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Background

Prostate-specific membrane antigen (PSMA) targeting radioligands have transformed treatment of prostate cancer. Radioligand therapy (RLT) with 177Lu-PSMA in metastasized castration resistant prostate cancer (mCRPC) achieves objective response and disease stabilization in roughly two third of patients, whereas one third of patients progress. This study was performed to assess the role of interim PSMA PET/CT after the 2nd cycle of RLT for early prediction of overall survival in patients undergoing RLT with 177Lu-PSMA.



Methods

38 mCRPC patients (68.9 ± 8.1 y) treated with at least two cycles of RLT at 8 week intervals and interim 68Ga-PSMA PET/CT (PET) at 8–10 weeks after the 2nd cycle of RLT were included in this study. Prostate-specific antigen (PSA) response was evaluated according to the Prostate Cancer Working Group 3 criteria. Radiographic response assessment of soft tissue, lymph node, and bone lesions was performed according to RECIST 1.1 including the PET component. Patients’ data were collected for follow-up from the local Comprehensive Cancer Center Register.



Results

Median follow-up was 19.7 months (4.7–45.3). PSA response after the 2nd therapy cycle showed partial remission (PR) in 23.7%, stable disease (SD) in 50%, and progressive disease (PD) in 26.3% of patients. In comparison, 52.6, 23.7, and 23.7% of patients showed PR, SD, and PD respectively on PET/CT. The strength of agreement between PSA response and PET/CT response criteria was only fair (kappa 0.346). Median overall survival (OS) was 22.5 months (95% CI: 15.8–29.2). Median OS stratified to PSA/PET response was 25.6/25.6 months for PR, 21.7/30.6 months for SD and 19.4/13.1 months for PD (p = 0.496 for PSA and 0.013 for PET/CT response).



Conclusions

Interim PSMA PET/CT based response evaluation at 8–10 weeks after the 2nd cycle of RLT is predictive of overall survival and PD in patients treated with 177Lu-PSMA. On the contrary, PSA appears to have only limited predictive value.
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Introduction

Prostate cancer (PCa) is one of the most common cancers and the second most frequent cause of cancer related mortality in the United States (1). Despite advancement in the therapeutic armamentarium, the 5-year survival rate is approximately three times higher in patients with locally advanced PCa in comparison to metastasized PCa (1). This highlights the need for development of novel treatment options and improvement of existing ones for metastasized PCa. In addition, considering the number of different treatment options and their toxicity, standardization of the sequences of treatment regimens and defining subgroups of patients with poor outcomes upfront are an absolute necessity. One of the ways to achieve this is by using specific targets on PCa for diagnosis and treatment.

Prostate specific membrane antigen (PSMA) is over-expressed in PCa, both on the primary tumor as well as in metastases (2). Labeled with radionuclides, e.g. 68Ga or 18F, PSMA PET/CT has high diagnostic performance for staging and restaging of PCa patients (3–5). Furthermore, PSMA imaging allows visualization and quantification of target expression for radionuclide treatment with 177Lu-PSMA (6, 7).

Several previous studies have shown safety and efficacy of radioligand therapy (RLT) with 177Lu-PSMA in metastasized castrate resistant prostate cancer (mCRPC) patients (8, 9). Although there are different protocols for RLT, majority of the guidelines recommend treatment with four therapy cycles (8, 10, 11). RLT achieves objective response and disease stabilization in roughly two third of patients, whereas one third of patients progress. Unfortunately, even now there are not much data to rely on reliable biomarkers for prediction of response to RLT. Some potential predictors for response have been reported such as elevated alkaline phosphatase or lactate dehydrogenase, presence of visceral metastases, higher intensity of tumor uptake, previous chemotherapy, etc. (8, 12, 13). However, none of these parameters are implemented in the response assessment of PCa. Literature on PSA based response criteria as predictor for overall survival after RLT is lacking. Similarly, data is sparse on the predictive role of interim PSMA PET/CT after 2nd RLT.

In our study, we assessed the role of interim PSMA PET/CT (defined as PET/CT performed 8–10 weeks after the 2nd cycle of treatment) for prediction of overall survival in patients who received at least two cycles of 177Lu-PSMA 617.



Methods


Patient Population

Between 2015 and 2017, a total of 63 patients were treated with RLT with 177Lu-PSMA 617. Only patients (n = 38) who were investigated with interim PSMA PET/CT after two therapy cycles were included for the analyses. Data of thirty-eight patients (68.9 ± 8.1 y) with histologically confirmed PCa treated with at least two cycles of RLT at 8 weeks interval were retrospectively analyzed. Response assessment by PET/CT was performed at 8–10 weeks after the 2nd therapy cycle. All patients analyzed in this study gave written informed consent for treatment and analyses of their clinical data, and the study was approved by the local institutional ethics committee (EA2/177/17). RLT with 177Lu-PSMA and imaging with 68Ga-PSMA were both performed under national regulations of compassionate use of a non-approved drug according to AMG §13.2b (German Medicinal Product §13.2b) (14, 15). All patients had a metastasized castrate resistant prostate cancer progressive disease and showed PSMA expression on 68Ga-PSMA PET/CT. The decision for 177Lu-PSMA therapy was taken in an interdisciplinary setting. Decision to continue or discontinue RLT after interim staging after two RLT cycles was also taken in an interdisciplinary setting.



Preparation and Administration of 177Lu-PSMA

For radiolabeling, PSMA-617 was obtained from ABX Advanced Biochemical Compounds (Radeberg, Germany), and 177Lu was obtained from ITM (Munich, Germany). The process of radiolabeling has been described in detail elsewhere (5). According to the national regulations, quality control procedures were performed by an experienced radiochemist, and the final decision regarding the appropriateness of radiolabeling and the decision for application of the 177Lu-PSMA were taken by board-certified nuclear medicine physicians, all with more than 10 years of experience in targeted radionuclide therapy. Radiochemical purity was more than 99% in all cases using, TLC using Wallac Wizard Gamma Counter and radio- HPLC system (Knauer Azura).

177Lu-PSMA-617 was administered according to the consensus guideline of the German Nuclear Medicine Society (10). Briefly, patients were hydrated with 1.5 l of NaCl infusion 30 min before the start of the infusion of the radiopharmaceutical. Patients received 177Lu-PSMA-617 as an i.v. infusion over 10–15 min. Blood pressure and vital signs were monitored at close intervals for 1 h after the injection.



Efficacy and Response

Biochemical response was assessed using PSA values determined immediately prior to the first cycle and 8–10 weeks after the second treatment cycle. According to the Prostate Cancer Work Group 3 criteria, a PSA decline ≥50% was considered as partial response, and a PSA rise ≥25% as progressive disease, and values in between were considered as stable disease (16).



Image Based Response Assessment

PSMA PET/CT (diagnostic CT facultative with iodine contrast media) was performed as already described (5). Baseline 68Ga-PSMA PET/CT was performed within 4 weeks prior to the first cycle RLT with 177Lu-PSMA. Response assessment by PET/CT was performed at 8–10 weeks after the 2nd cycle RLT with 177Lu-PSMA. Further imaging was performed at subsequent 3 months intervals or earlier based on the clinical needs/biochemical progression.

Use of RECIST for evaluation of response to systemic therapy in prostate cancer has some major limitations due to the common presence of osteoblastic skeletal lesions which are considered non-measureable. To overcome this issue, analog to RECIST 1.1, we incorporated PET information to evaluate bone lesions. In RECIST 1.1 Bone scan, PET scan or plain films are not considered adequate imaging techniques to measure bone lesions. However, both bone scan and PET scan have been suggested as a possible means to confirm the presence or disappearance of bone lesions. 2-deoxy-2-[18F]-fluoro-D-glucose (FDG)-PET can be used for detection of possible new disease in RECIST 1.1.

With this background, we defined response on 68Ga-PSMA PET/CT, hitherto named as RadioLigand Therapy Response Evaluation Criteria for Prostate Cancer or RLT-REC-PCA, as follows:

	Complete Remission (CR): no lesion seen on CT and PET

	Partial Remission (PR): decrease of more than 30% of the sum of target lesions’ diameter (for lymph nodes, liver, and lung metastases) and no evidence of new visceral and bone lesions on 68Ga-PSMA PET or on CT

	Progressive Disease (PD): more than 20% increase in the sum of the target lesions and/or at least >5 mm increase in the target lesion, and/or evidence of new bone lesions or evidence of new lymph node or soft tissue lesions on PET or CT

	Stable Disease: neither CR, PR, or PD.



All the images were analyzed by two board certified nuclear medicine physicians and one radiologist. Any discrepancies between PET and CT were resolved using best valuable comparator comprising of clinical, imaging, and biochemical follow-up (17). As interobserver correlation with PSMA PET/CT is very high, any discrepancies were, in addition to using the best valuable comparator, also solved by taking a common consensus during reporting.



Statistics

IBM SPSS version 24 was used for statistical analysis. Data are presented as mean, median, and ranges or as frequencies. Kaplan–Meier curve was used to evaluate differences in OS between patients with PSA/PSMA PET/CT PD and those with non-PD, or PR, and SD. All tests were two-sided. Cohens Kappa test was performed to calculate the strength of agreement between PSA and PSMA PET/CT based response assessment. Fisher exact test was performed to rule out non-random association between two categorical variables. P < 0.05 was taken as significant.




Results

Patients were treated with 5.5 ± 1 GBq RLT/cycle; median of three (range 2–5) cycles per patient at 8-week intervals was performed. Seven patients were treated with two therapy cycles, whereas 28 received three therapy cycles; one was treated with four therapy cycles, and only two patients received five therapy cycles. Median Gleason Score was 8 (range 6–10). RLT was performed in 24/38 (63%) of the patients before chemotherapy and in 14/38 (37%) after chemotherapy (Tables 1 and 2). 34/38 patients had high tumor burden (>10 lesions).


Table 1 | Patients’ Characteristic.




Table 2 | showing patient’s age, Gleason Score (GS), number (No.) of radioligand therapy (RLT) cycles, prior enzalutamide therapy (enzalutamide), prior chemotherapy (Chemo), baseline PSA (PSAb), % PSA change from baseline, response o PSMA PET/CT.




PSA Response

After two RLT cycles, 9/38 (23.7%) patients achieved PR; in 19/38 (50%) disease was stabilized (SD), whereas in 10/38 (26.3%) of patients disease was progressive (PD). Figure 1A shows the waterfall plot of the % change in PSA after two cycles of RLT. Figure 1B shows the max % changes in PSA in comparison to the baseline.




Figure 1 | (A) Waterfall plot of maximum PSA changes (%) from baseline after two RLT cycles. PSA increase over 100% were cropped for ease of presentation. (B) Baseline PSA vs. maximum PSA changes (%) from baseline after two RLT cycles. Values over 100% were cropped for ease of presentation.





PSMA PET/CT Response

Based on 68Ga-PSMA PET/CT response criteria, 20/38 (52.6%) of patients achieved PR after two RLT cycles; in 9/38 (23.7%) disease was stabilized (SD), whereas in 23.7% disease progressed (PD). The strength of agreement between PSA based response and PSMA PET/CT based criteria was only fair (kappa = 0.346).

Majority of the patients (five; 71%) treated with only two therapy cycles were previously managed with chemotherapy. In comparison only nine out of 31 patients (29%) receiving more than two therapy cycles were previously treated with chemotherapy. However, there was no significant association between disease status after two RLT cycles and pre-RLT chemotherapy (p = 0.127) or number of therapy cycles (two or more) and pre-RLT chemotherapy (p = 0.08).



Survival

Median duration of follow-up was 19.7 months (4.7–45.3). 24/38 (63%) patients died during the follow-up. Median OS was 22.5 months (95% CI: 15.8–29.2) (Figure 2). Median OS stratified to PSA response criteria was as follows: for patients classified as PR 25.6 months, SD 21.7 months and PD 19.4 months (p = 0.496); Figure 3A. Median OS stratified according to interim PSMA PET/CT response was as follows: PR 25.6 months, SD 30.6 months, PD 13.1 months (p = 0.013); Figure 3B. Median OS of patient with SD and PR clubbed together as non-PD was 25.6 months in comparison to median OS of 13.1 months for PD patients (p = 0.03). Patients with SD or PR on PSA response after two cycles was found to be 18.5 months in comparison to 12.5 months for patient having PD (p = 0.528). Figure 4A shows the median OS stratified according to PD vs non-PD based on PSMA PET/CT. Figure 4B shows the median OS in PD vs non-PD based on PSA response.




Figure 2 | Overall Survival Kaplan–Meier Curve of the whole cohort.






Figure 3 | (A) Overall Survival Kaplan–Meier Curve based on PSMA PET/CT response evaluation. (B) Overall Survival Kaplan–Meier Curve based on PSA response evaluation.






Figure 4 | (A) Kaplan–Meier curve showing overall survival of patients with and without PD according to the PSMA PET/CT response. (B) Kaplan–Meier curve showing overall survival of patients with and without PD according to the PSA response.






Discussion

Robust and reliable surrogate markers for prediction of overall survival of a patient undergoing treatment with RLT is crucial, as not all PCa patients benefit from it. In this study we could demonstrate that interim RLT-REC-PCA after the 2nd cycle is predictive of overall survival and is better suited for distinguishing PD from non-in comparison to PSA (Figures 2A, B). In our study, we observed biochemical response rates, as defined by a PSA decline ≥50%, in 23.5% of patients after two cycles of RLT. This result is somewhat different in comparison to other published studies (8, 18). Kambiz et al. have reported a PSA decline of ≥50% in 57% of the patients after 2nd RLT, whereas Fendler et al. reported a PSA decline of ≥30% in 47% of patients (8, 18). This discrepancy may be due to the differences in the timing of PSA measurement used for biochemical response evaluation. Prostate cancer working group criteria suggest that PSA values at 12 weeks should be considered for response assessment with PSA (16). PSA measurement for response assessment in our study was performed at 8–10 weeks after therapy and, thus, closer to the recommended time point in comparison to other published studies or guidelines whereas in other studies any PSA values after the 2nd treatment cycle were considered (8, 10, 11).

In contrast to PSA response, PSMA PET/CT based response evaluation showed objective response (52.6% PR and 23.7% SD) in about three-fourths of the patients and PD in 23.7%. Figures 5–7 show examples of patients showing concordant and discordant results between PSA and RLT-REC-PCA response. Fendler et al. reported similar results with PR in 27%, SD in 40% (objective response 67%) and PD in 33% of patients based on 68Ga-PSMA PET/CT response assessment in 15 patients after two treatment cycles (19). A direct comparison of our results with previously published data is hampered by the fact that our image based response analysis was based upon RECIST 1.1 with integration PET data for bone metastases assessment whereas Fendler et al. used only measurable CT based assessment excluding bone lesions (16).




Figure 5 | (A) Example of a patient where both PSA and PET showed similar results: progressive disease. After two therapy cycles PSA values increased from 93.2 to 214.2 ng/ml. PET/CT showed new bone lesions as well progression of previously known lesions. (A–C) represent baseline images whereas (C–E) represent interim PET/CT. (A, D): axial CT slices; (E): axial fused PET/CT images; (C, F) maximum intensity projection images. (B) Example of a patient where both PSA and PET showed similar results: progressive disease. After two therapy cycles PSA values increased from 327 to 1467 ng/ml. PET/CT showed diffuse new bone lesions. (A–C) represent baseline images whereas (C–E) represent interim PET/CT. (A, D): axial CT slices; (B, E): axial fused PET/CT images; (C, F) maximum intensity projection images.






Figure 6 | Example of a patient where both PSA and PET showed similar results: partial remission. After two therapy cycles PSA values decreased from 46.4 to 1.42 ng/ml. PET/CT also showed partial remission. (A–C) represent baseline images whereas (D–F) represent interim PET/CT. (A, D): axial CT slices; (B, E): axial fused PET/CT images; (C, F): maximum intensity projection images.






Figure 7 | Example of a patient where PSA and PET showed discordant results. PSA showed progressive disease with PSA rising from 24.3 to 35.8 ng/ml. PSMA PET/CT showed partial remission. (A–C) represent baseline images whereas (D–F) represent interim PET/CT. (A, D): axial CT slices; (B, E): axial fused PET/CT images; (C, F): maximum intensity projection images.



Baum et al. published results of molecular imaging based response evaluation in 25 patients (20); 56% showed PR in 68Ga-PSMA PET, whereas RECIST based evaluation showed partial remission in only 20% of the patients. The authors explained this discrepancy between molecular imaging and CT based response by the lower sensitivity of stand-alone CT in the assessment of skeletal lesions. Another difference in response evaluation to our study is that we performed 68Ga-PSMA PET/CT 8 weeks after the 2nd cycle of RLT, and thereafter response evaluation was based on a standard procedure, whereas Baum et al. performed response evaluation 6 months after the 2nd cycle of RLT (20).

It has been shown that post therapy PSA values are significantly influenced by the release of PSA from tumor cells responding to treatment. This makes PSA an unreliable biomarker in the context of clinical management, and more often than not in case of clinical and biochemical discrepancy, imaging is called upon to assess the response. Interestingly, there was only a weak correlation between these two response evaluation methods. The limitation of PSA as a biomarker for response assessment has been investigated and reported several times (18). It must be mentioned here that there are certain other PSA based parameters which needs further evaluation e.g. initial PSA, PSA nadir, and PSA kinetic.

To resolve the question which one of the two tools, PSA or PSMA PET/CT, is more appropriate for response assessment, we also analyzed the predictive value of interim PSMA PET/CT and PSA on OS. Median survival of patients with progressive disease after two RLT is 1.93 times shorter in comparison to patients without PD. In comparison, PSA was not found to be predictive for OS; we also could not observe any differences in the OS between PD and non-PD patients. It remains to be seen in larger study cohorts if the interim PET performed 8–10 weeks after the 2nd cycle of therapy is the best time point for response assessment. Interestingly, the median OS of patients achieving PR on RLT-REC-PCA was not significantly different as compared to patients achieving SD. One plausible explanation for this paradigm is that RLT-REC-PCA has RECIST 1.1 as its base and includes PET component only to diagnose or characterize new lesions or bone lesions and does not take into consideration the changes in PSMA expression on target lesions. However, several studies have shown that the PSMA expression on PCa metastases is variable in time (temporal heterogeneity) and location of tumors (spatial heterogeneity) (21). For example, liver metastases have shown lower PSMA expression in comparison to other sites of metastases. On the contrary, lymph nodes generally show homogeneous PSMA expression. Bone/bone marrow metastases can also have variable PSMA expression (22). This often necessitates including CT information in PET evaluation for correct assessment of tumor response.



Limitations and Future Perspective

Limitations of this explorative study are the retrospective approach and the relatively low and heterogeneous patient population. It remains to be seen if these results maintain their significance in larger patient population. However, these limitations are somewhat overcome by a relatively long median follow-up of approximately 20 months. Future studies are needed to find out the ways of including more PET information in RLT-REC-PCA e.g. PSA kinetic, PSMA heterogeneity, total PSMA avid lesions volume etc.



Conclusions

Interim PSMA PET/CT performed at 8–10 weeks after the 2nd therapy cycle is predictive of overall survival and PD of patients treated with 177Lu-PSMA. In contrast, PSA appears to have only limited predictive value.
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