [18.9]

Values are presented as median (inter quartile range) or frequency (per-
centage of all patients); PSMA prostate-specific membrane antigen, Lu-
PSMA 177 Lu-PSMA-617 therapy

Table 2 Correlation of PSMA PET parameters and blood parameters

Parameter Prostate-specific antigen Lactate dehydrogenase

Lesion number 0.589; P < 0.001 0.317; P = 0.001

PSMA-TV 0.617; P < 0.001 0.363; P < 0.001

PSMA-TLU 0.525; P < 0.001 0.230; P = 0.016

PSMA-TLQ 0.608; P < 0.001 0.396; P < 0.001

Spearman correlations are shown. PSMA-TV PSMA tumor volume,
PSMA-TLU PSMA tumor volume multiplied by SUVmean, PSMA-TLQ
PSMA tumor volume divided by SUVmean
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PSMA PET derived parameters and overall survival

Log transformed number of lesions was a statistically signif-
icant prognosticator of overall survival in univariate Cox re-
gression (p = 0.009; HR = 1.255; 95%CI = 1.058–1.488). The
same was true for PSMA-TV (p = 0.005; HR = 1.299;
95%CI = 1.081–1.561), PSMA-TLU (p = 0.046; HR = 1.171;
95%CI = 1.003–1.367), and PSMA-TLQ (p = 0.002; HR =
1.326; 95%CI = 1.112–1.580).

In a stepwise backward Cox regression including log trans-
formed PSMA-TV and lesion number, only PSMA-TV
remained as significant parameter (p = 0.005; HR = 1.299;
95%CI = 1.081–1.561). In a stepwise backward Cox regres-
sion including log transformed PSMA-TV, lesion number,
prostate-specific antigen, lactate dehydrogenase, and PSMA-
TLQ, only the latter two remained significant parameters in
the model (LDH (p = 0.011; HR = 1.632; 95%CI = 1.120–
2.376), PSMA-TLQ (p = 0.024; HR = 1.239; 95%CI =
1.029–1.492)). Multivariate Cox regression including log
transformed prostate-specific antigen, lactate dehydrogenase,
and PSMA-TLQ confirmed the latter two to be significant
prognosticator of survival (LDH (p = 0.013; HR = 1.638;
95%CI = 1.110–2.418), PSMA-TLQ (p = 0.043; HR = 1.244;
95%CI = 1.007–1.538)). Detailed results are shown in
Table 3.

Binarized PSMA PET derived parameters and overall
survival

Median overall survival of patients was significantly different
between lesion number quartile 1 and quartile 4 (p = 0.02;
23.5 [95%CI: 11.0–NR] months vs. 8.6 [95%CI: 5.0–15.1]
months). NR denotes not determinable values due to not
reached median survival time. The same was true for quartiles
1 and 4 of PSMA-TV (p = 0.002; 21.3 [95%CI: 7.87–NR]
months vs. 7.5 [95%CI: 5.0–9.9] months) and quartiles 1

and 4 of PSMA-TLQ (p < 0.001; 23.5 [95%CI: 12.9–NR]
months vs. 7.5 [95%CI: 4.5–15.1] months). Median OS of
quartiles 1 and 4 of PSMA-TLU were not statistically signif-
icant different from each other (p = 0.17; 14.2 [95%CI: 7.0–
NR] months vs. 8.6 [95%CI: 6.5–NR] months). Figures 1 and
2 display the survival of stratified by the quartiles of PSMA-
TV, PSMA-TLU, PSMA-TLQ, LDH, and PSA.Median over-
all survival of patients in PSMA-TLQ quintile 1 (21.5
[95%CI: 12.9–NR] months), quintiles 2–4 (11.4 [95%CI:
8.6–14.8] months), and quintile 5 (5.3 [95%CI: 3.6–9.9]
months) were significantly different from each other (global
(p < 0.001), quintile 1 vs. 4 (p < 0.001), quintiles 2–4 vs. 5
(p = 0.0042), quintiles 2–4 vs. 1 (0.040)). Figure 3 displays
the stratification of PSMA-TV and PSMA-TLQ side by side.

Ideal log rank cutoffs were determined for PSMA-TLQ
(cutoff: 4.1; p = 0.011; 23.5 vs. 9.9 months), prostate-
specific antigen (cutoff: 514; p = 0.014; 14.8 vs. 7.2 months),
and other parameters (see Table 4). Figure 4 displays the
Kaplan Meier curves according to ideal log rank cutoffs.

Comparison of the Münster and Essen cohort

There was no statistically significant difference regarding
overall survival between the Münster and the Essen cohort
(11.8 vs. 11.0 months, p = 0.96; HR = 0.984; 95%CI =
0.542–1.785; p = 0.957; see Fig. 4). Comparing the Münster
and Essen cohort, the cumulated Lu-PSMA activity (19.3 vs.
22.2; p = 0.853), lactate dehydrogenase (316.5 vs. 317.0; p =
0.332), and prostate-specific antigen (284.0 vs. 145.0; p =
0.254) were not significantly different (see Fig. 5).

Tumor volume and metastases location

PSMA-TV was a statistically significant negative prognosti-
cator (HR = 1.236; 95%CI = 1.025–1.490; p = 0.027) in a
multivariate Cox regression adjusted for presence of visceral

Table 3 Regression of baseline
parameters and overall survival Parameter Univariate Cox regression

HR [95%CI]

Multivariate Cox regression

HR [95%CI]

PET parameter

Lesion number 1.255 [1.058–1.488] P = 0.009

PSMA-TV 1.299 [1.081–1.561] P = 0.005

PSMA-TLU 1.171 [1.003–1.367] P = 0.046

PSMA-TLQ 1.326 [1.112–1.580] P = 0.002 1.244 [1.007–1.538] P = 0.043

Blood parameter

Prostate-specific antigen 1.147 [1.021–1.289] P = 0.021 0.994 [0.861–1.147] P = 0.937

Lactate dehydrogenase 1.901 [1.347–2.685] P < 0.001 1.638 [1.110–2.418] P = 0.013

All included parameters were log (base2) transformed.HR hazard ratio, CI confidence interval, PSMA-TV PSMA
tumor volume, PSMA-TLU PSMA tumor volume multiplied by SUVmean, PSMA-TLQ PSMA tumor volume
divided by SUVmean
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(liver, lung, and/or pleura) (HR = 1.630; 95%CI = 0.950–
2.795; p = 0.076), lymph node (HR = 1.060; 95%CI =
0.543–2.068; p = 0.865), or bone metastases (HR = 1.726;
95%CI = 0.587–5.071; p = 0.321). Likewise, PSMA-TLQ
was a statistically significant negative prognosticator (HR =
1.278; 95%CI = 1.064–1.535; p = 0.009) in a multivariate
Cox regression adjusted for the presence of visceral (liver,
lung, and/or pleura) (HR = 1.640; 95%CI = 0.959–2.803;
p = 0.071), lymph node (HR = 1.153; 95%CI = 0.590–2.253;
p = 0.678), or bone metastases (HR = 1.601; 95%CI = 0.540–
4.747; p = 0.396).

Discussion

The present study evaluated PSMA tumor volume as bio-
marker to prognosticate the outcome of patients with
mCRPC who were receiving Lu-PSMA therapy. To this

end, the total tumor volume and related parameters were quan-
tified in the baseline PSMA PET-CT acquisition prior to the
first administration of Lu-PSMA therapy. The total tumor vol-
ume was a statistically significant negative prognosticator of
survival. The integration of SUV and total tumor volume
(PSMA-TLQ) leads to an improved stratification of patients
according to outcome. Finally, PSMA-TLQ remained an in-
dependent prognosticator of survival in a multivariate regres-
sion including LDH and PSA blood levels.

It was shown previously that the total osseous tumor vol-
ume of patients with prostate cancer is a negative prognosti-
cator of overall survival [11]. Moreover, Armstrong et al.
could show that the risk of death increased with each quartile
of osseous tumor volume [11]. The total osseous tumor vol-
ume could therefore be employed to identify homogeneous
groups of patients, which might benefit from altered therapy
regimes. However, as visceral metastases are also frequently
present in prostate cancer patients and are associated with a

Fig. 1 Quartiles of PSMA tumor
volume and overall survival. (a)
depicts boxplots of the PSMA
tumor volume (PSMA-TV) quar-
tile 1 to quartile 4. The overall
survival is separately shown for
each PSMA-TV quartile (b).
Exemplary patients of each quar-
tile were shown together with
blood levels of prostate-specific
antigen (PSA) (c–f)
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poor outcome, a total tumor volume metric could be an even
better prognosticator of overall survival in prostate cancer pa-
tients [1].

Other biomarkers have been employed to assess the disease
extent and prognosis of prostate cancer patients. For example,
the PCWG guideline recommends measuring prostate-
specific antigen (PSA) blood levels to assess biochemical re-
sponse to therapy [22]. However, the association of PSA
levels and the total tumor volume might be hampered by an-
drogen deprivation therapy and more importantly prostate
cancer heterogeneity together with treatment-induced dedif-
ferentiation [18, 23]. This is in line with the findings of the
present study. PSA was not a statistically significant prognos-
ticator of overall survival, which is indicating its limited value
to monitor therapy response. Thus, therapeutic decisions in
mCRPC should not be based on PSA but on imaging data
and clinical symptoms.

Due to the detection of both bone and soft tissue metasta-
ses, PSMA PET derived total tumor volumemight be superior
to bone scan derived total tumor volume [24]. Therefore, sev-
eral approaches have been proposed to quantify the total tu-
mor volume in PSMA PET: Gafita et al. had proposed
qPSMA, a software which segments all malignancy suspi-
cious lesions in PSMA PET acquisitions based on a liver

specific threshold [19]. Ferdinandus et al. had proposed a
method in which all lesions were segmented by employing
an SUV threshold of 3 [12]. Seifert et al. had proposed a
two-step approach in which a liver specific threshold was
employed for lesion selection and a regional threshold (50%
of the local SUVmax) for lesion segmentation [13]. In the pres-
ent study, the quantification approach of Seifert et al. was
employed [13].

There are diverting reports on the prognostic value of
PSMA PET derived total tumor volume in patients with end-
stage prostate cancer who receive Lu-PSMA therapy:
Ferdinandus et al. could show that the FDG PET derived total
tumor volume and the bone scan derived tumor volume were
negative prognosticators of survival; yet the PSMA PET de-
rived tumor volumewas not a statistically significant prognos-
ticator in their study [12]. This finding seems counter intuitive,
as greater tumor volume is generally linked with worse out-
come. Seifert et al. could show that the tumor volume is a
negative prognosticator of overall survival in a preliminary
analysis [13]. Here, we corroborated these findings by broad-
ening the patient collective and including patients from a sec-
ond department. PSMA-TVwas a statistically significant neg-
ative prognosticator of overall survival. In line with the find-
ings from the bone scan tumor volume analyses, the PSMA-

Fig. 2 Quartiles of PET and
blood biomarkers and overall
survival. Patients were stratified
on the basis of PSMA-TLU
quartiles (a), PSMA-TLQ quar-
tiles (b), prostate-specific antigen
blood level quartiles (c), and lac-
tate dehydrogenase blood level
quartiles (d)
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TV parameter was superior to the lesion number as a prognos-
ticator of overall survival in patients with end-stage prostate
cancer.

It was shown previously that SUVmean is a positive prog-
nosticator of survival for patients with end-stage prostate can-
cer receiving Lu-PSMA therapy [12, 15]. In line with the
concept of theranostics, high SUVmean is associated with

higher tumor doses of Lu-PSMA therapy and should therefore
be linked to a favorable outcome [25]. Therefore, the integra-
tion of tumor volume and SUV to form a combined biomarker
seems reasonable, which was done in analogy to FDG total
lesion glycolysis by Seifert et al. and Gafita et al. [13, 19].
However, as the tumor volume is a negative prognosticator
and SUV uptake a positive prognosticator, both metrics may

Fig. 3 PSMA-TV and PSMA-
TLQ and overall survival.
Quintile 1, quintiles 2–4, and
quintile 5 of PSMA-TV (a) or
PSMA-TLQ (b) were employed
to stratify patients and compare
the median estimated overall sur-
vival between the strata. Number
at risk tables were given by (c)
and (d), respectively. Boxplots of
quintile 1, quintiles 2–4, and
quintile 4 were separately shown
for PSMA-TV (e) and PSMA-
TLQ (f)

Table 4 Binarized baseline
parameters and overall survival Parameter Threshold Above threshold

OS [95%CI]

Below threshold

OS [95%CI]

p Value

Lesion number 9 NR [11.0–NR]; n = 16 11.1 [7.5–13.2]; n = 94 0.004

PSMA-TV 41.1 NR [7.8–NR]; n = 19 11.2 [7.5–14.2]; n = 91 0.036

PSMA-TLU 495.2 NR [7.9–NR]; n = 18 11.1 [7.5–13.2]; n = 92 0.015

PSMA-TLQ 4.1 23.5 [12.9–NR]; n = 26 9.9 [7.0–13.2]; n = 84 0.011

Prostate-specific antigen 514 14.8 [11.4–25.5]; n = 77 7.2 [5.1–8.6]; n = 33 0.014

Lactate dehydrogenase 316 15.6 [11.0–NR]; n = 54 7.5 [5.7–11.8]; n = 55 0.020

NR not available due to not reached median survival, CI confidence interval, PSMA-TV PSMA tumor volume,
PSMA-TLU PSMA tumor volume multiplied by SUVmean, PSMA-TLQ PSMA tumor volume divided by SUVmean
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antagonize in the PSMA-TLU biomarker. Therefore, a novel
biomarker (PSMA-TLQ)was proposed by this study, which is
the quotient of total tumor volume and SUVmean. As expected,
PSMA-TLQ was a better prognosticator of survival compared
with lesion number and even to PSMA-TV. Interestingly,
PSMA-TLQ remained a significant prognosticator of overall
survival, even if the regression was adjusted for the presence
of visceral, bone, and lymph node metastases. Therefore, it
might be warranted to evaluate PSMA-TLQ in future studies
and determine if the weighting between tumor volume and
SUV can be optimized.

The estimated overall survival of patients significantly de-
creased with increasing PSMA-TLQ. Interestingly, the overall
survival between quintile 1, quintiles 2–4, and quintile 5 were
statistically significant different. Quintiles 2 to 4 were pooled,
as these were not adequately separating groups with distinct
median overall survival, which was likely due to the limited
sample size. Stratification of patients according to quintiles of
a radiographic biomarker is in line with the findings of

Armstong et al. regarding the bone scan tumor volume [11].
Therefore, the PSMA-TLQ biomarker might be used to iden-
tify homogenous patient cohorts for treatment intensification.

PSMA-TLQ was a statistically significant prognosticator
of overall survival; the metric integrates the tumor volume
and SUVmean. As mentioned above, higher SUVmean is gener-
ally associated with higher dose delivery through PSMA
targeted therapy [25]. If more aggressive prostate cancer cell
phenotypes evolve, the PSMA expression might decrease
[26]. Because of that, FDG PET is sometimes performed in
addition to PSMA PET, which helps to detect dedifferentiated
metastases [12]. To date, it remains unclear if the favorable
outcome of end-stage patients with a strong PSMA expression
is due to higher dose delivery, lesser dedifferentiation, or a
combination of both. Interestingly, high PSMA expression
can likewise be a marker of aggressive tumor phenotypes.
Especially in the primary staging of prostate cancer, strong
PSMA expression is associated with higher Gleason scores
[27]. However, the implications of in vivo PSMA tracer

Fig. 4 Stratification of PSMA-
TV or PSMA-TLQ by ideal log
rank cutoffs. A log rank cutoff
finder was employed for PSMA-
TV (a) or PSMA-TLQ (b) to form
groups and compare the estimated
median overall survival.
Additionally, a number at risk ta-
bles were shown for PSMA-TV
(c) and PSMA-TLQ (d). Boxplots
of PSMA-TV (e) and PSMA-
TLQ (f) were shown as well
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uptake are poorly elucidated in a castration resistant and met-
astatic situation.

The present analysis had some limitations. The analysis
was performed retrospectively and is therefore prone to selec-
tion biases. Alkaline phosphatase levels were not present for
all patients. Moreover, the tumor volume was determined as
whole-body metric and not in an organ-wise manner. As vis-
ceral metastases are associated with shorter overall survival
time, future studies should quantify an organ system wise
tumor volume. Additionally, the sample size was limited,
which might hamper generalizability. However, to minimize
those effects, a bicentric approach was chosen. No FDG PET
was included in the analysis as it was not implemented in the
clinical routine for the included patients. The volume of
dedifferentiated tumor parts that could not adequately be cap-
tured by PSMA PET might have been correctly quantified by
FDG PET. Therefore, future studies integrating the findings of
FDG PET and PSMA PET are warranted. These studies
should also evaluate PSMA-TV and PSMA-TLQ changes
over time to establish both as response parameters.

Conclusion

PSMA tumor volume was a negative prognosticator of sur-
vival in patients treated with Lu-PSMA therapy. PSMA-TLQ,

a metric integrating PSMA tumor volume and PET uptake,
was a statistically independent prognosticator of survival in a
multivariate analysis and might be a new PET based metric to
prognosticate response to radioligand therapies. Future studies
are warranted to corroborate these findings in end-stage pros-
tate cancer patients treated with other systemic therapies.
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