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Purpose of the report

To explore the value of 18F-labeled prostate-specific membrane antigen (PSMA-1007) positron emission tomography (PET)/computed tomography (CT), the maximum standardized uptake value (SUVmax) of the primary tumor, prostate PSMA-tumor volume (PSMA-TVp), and prostate total lesion PSMA (TL-PSMAp) for predicting prostate cancer (PCa) metastasis and follow-up evaluation in primary PCa lesions.





Materials and methods

18F-PSMA-1007 PET/CT data of 110 consecutive newly diagnosed PCa patients were retrospectively analyzed. Patients were divided into non-metastatic, oligometastatic, and extensive metastatic groups. The predictive power was assessed using the receiver operating characteristic curve. Multi-group one-way analysis of variance and post-hoc tests were used to compare the groups. Patients were monitored post-therapy to evaluate treatment effectiveness.





Results

Among the 110 patients, 66.4% (73) had metastasis (29 oligometastatic, 44 extensive metastasis). AUCs for Gleason score (GS), total prostate-specific antigen(TPSA), SUVmax, TL-PSMAp, and PSMA-TVp were 0.851, 0.916, 0.834, 0.938, and 0.923, respectively. GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp were significantly different among the groups. In the post-hoc tests, differences in GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp between the non-metastatic and oligometastatic groups and non-metastatic and extensive metastatic groups were significant (P<0.010). Differences in TL-PSMAp and PSMA-TVp between oligometastatic and extensive metastatic groups were significant (P=0.039 and 0.015, respectively), while those among GS, TPSA, and SUVmax were not. TL-PSMAp and PSMA-TVp distinguished between oligometastatic and extensive metastases, but GS, TPSA, and SUVmax did not. In individuals with oligometastasis, the implementation of active treatment for both primary and metastatic lesions may result in a more favorable prognosis.





Conclusions

18F-PSMA-1007 PET/CT volumetric parameters PSMA-TVp and TL-PSMAp can predict PCa oligometastasis.
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Introduction

Metastasis is the main cause of complications and death in patients with prostate cancer (PCa) (1, 2). The 5-year survival rates for localized and metastatic PCa are 100% and <30%, respectively (3). More than 70% of PCa patients in China are diagnosed at the middle or advanced stages and 30% of patients have distant metastases at the time of first diagnosis, resulting in poor overall prognosis in these patients (4, 5). Improving the survival rate and quality of life in patients with metastatic PCa is a popular research topic.

Owing to the great diversity and heterogeneity among primary PCa tumors and different metastatic foci, there are obvious biological differences between localized and extensive metastases of PCa. Some scholars have proposed the concept of “oligometastatic PCa” (6, 7). The oligometastatic state was first proposed by Hellman and Weichselbaum in 1995 and then widely applied. This state refers to an intermediate stage between localized and widespread metastases (8). At this stage, the biological aggressiveness of the tumor is mild, with a limited number of metastatic tumors and limited metastatic organs (9), and has not yet spread throughout the body. At present, the definition of oligometastatic PCa has not been clearly established, particularly concerning the extent and distribution of metastatic lesions. However, a majority of studies have established a threshold of 3-5 metastatic sites on conventional imaging as the delineating criterion (10). Further studies have shown that the management of primary and metastatic lesions in individuals diagnosed with oligometastatic PCa tends to enhance both their quality of life and overall survival (11, 12).

In the past, the diagnosis of oligometastases of PCa was based on traditional imaging examinations such as whole-body bone scintigraphy and magnetic resonance imaging (MRI). However, these traditional diagnostic tools have great limitations in the accurate staging of PCa. According to previous reports, the sensitivity of bone scans for metastatic bone lesions is only 65%, and the sensitivity of computed tomography (CT) and conventional MRI for detecting lymph node metastases in PCa is approximately 36% (13, 14). Therefore, new imaging techniques are needed to identify oligometastatic states in patients with PCa.

Molecular imaging has greatly impacted the management of PCa patients, with PET/CT using 11C-choline or 18F-choline commonly used to detect metastases of PCa (15). The superior predictive value of PET/CT utilizing choline or acetate tracers, in comparison to CT and bone scans, establishes these tracers as promising diagnostic instruments for oligometastatic prostate cancer (16, 17). Due to possible uptake artifacts from inflammation and degenerative bone disease, they may not be as accurate in detecting nodal and bone metastases (18).

Prostate-specific membrane antigen (PSMA), a type II transmembrane protein with high expression in PCa cells and higher expression in cancer cells in advanced stages of cancer and anti-androgen therapy, is a novel biological PCa target (19, 20). PSMA-based positron emission tomography (PET)/CT imaging has shown great promise in PCa diagnosis, staging, prognosis, and recurrence monitoring (21); its most commonly used modality is 68Ga-PSMA-11. The maximum standardized uptake value (SUVmax), which is one of the most commonly applied parameter in 68Ga-PSMA-11 PET/CT, has been studied in depth and has been shown to be of great application value in the stage and risk stratification of PCa (22). Nevertheless, SUVmax fails to offer a comprehensive assessment of the entire tumor volume and does not accurately represent the extent of tumor burden; therefore, it has certain limitations in the prognosis assessment of PCa. Increasing evidence suggests that tumor invasiveness is related to tumor volume and burden, the tumor volume is considered as an independent risk factor in biochemical recurrence of PCa (23). Therefore, volume parameters such as prostate PSMA-tumor volume (PSMA-TVp) and prostate total lesion PSMA (TL-PSMAp) are also being studied to overcome the above-mentioned limitations (24, 25). However, there are few studies on the clinical application of tumor volume with PSMA PET/CT.

18F-PSMA-1007 is a recently developed radiopharmaceutical. Compared to other PSMA PET/CT tracers, it has the advantages of a long half-life, a high yield, and non-urinary excretion, making it more favorable for the evaluation of primary lesions and metastases of PC (26, 27). Therefore, this study aimed to analyze the correlation of the PSMA volumetric parameters (PSMA-TVp) and prostate total lesion PSMA (TL-PSMAp) in newly diagnosed PCa lesions using 18F-PSMA-1007 PET/CT imaging with clinical and pathological characteristics in comparison with SUVmax to determine the clinical value of volumetric parameters in the metastatic state of PCa. The objective is to provide a reference for selecting treatment methods and evaluating prognosis in patients with oligometastatic PCa.





Materials and methods




Patients

The data of 227 patients with PCa who underwent 18F-PSMA-1007 PET/CT between December 2019 and June 2023 were retrospectively analyzed. Patients who had complete data (including age, smoking history, previous history, family history of tumor, BMI, TPSA, MRI, whole body bone scintigraphy, pathology, etc.) and who underwent transrectal ultrasound guided prostate biopsy (TRUS) or radical prostatectomy to obtain pathological results were included. If the patient subsequently underwent radical prostatectomy, we compared the pathologic results with TRUS and selected a higher-grade Gleason score (GS) as the criterion for all PCa patients according to the European Association of Urology and the International Society of Urological Pathology 2014 classification criteria. Those with any of the following criteria were excluded: 1) PCa concomitant with other malignancies; 2) >1 month between total prostate-specific antigen (TPSA) test, prostate biopsy, and 18F-PSMA-1007 PET/CT examination; 3) treatment with endocrine first- or second-generation antiandrogen therapy (e.g. bicalut-amide) or surgical treatment (prostatectomy) or systemic therapy prior to imaging; and 4) no PSMA uptake in primary lesions of PCa.

Finally, 110 patients were included (Figure 1). The study protocol was approved by the Hospital Ethics Committee (Ethics Approval No. 2020-083, 2020-876) and followed the principles outlined in the Declaration of Helsinki. Prior to participation, all volunteers provided their informed consent by signing appropriate documentation. Follow-up mainly included telephone calls and outpatient appointments.




Figure 1 | Flow chart of patient selection.







Methods of examination

All patient examinations were performed according to PCa PSMA PET/CT imaging Guidelines (EANM Guidelines/SNMMI Procedure Standard 2.0). The 18F-PSMA-1007 PET/CT examination was performed by an experienced nuclear medicine technician licensed to work with large equipment. The study employed a GE Discovery VCT PET-CT (64-row CT) scanner, and the equipment was qualified for quality control. The 18F-PSMA-1007 was synthesized using PET-IFB-X5 (Shaanxi Zhengze Biotechnology Co., Ltd.). The purity of 18F-PSMA-1007 was assessed using high-performance liquid chromatography, yielding a result of ≥95%.The injected 18F-PSMA-1007 was 4.0 MBq/kg. A whole-body scan was performed approximately 60–90 min after injection, followed by a spiral CT scan ranging from the cranial roof to the middle femur.

The scanning parameters included a tube voltage of 140 kV, tube current of 150 mA, layer thickness of 3.75 mm, pitch of 0.875, and matrix size of 512 × 512. PET scans were conducted using a three-dimensional mode, employing a matrix of 128 × 128, and allocating 2.5 minutes per bed. The total number of beds scanned ranged from 7 to 9. CT data were utilized to correct for attenuation in the PET images, followed by image reconstruction and fusion.





18F-PSMA-1007 PET/CT image analysis

A double-blind method was employed for the analysis of the 18F-PSMA-1007 PET/CT images by two nuclear medicine physicians (both with over ten years of experience in PET-CT imaging) without prior knowledge of other imaging and histopathological findings. Visual analysis was conducted specifically for lesions exhibiting higher local uptake in the prostate than in the surrounding prostatic tissue. The circular region of interest was delineated on the axial level. The positive lesions in the prostate were delineated by 40% SUVmax with a fixed threshold method. The SUVmax, PSMA-TVp, and TL-PSMAp in the lesions were recorded (Figure 2). The criteria for lymph node metastasis were as follows: the concentration of abnormal local radioactivity uptake in the18F-PSMA-1007 PET/CT image sites (except for the salivary gland, liver, gallbladder, prostate, kidney, small intestine, ganglion, and other sites where physiological uptake was visible) was judged as positive, but the known false positive lymph node uptake (axillary, mediastinal, and inguinal lymph nodes) was excluded, and the number of lymph node metastases, TL-PSMAp, PSMA-TVp, and SUVmax in the lesion were recorded. The criteria for bone metastases were as follows: lesions with increased local skeletal uptake of PSMA, excluding known fractures, degeneration, or other benign bone diseases. All cases were verified by surgical resection, histopathological biopsy results, or clinical follow-up data, while lesions that were difficult to obtain histopathologically (such as bone metastasis and distant organ metastasis) were verified by simultaneous imaging and comprehensive clinical follow-up evaluation.




Figure 2 | Semi-quantitative parameters of the primary prostate tumor were measured on 18F-PSMA-1007 PET/CT imaging by the 3D sketching method. (A) Primary prostate cancer was revealed on whole-body maximum intensity projection (MIP) imaging (arrow); (B) the prostate positive lesion was shown on axial PET imaging; (C) the volume of interest of the prostate lesion was obtained on axial fusion image (smaller red circle surrounding the lesion). SUVmax, TL-PSMAp, and PSMA-TVp of the lesion were obtained by the threshold method as 18.549,276.247 and 26.199 cm3.







Statistical analysis

A double-blind method was employed for the analysis of the 18F-PSMA-1007 PET/CT images by the physicians. The data were analyzed using SPSS, and the predictive power was assessed using the receiver operating characteristic (ROC) curve. Statistical significance was determined at a threshold of P<0.05.

The data was analyzed using SPSS (version 26.0; IBM Corp., Armonk, NY, USA). Descriptive analyses of clinical and imaging data were performed. The normally distributed data are presented as mean ± standard deviation, and quartiles are expressed for data that were not normally distributed. The TL-PSMAp, PSMA-TVp, SUVmax, TPSA, and GS were compared between the groups using multi-group one-way analysis of variance and post-hoc tests for PCa without metastasis, oligometastasis, and extensive metastasis. The predictive power was assessed using the ROC curve. MedCalc was used to compare the differences between the area under the ROC curves(AUCs) of TPSA, GS, SUVmax, TL-PSMAp, and PSMA-TVp. Statistical significance was determined at a threshold of P<0.05.






Results




General data of patients with PCa

Table 1 shows the general data of patients with PCa. Overall, 110 patients with a median age of 70 (range, 53–87) years were included. Among them, 108 patients had acinar carcinoma of the prostate, 1 had signet ring cell carcinoma of the prostate, and 1 had intraductal carcinoma. The median TPSA was 33.98 (5.42–710.00) ng/mL, which was >20 ng/mL in 60% (66/110) of the cases. GS ranged between 6–10 and it was>8 in 60.9%(67/110) of the cases.


Table 1 | General data of the participants.



PCa did not metastasize in 37 patients and metastasized in 73; oligometastasis occurred in 29 patients; extensive metastasis in 44; lymph node metastasis in 59; bone metastasis in 54 and visceral metastasis(lung) occurred in 7 patients.





PSMA PET/CT volumetric parameters, TPSA, and GS in the diagnosis of PCa metastasis

ROC curves were employed to assess the efficacy of GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp in the detection of metastasis in PCa, with the highest AUCs shown for TL-PSMAp and PSMA-TVp (0.938 and 0.923, respectively; Figure 3). The AUC of GS, TPSA, and SUVmax was 0.851,0.916, and 0.834, respectively; (Figure 4). The best diagnostic thresholds were GS>7.5, TPSA>28.445 ng/mL, SUVmax>12.74, TL-PSMAp>43.162, and PSMA-TVp>7.677. The corresponding sensitivities and specificities at these thresholds were 80.8 and 78.4%, 79.5 and 91.9%, 88.3 and 86.7%, 90.4 and 86.5%, and 81.0 and 93.3%, respectively.




Figure 3 | Comparison of ROC curves of SUVmax, TL-PSMAp, and PSMA-TVp in diagnosis of PCa metastasis.






Figure 4 | Comparison of ROC curves of GS, TPSA in diagnosis of PCa metastasis.



We further compared the GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp AUCs for predicting PCa metastasis using MedCalc. The results showed that only the AUCs for TL-PSMAp and SUVmax, were significantly different, with Z values of 2.520 (95% confidence interval [CI]: 0.0234–0.187), P values were 0.012 in both.





Univariate comparison of PET/CT volumetric parameters clinical and pathological characteristics for the identification of oligometastases in PCa

Statistically significant between-group differences were found in GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp without metastases, with oligometastases, and with extensive metastases (Table 2). GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp showed an upward trend with an increasing number of metastases. Post-hoc tests revealed that the differences in GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp between the non-metastatic and oligometastatic groups were significant; all P values were ≤0.000. The differences in GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp between the non-metastatic and extensive metastatic groups were significant (P=0.000), and the differences in TL-PSMAp and PSMA-TVp between oligometastatic and extensive metastatic groups were also significant (P=0.039 and 0.015, respectively, Figure 4) while those among GS, TPSA, and SUVmax were not significant (P=0.364, 0.900, and 0.375, respectively). TL-PSMAp and PSMA-TVp could distinguish between oligometastatic and extensive metastases; however, neither GS, TPSA, nor SUVmax could distinguish between oligometastatic and extensive metastases.


Table 2 | Comparison of GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp between patients with PCa with different metastatic states.







Evaluation of patient follow-up screening

In order to verify the role of SUVmax, TL-PSMAp, and PSMA-TVp PET/CT in the evaluation of patient prognosis, 83 patients were followed up for 25 months (range, 8-48 months), and lost follow-up of 27 patients (Table 3). Within this group, 22 patients were identified as having no metastasis, 22 had oligometastasis, and 39 had extensive metastasis. Among the patients without metastasis, 20 patients underwent radical prostatectomy and 2 patients underwent androgen deprivation therapy (ADT) treatment. Notably, none of these patients exhibited signs of progressive disease. Out of the patients with oligometastasis, 9 patients underwent radical prostatectomy after ADT treatment, and no significant progress was observed during follow-up. Median progression-free survival (PFS) was 23 months, 13 were treated with ADT, and 2 patients were considered as progressive disease, with a mean PFS 20months. 39 patients with multiple metastases were treated with ADT. During the follow-up period, 2 patients died, and Median PFS was 14 months.


Table 3 | Follow-up of PCa patients with different metastatic states after treatment.








Discussion

Oligometastasis in PCa is an intermediate state between local tumors and extensive metastasis. Directed therapy for oligometastases has been demonstrated in several prospective studies to significantly improve survival outcomes and delay systemic therapy (7, 8). Hence, it is imperative to precisely ascertain the oligometastatic state in PCa.

Many studies have shown that PSMA PET/CT can identify metastases more effectively than conventional imaging and is more promising for the staging of patients with high-risk PCa (28–30). However, SUVmax, which is a frequently utilized parameter in PET/CT for identifying oligometastatic PCa, has been investigated in limited instances (26, 31, 32). Furthermore, a single semi-quantitative index of SUVmax lacks an accurate assessment of the overall tumor burden. Therefore, in this work, we evaluated the effectiveness and feasibility of 18F- PSMA-1007 PET/CT volumetric parameters for predicting oligometastatic PCa.




Predictive capability of volumetric parameters 18F-PSMA-1007 PET/CT for PCa metastasis

The volumetric parameter is a useful indicator of tumor burden and invasiveness and can provide a more comprehensive reflection of the overall tumor metabolism in comparison to the SUVmax. Schmuck et al. studied the clinical significance of TL-PSMA and PSMA-TV in biochemical recurrence PCa patients for the first-time (33). The results demonstrated that the volumetric parameters TL-PSMA and PSMA-TV could more accurately assess the tumor burden of recurrent and metastatic lesions than the conventional metabolic parameter SUVmax. Liu et al. studied the volumetric parameters of 68Ga-PSMA- 617 PET/CT and showed that the model with TL-PSMA and PSMA-TV as core data could predict the risk of PCa transfer with the AUCs of 0.863 and 0.848, respectively, whereas the SUVmax model failed to predict the risk (34).

Karyagar et al. conducted a study to examine the variations in SUVmax, SUVmean, PSMA-TV, and TL-PSMA in patients diagnosed with primary PCa without metastasis, localized metastasis, and distant metastasis (35). The findings indicated that SUVmax and SUVmean did not exhibit any significant differences among the three groups. However, significant distinctions were observed between PSMA-TV and TL-PSMA in the non-metastasis group, the limited metastasis group, and the distant metastasis group. Notably, no statistically significant difference was found between the limited metastasis group and the distant metastasis group. It has been suggested that SUVmax and SUVmean cannot distinguish PCa from metastasis. TL-PSMA and PSMA-TV were useful to distinguish the presence or absence of metastases, but not lymph node metastasis from bone or visceral metastasis. Finally, the number of metastatic lesions was not assessed. Wang et al (26). studied the value of 18F-PSMA-1007 PET/CT SUVmax, GS, and TPSA in differentiating oligometastatic PCa. The results showed that the SUVmax, TPSA, and GS in the extensive metastatic group were higher than those in the non-metastatic and oligometastatic groups (all P<0.05); however, there was no difference between the non-metastatic and oligometastatic groups. SUVmax (90.50%) was more sensitive than TPSA (57.14%) or GS (55.61%). However, Wang et al (26). did not investigate the PSMA-TV of volumetric parameters or the clinical value of TL-PSMA in predicting distant metastasis. It remains unknown whether the volumetric parameters, PSMA-TV and TL-PSMA, are superior to SUVmax.

Our results showed that GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp were higher in the metastatic group than in the non-metastatic group. GS, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp may be important indicators for risk stratification in PCa metastasis and could effectively distinguish metastasis. TL-PSMAp > 43.162 and PSMA-TVp > 7.677 are at a higher risk of developing metastasis, indicating a need for more aggressive treatment. Karyagar et al (35). have demonstrated that TL-PSMAp and PSMA-TVp, as primary prostate lesion markers, are robust indicators for predicting metastasis in prostate cancer patients with a Gleason score exceeding 7.

While GS score, TPSA, SUVmax, TL-PSMAp, and PSMA-TVp have proven to be useful in discerning the presence or absence of metastasis, there are few reports on effective differentiation of oligometastasis.

In our study, based on the number of lesions, the metastatic group was divided into oligometastasis and extensive metastasis groups. The results showed that TL-PSMAp and PSMA-TVp could distinguish between oligometastases and extensive metastases. However, GS, TPSA, and SUVmax could not distinguish oligometastasis from extensive metastasis, suggesting that TL-PSMAp and PSMA-TVp have the potential to reflect the tumor burden, whereas GS, TPSA, and SUVmax do not.

In order to verify the role of SUVmax, TL-PSMAp, and PSMA-TVp PET/CT in the evaluation of patient prognosis, we followed up patients after treatment. In the follow-up period, the disease did not progress in the non-metastatic group. In the oligometastatic group, the ADT combined radical prostatectomy group had higher SUVmax, TL-PSMAp, and PSMA-TVp, indicating a higher tumor burden, However, PFS was longer than in the ADT group alone. Patients with extensive metastasis had the shortest PFS on ADT. Evidence suggests that in individuals with oligometastasis, the implementation of active treatment for both primary and metastatic lesions may result in a more favorable prognosis, our study is consistent with previous research (36, 37). Additionally, it suggests that patients with elevated SUVmax, TL-PSMAp, and PSMA-TVp values for primary lesions may have a poorer prognosis compared to those with lower values, which needs to be further verified by large-scale prospective studies. Therefore, the volumetric parameters of the noninvasive whole-body imaging method, 18F-PSMA-1007 PET/CT, can accurately reflect the degree of malignancy, stage, tumor burden, and invasiveness of the tumor and has a certain potential for evaluating the tumor burden of PCa.

This study circumvented the shortcomings of previous studies to some extent, analyzed the differences in SUVmax, TL-PSMAp, and PSMA-TVp of PET/CT in patients with different numbers of metastatic lesions (none, oligometastatic, and extensive metastasis), and selected the most clinically significant metabolic parameters of PET/CT that truly reflected tumor behavior, distribution, and invasiveness.

The main limitation of this study was its retrospective, single-center, small-sample design. We only selected patients with newly diagnosed PCa and did not include those with oligo-recurrence or oligometastasis after treatment. This aspect needs to be expanded upon in future studies, and a prospective study design is required to improve the reliability of the results. In addition, a biopsy of each metastatic lesion to verify positive lesions on 18F-PSMA-1007 PET/CT is impractical. The PSMA-TVp and TL-PSMAp values calculated using the threshold method in this study inevitably have systematic errors, and other thresholds have not been explored.

In summary, TL-PSMAp, and PSMA-TVp of 18F-PSMA-1007 PET/CT volumetric parameters in patients with newly diagnosed PCa differed among patients with different numbers of metastatic lesions (no metastasis, oligometastatic, and extensive metastasis) and were more advantageous than SUVmax, Therefore, 18F-PSMA-1007 PET/CT should be considered in patients with newly diagnosed PCa before developing a treatment plan, and more attention should be paid to TL-PSMAp of metabolic volumetric parameters.
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