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Abstract

Purpose 

antigen tandem radioligand therapy ([177 225Ac]Ac-PSMA tandem RLT) and to explore clinical and imaging-based 
predictors of treatment response to support individualized patient selection.
Methods This retrospective, single-center study included 23 patients with mCRPC who underwent Fluor-18 ([18F]F)-

-
-

Results 

uptake value of all tumor lesions [SUVmean
SUVmean mean

P = 0.042). PSMA-tumor volume (P = 0.036) and total lesion-PSMA (P -

SUVmean as the strongest PR (P = 0.003).
Conclusion [177 225
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Introduction

Metastatic castration resistant prostate cancer (mCPRC) 
remains a major clinical challenge [1
advanced stages of disease progression treatment options 
are limited [1 -
brane antigen (PSMA)-targeted radioligand therapy 
(RLT) has emerged as a promising treatment option, par-

-emitter Lutetium-177 [2 4]. Unfor-
tunately, treatment response under Lutetium-177 [177Lu]

-

and overall survival limited to 15.3 months even under 
[177Lu]Lu-PSMA RLT [2].

Facing these challenges, targeted alpha therapy using 

enhanced cytotoxic potential due to its higher linear 

[5, 6]. Tandem approaches combining [177Lu]Lu-PSMA 
and Actinium-225 ([225

7]. Prelimi-
177 225Ac]

Ac-PSMA tandem RLT demonstrated promising response 
rates even in patients previously progressing under mono-
therapy with [177Lu]Lu-PSMA RLT [7 9]. However, 
even under tandem RLT treatment responses vary among 
patients, underscoring the need for predictive indicators to 
guide the treating physician in patient selection to opti-
mize therapeutic outcomes [8].

To date, evidence on predictors of response to tandem-

focused on identifying predictors of treatment response to 
monotherapy with [177Lu]Lu-PSMA RLT [10]. Among these, 
PSMA expression assessed on pretherapeutic PSMA-targeted 

CT) emerged as the strongest and most consistent predictor 
for outcome [11, 12]. Nonetheless, utility in the setting of 
tandem RLT, particularly among patients who have previ-
ously progressed under [177Lu]Lu-PSMA RLT monotherapy, 
remains unknown.

Thus, the present study aims to identify clinical and 
imaging-based predictors of treatment response in 
patients with mCRPC scheduled for [177 225Ac]
Ac-PSMA tandem RLT. As such, we compare the pre-

support individualized treatment planning. Moreover, we 
aim to report on common adverse events under tandem 
RLT including chronic kidney disease (CKD) and hema-

Materials and methods

Patient population

for [177 225Ac]Ac-PSMA tandem RLT were included 
(Table 1). All patients had progressive disease despite 
multiple previous treatments including radical prostatec-
tomy, radiation therapy, androgen deprivation therapy and 

Table 1 Patient characteristics (n = 23)
Variable (mean ± SD)
Age 74 ± 7
Gleason score 8 ± 1

Radical prostatectomy 63
Primary radiation therapy 17
Androgen deprivation therapy 100

91
Abiraterone acetate 90
Previous chemotherapy 95
 Docetaxel 95
 Cabazitaxel 75
[177Lu]Lu-PSMA RLT 74
 Cycles (n=) 3 ± 3
Standard laboratory value

10.6 ± 1.9
 WBC (×103 6.4 ± 2.8
 Platelets (×103 244 ± 80

2) 75 ± 20
45 ± 48
21 ± 15
194 ± 207
440 ± 485
298 ± 345

 PSA doubling time (months) 3.4 ± 4.1

 Osseous 96
 Lymph nodes 83
 Hepatic 22
 Prostate bed 17

 SUVmax 18.01 ± 10.46
 SUVmean 7.4 ± 2.05
 PSMA-TV (ml) 799 ± 792
 TL-PSMA (ml) 8666 ± 10,581
Lu Lutetium, PSMA RLT radio-
ligand therapy, PFS progression-free survival, Hb hemoglobin, WBC 
white blood cell count, eGFR
AST aspartate transaminase, ALT alanine transaminase, AP alkaline 
phosphatase LDH lactate dehydrogenase, PSA -
gen, PET positron-emission tomography, SUV standardized uptake 
value, TV tumor volume, TL total lesion
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next-generation hormonal agents. Most had also received 
previous chemotherapy and [177Lu]Lu-PSMA RLT. Tandem 
RLT was carried out in accordance to the German Medicinal 
Products Act, AMG § 13.2b and the Declaration of Helsinki. 
This study was approved by the institutional review board 

-
ously published, without analyzing predictors of treatment 
response [8].

Assessment of PET-derived parameters

Prior to initiation of [177 225Ac]Ac-PSMA tandem 
RLT, all patients underwent [18

18F]F-PSMA-1007. 

-
tion from the vertex to mid-thigh (2.5 min per bed position). 

algorithm (three iterations, 21 subsets) with Gaussian post-
reconstruction smoothing (2 mm full width at half-maxi-
mum), as previously described [13

Solutions, Stockholm, Sweden).
Whole-body tumor segmentation was performed accord-

ing to previously established protocols [11, 14
18F]F-PSMA-1007 

-
ized uptake value (SUV) threshold of 4. For each lesion, 
maximum SUV (SUVmax), mean SUV (SUVmean), PSMA-
tumor volume (PSMA-TV) and total lesion-PSMA (TL-

mean x PSMA-TV) were determined. 
Finally, for patient-based analysis average SUVmax, average 
SUVmean, summed PSMA-TV and summed TL-PSMA were 
calculated [11].

[177Lu]Lu/[225Ac]Ac-PSMA tandem RLT

[177 225Ac]Ac-PSMA tandem RLT was administered 
in accordance with a previously established treatment pro-
tocol [8

177Lu]Lu-PSMA 
225Ac]Ac-PSMA. Treatment cycles 

were repeated at intervals of 59 ± 21 days. Median number 

patient.

Assessment of clinical outcome

Patients undergoing [177 225Ac]Ac-PSMA tan-
dem RLT were closely monitored throughout the treat-
ment course. Laboratory evaluations including PSA levels, 

treatment cycle to assess treatment response and detect 
18

CT was routinely conducted after every two treatment 
cycles to evaluate imaging-based response.

Treatment response was assessed using both biochem-
ical and imaging criteria. The Prostate Cancer clinical 
trial Working Group criteria version 3 (PCWG 3) [15] 
were applied for biochemical response evaluation, while 
imaging-based response was determined according to 

1.0) [16].

response (PR) following two cycles of tandem RLT, charac-

CT [16]. For patients who discontinued tandem RLT prior to 
the follow-up after two treatment cycles, the last available 
PSA value was used for response evaluation. Additionally, 

-
dence of partial response [15, 16].

Safety was assessed by monitoring adverse events, 
including chronic kidney disease (CKD), anemia, leukocy-
topenia and thrombocytopenia. These were graded accord-

17]. To assess tolerability, we also 
evaluated clinical symptoms such as xerostomia, loss of 
appetite, nausea, fatigue and pain. CKD, anemia, leuko-
cytopenia and thrombocytopenia were also assessed at last 

177 225Ac]Ac-
PSMA tandem RLT.

Statistical analysis

For statistical analysis we used GraphPadPrism 10 
(GraphPad Software, San Diego, CA, USA) and SPSS 

eGFR and blood cell counts between baseline and during 
treatment were analyzed using paired t-test. Univariate 
Cox regression analysis was employed to assess the pre-

for predicting PR, receiver operating characteristics 
(ROC) curve analysis was performed, with the Youden 
index applied to identify the most discriminative thresh-
old [18

-
ences were assessed using the log-rank test.
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2 P = 0.0018), 
P = 0.0001), WBC 

(from 6.4 ± 2.8 to 4.8 ± 2.2 × 106 P < 0.0001) and plate-
lets (from 244 ± 80 to 191 ± 60 × 106 P < 0.0001) during 
tandem RLT (Figs. 1, 2, 3 and 4). At last available follow-
up after termination of [177 225Ac]Ac-PSMA tandem 
RLT renal function partially recovered compared to nadir 

2 
(P 1
completing RLT (WBC, 5.8 ± 2.2 × 106 P
Fig. 3 P 2) and platelets 
(218 ± 103 × 106 P 4) remained stable.

or bone marrow functional impairment before initiation of 
tandem-RLT (Figs. 1 and 2). No grade 3 leukocytopenia 
or thrombocytopenia occurred (Figs. 3 and 4
we observed no grade 4 or 5 events. Regarding other clini-
cally relevant symptoms during RLT (Table 2), xerostomia 
was reported in 18 patients, pain in 15 patients and fatigue 
in 11 patients. Loss of appetite and nausea were less com-
mon (each six cases). Of note, these symptoms, especially 

Results

Efficacy and safety of [177Lu]Lu/[225Ac]Ac-PSMA 
tandem RLT

[177 225Ac]Ac-PSMA tandem RLT led to a median 

the median reduction in PSMA-TV on follow-up [18F]

-

PSA-based).

Safety and tolerability of [177Lu]Lu/[225Ac]Ac-PSMA 
tandem RLT

[177 225Ac]Ac-PSMA tandem RLT was generally well 

Fig. 1 -

therapy ([177 225Ac]Ac-PSMA tandem RLT).(A) Violin plot 

its lowest value (nadir) during tandem-RLT and its value at last avail-
able follow-up after treatment termination. (B) Sankey diagram show-

P=0.0018) 

pre-existing renal functional impairment. eGFR partially recovered 
after treatment termination (P=0.049 relative to nadir)
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Figure 6 displays a representative case example of a 
patient demonstrating high PSMA-expression on prethera-
peutic [18

mean above the 
-

[177 225Ac]Ac-PSMA tandem RLT, underscoring the 

Discussion

-
cacy of [177 225Ac]Ac-PSMA tandem RLT in patients 
with advanced mCPRC. PR was observed in 11 out of 23 

Simultaneously, tandem RLT was generally tolerated well, 

in subject with pre-existing renal or bone marrow functional 

PSMA expression serves as a predictive biomarker for treat-
ment response, supporting its use for individualized patient 
selection to enhance clinical utility of tandem RLT.

regarding fatigue and pain, were often already reported 
before treatment initiation.

PSMA Expression on pretherapeutic PET is 
predictive for early treatment response

3), a higher SUVmean 

P = 0.042). PSMA-TV (P = 0.036) and TL-
PSMA (P
while SUVmax P = 0.057). Clini-

4
of 7) of patients with high SUVmean reached PR compared 

mean

mean seperated between patients 

delayed or no response (P = 5A) in Kaplan-
max (P

5B) and low PSMA-TV (P 5C) were also 
linked to favorable outcome. TL-PSMA also tended to reach 

P 5D).

Fig. 2

membrane antigen tandem-radioligand therapy ([177 225Ac]Ac-
PSMA tandem RLT).(A) Violin plot illustrating the baseline hemoglo-
bin (Hb), its lowest value (nadir) during tandem-RLT and its value 
at last available follow-up after treatment termination. (B) Sankey 

-

(P

patients with pre-existing anemia. Hb remained stable after treatment 
termination (P=0.35 relative to nadir)
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Fig. 4
177

[225Ac]Ac-PSMA tandem RLT).(A) Violin plot illustrating the base-
line platelets count, its lowest value (nadir) during tandem-RLT and 
its value at last available follow-up after treatment termination. (B) 
Sankey diagram showing the distribution of thrombocytopenia grades, 

-
P<0.0001) decline in platelets, though with limited 

clinical relevance. There was no thrombocytopenia grade 3. Platelets 
remained stable after treatment termination (P=0.07 relative to nadir)

 

Fig. 3
177

[225Ac]Ac-PSMA tandem-RLT).(A) Violin plot illustrating the base-
line white blood cell count (WBC), its lowest value (nadir) during 
tandem-RLT and its value at last available follow-up after treatment 
termination. (B) Sankey diagram showing the distribution of leukocy-

P<0.0001) decline in WBC, though 
with limited clinical relevance. There was no leukocytopenia grade 
3. WBC recovered after treatment termination (P=0.0015 relative to 
nadir)

 

1 3

2276



European Journal of Nuclear Medicine and Molecular Imaging (2026) 53:2271–2281

radiation from Actinium-225 comes at the cost of increased 
toxicity, including a higher incidence of CKD and hemato-
logical adverse events [5 -
ciated with a limited tissue penetration range, which may 

6].
To address these limitations, tandem RLT combining 

Lutetium-177 and Actinium-225 has been proposed to 
leverage their complementary radiobiological properties [7, 
8]. Two prior trials investigating single cycle tandem-RLT 

patients) in our study [7, 9]. Notably, this is also comparable 
to the outcome reported for [225Ac]Ac-PSMA RLT mono-
therapy in similar patient populations [21].

were limited to a single cycle of tandem RLT [9], patients in 
our cohort received up to 8 cycles. To our knowledge, this 

225Ac]Ac-PSMA 
RLT monotherapy, Feuerecker et al. report on anemia grade 

23 patients) in our cohort under tandem RLT [22]. More-
-

study [22
-
-

ated with targeted alpha and beta therapy. Of note, eGFR 
and platelets even recovered after treatment termination in 
our cohort, with Hb and platelets at least remaining stable. 

-

of tandem RLT against mono(-beta-)therapies.
Notably, the recently published VIOLET

by Buteau et al. reported on an impressive response rate of 
161Tb]Tb)-PSMA RLT. Of note, 

Auger electrons, [161

177

[225Ac]Ac-PSMA tandem RLT, without the need to com-
bine two radionuclides [23]. Another promising strategy to 

-radiation is the use 
of plumb-212 ([212Pb]Pb)-PSMA RLT [24, 25]. As plumb-

lesions and posttherapeutic imaging via single-photon emis-
24, 26]. Following encourag-

ing results in a preclinical mouse model [26], Berner et al. 
recently reported their clinical experience treating three 

expanded use in mCRPC patients [5, 19
-

6]. 
225Ac]Ac-PSMA RLT has shown promis-

-
ing [177Lu]Lu-PSMA RLT [5, 20

Table 2 Number of symptoms before and during [177 225Ac]Ac-
PSMA tandem RLT
Symptoms Before treatment During treatment

4 18
Loss of appetite 2 6
Nausea 1 6
Fatigue 9 11
Pain 11 15

Table 3 Cox regression analysis for time to partial response
Variable Haz-

ard 
Ratio

P-value

Clinical parameters at baseline
1.068 0.69

WBC (x106 1.001 0.99
Platelets (x106 1 0.96

2) 1.01 0.64
0.96 0.24
0.97 0.3
1 0.53
1 0.439
1 0.45

PSA doubling time 1.092 0.5
Number of previous cycles [177Lu]
Lu-PSMA RLT

0.92 0.56

PET-derived parameters at baseline
SUVmax 1.051 0.057
SUVmean 1.34 0.042
PSMA-TV (ml) 1.001 0.036
TL-PSMA (ml) 1 0.041

Hb hemoglo-
bin, WBC white blood cell count, eGFR -
tion rate, AST aspartate transaminase, ALT alanine transaminase, 
AP alkaline phosphatase LDH lactate dehydrogenase, PSA prostate-

PET positron-emission tomography, SUV standard-
TV tumor 

volume, TL total lesion PSMA

Table 4 Receiver-Operating characteristics
Variable AUC P-value
SUVmax 0.583 0.498 15.66
SUVmean 0.629 0.295 8.54
PSMA-TV (ml) 0.5 1 114
TL-PSMA (ml) 0.568 0.58 2796
SUV
TV tumor volume, TL total lesion PSMA
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regression analysis (P = 0.042) and Kaplan-Meier analysis 
(P = 0.0003). By contrast, traditional biomarkers such as 
PSA or liver enzymes failed to predict treatment response, 
which highlights the added value of molecular imaging over 
routine clinical parameters in patient selection for tandem 
RLT.

While numerous trials have explored predictors of 
response to [177Lu]Lu-PSMA RLT monotherapy [10], to our 

patients with [212Pb]Pb-PSMA RLT, demonstrating high 
tumor uptake [27]. Future studies should aim to compare the 

212Pb]Pb-PSMA RLT with other targeted alpha 
therapies and tandem approaches.

-

SUVmean

mean. 
Furthermore, SUVmean

Fig. 5 Kaplan-Meier Analysis for Partial Response. Higher SUVmean (P A), higher SUVmax (P B) and lower PSMA-TV (P
C P D
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completion. Nonetheless prior studies have shown that PR 
correlates with improved overall survival [30, 31], support-
ing its validation for both early and long-term treatment out-
comes under PSMA-targeted RLT.

Conclusions

The results presented in this study highlight the substantial 
therapeutic potential of [177 225Ac]Ac-PSMA tan-
dem RLT in patients with advanced mCRPC. The combined 

-emitting 

PSMA expression assessed through pretherapeutic [18F]
mean on 

presents a promising therapeutic strategy in an end-stage 
setting and integrating imaging-based biomarkers may fur-

treatment response under [177Lu]Lu-PSMA RLT monother-
apy [11, 28]. However, it can be hypothesizes that factors 
beyond PSMA-expression, such as tumor radiosensitivity 

-
ence outcomes, particularly in patients exhibiting progres-
sive disease under [177Lu]Lu-PSMA RLT monotherapy [29].

This study has several limitations. First of all, the number 

-
over, the retrospective monocentric study design introduces 
potential biases, including patient selection. Nonetheless, 
we herein focused on end-stage patients with progressive 
disease under numerous pretreatments including Lute-
tium-177 monotherapy. Additionally, the predictive value 

was solely based on [18

[18F]F-DCFPyL or Gallium-68([68Ga])-PSMA-11 is war-

Finally, PR was chosen as the primary endpoint in this 
analysis. Unfortunately, overall survival could not be 

Fig. 6

([177 225Ac]Ac-PSMA tandem RLT).Baseline 18F-PSMA-1007 
D), computed 

tomography (CT, A B) and 
C). This patient exhibited high PSMA-expression on 

-
dardized uptake value (SUVmean) was above the receiver-operating 
characteristics derived threshold of 8.54. After only one cycle of 

18

D), CT (F G H -
chemical response, there was also an imaging-based partial response 
with PSMA-tumor volume decreasing from 2061.17 ml to 3.36 ml 

burden, the patient did not experience any grade 3 adverse events dur-
ing treatment
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