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Purpose

The most common disadvantage of 11C-choline positron emission tomography and computed tomography (PET/CT) in diagnosing early-stage prostate cancer (PCa) is its poor sensitivity. In spite of many efforts, this imaging modality lacks the ideal parameter of choline metabolism for the diagnosis of PCa, and the single metabolic parameter, that is, maximal standardized uptake value (SUVmax), based on this imaging modality is insufficient. 11C-choline PET/CT-based multi-metabolic parameter combination can help break this limitation.



Materials and Methods

Before surgery, SUVmax of choline, which is the most common metabolic parameter of 11C-choline PET/CT, mean standardized uptake value (SUVmean), prostate-to-muscle (P/M) ratio, metabolic tumor volume (MTV) and total lesion glycolysis (TLG) from 74 patients with histologically proven PCa were quantified. A total of 13 patients with focal chronic prostatitis without severe features and 30 patients with benign prostate hyperplasia were used for comparison. Univariable and multivariable analyses were performed to compare the patient characteristics and metabolic parameters of 11C-choline PET/CT. The performance of single parameters and the combination of parameters were assessed by using logistic regression models.



Results

The comparable c-statistics, which mean the area under the ROC curve in the logistic regression model, of SUVmax, SUVmean, and P/M ratio are 0.657, 0.667, and 0.672, respectively. The c-statistic significantly rose to 0.793 when SUVmax and SUVmean were combined with the P/M ratio. This parameter combination performed the best for PCa cases with all biochemical recurrence risks and for PCa patients grouped by different risk. The greatest improvement over a single parameter, such as P/M ratio, was noted in the group of low-risk PCa, with values of 0.535 to 0.772 for the three-parameter combination. And in the histopathological level, the Ki-67 index is positively correlated with the P/M ratio (r=0.491, p=0.002).



Conclusion

P/M ratio is a more ideal parameter than SUVmax as a single parameter in early-stage PCa diagnosis. According to our data, the combination of SUVmax, SUVmean, and P/M ratio as a composite parameter for diagnosis of early stage PCa improves the diagnostic accuracy of 11C-choline PET/CT.
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Introduction

Prostate cancer (PCa) is a common male malignant tumor worldwide with poor diagnostic accuracy of primary PCa. The treatment of PCa requires the combination of accurate diagnosis and staging with effective therapeutic methods. Generally, digital rectal examination (DRE), serum levels of prostate-specific antigen (PSA), and transrectal ultrasound (TRUS) are applied for the diagnosis of PCa. Both the tumor extension and distant metastasis were evaluated by local staging using imaging procedures, such as TRUS, Magnetic Resonance Imaging (MRI), computerized tomography (CT), and bone scintigraphy. However, there exist limitations for conventional imaging techniques like CT and MRI. For example, in a recently meta-analysis of the use of CT and MRI, a poor sensitivity of 39%–42% and specificity of 82% were shown when staging lymph nodes with even worse results in diagnosis of cancer metastasis (1). This has aroused great interest in the application of positron emission tomography (PET) which uses choline tracers for staging advanced disease.

However, the effect of PET/CT on detection of localized or locally advanced PCa within the prostate gland has been debated over the last decade (2). Previous studies have shown that the uptake values of 11C-choline existed a significant overlap between PCa and benign prostate hyperplasia (BPH) (3). It has also been demonstrated a high sensitivity of 11C-choline derivatives for locating primary PCa in the correct prostate lobe or sextant (4, 5). These studies showed that 11C choline PET/CT could distinguish cancer tissues from normal prostate, BPH, and localized chronic prostatitis (CP), with a low sensitivity of distinguishing benign and malignant diseases through single metabolic parameters, such as maximal standardized uptake value (SUVmax) (5), prostate-to-muscle (P/M) ratio (6), or mean standardized uptake value (SUVmean) (7).

We conducted this research to confirm the capability of 11C-choline PET/CT to differentiate PCa from benign prostate diseases. We also examined whether integrating the abovementioned single metabolic indexes will facilitate and further improve the diagnosis of localized or locally advanced PCa within the prostate gland, as confirmed by TRUS-guided biopsy and careful histological evaluation after surgical prostate resection.



Materials and Methods


Patients Enrollment

From August 2014 to January 2019, 117 unselected patients with prostate lesions and complete clinical data underwent 11C-choline PET/CT imaging in the Department of Nuclear Medicine, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine were enrolled in this study. All the patients understood and agreed to participate in this study and the informed consent of all involved patients could be obtained. The patients were divided into PCa (n = 74) and benign prostate disease groups (n = 43), with the latter comprising 30 cases of BPH and 13 cases of focal CP. According to the 2019 EAU/EANM/ESTRO/ESUR/SIOG Guidelines, patients newly diagnosed with PCa assessed by the risk of biochemical recurrence are divided into low-, intermediate- and high-risk groups (8). The diagnostic examination for prostate diseases included digital rectal examination, PSA and combined with TRUS. PCa diagnostic criterion was prostate biopsy or histopathology confirmed. And the histopathology of PCa group was confirmed to be adenocarcinoma. 11C-choline PET/CT examination, needle biopsy, and prostatectomy were all completed within one month after diagnosis. Exclusion criteria were patients who: (1) were dignosed in clinical stage M1 before operation; (2) were with status of taking anti-androgen drugs; and (3) had clinical signs of acute prostatitis.



PET/CT Scanning

11CO2 was produced by medical cyclotron GE MINItrace II and then introduced into TraceLab FXc automatic chemical synthesis system. 11C-choline was synthesized by one-step method (half-life, 20 min). Blood sugar of patients were tested and the value of them were all within 7.0 mmol/L of the normal range. After fasting about 5–8 h, 11C-Choline PET/CT was performed. Then, the patients were intravenously injected with 7.62 ± 1.84 MBq/kg 11C-choline for 5 min, and PET images were obtained.

CT scanning: Contrast-enhanced CT (120 kV, 225–240 mA; 1.35:1 pitch) was acquired with 3.75 mm thickness per slice immediately before the PET acquisition, and the scanning range was from middle thigh to the top of the skull. The automatic milliampere technique was used to reduce the absorbed dose.

PET scanning: We acquired PET images from the distal margin of the pelvic floor and the acquisition time of each bed position is 3 min. Then, we used ordered-subset expectation-maximization software to reconstruct the images with CT-derived attenuation correction (matrix: 512*512). After we obtained the attenuation-corrected PET images in axial plane, CT images in coronal plane, and fused images in sagittal plane, respectively, the reconstructed PET/CT images were finally fused by Xeleris station.



Image Interpretation

The PET images of the patients involved in this study were read independently by two experienced physicians in nuclear medicine who were unfamiliar with clinical data of the patients and imaging results before. The diagnostic criterion of primary PCa is that the prostate monofocal or multifocal 11C-choline uptake is significantly higher than that of periprostatic soft tissue, perirectal adipose tissue, or pelvic muscle and excludes the physiological absorption of the prostate itself (6). Given that SUV is the parameter which measures the choline metabolism of tumor foci, it cannot be used to evaluate the overall metabolism of whole tumor tissue. Thus, semi-quantitative indicators like metabolic tumor volume (MTV) and total lesion glycolysis (TLG) were introduced. Compared with the surrounding normal tissue, the choline uptake of tumor has a significantly higher MTV. The PET Volume Computed Assisted Reading (PET VCAR, GE Healthcare) software of the post-processing workstation was used to determine the threshold of drawing the edge of tumor by iterative adaptive algorithm to extract the MTV of the focus (9). The equation TLG=SUVmean×MTV(cm3) was used. The workstation automatically calculated the focus SUVmax, SUVmean, and prostate-to-muscle (P/M) ratio according to the region of interest (ROI), and dividing the SUV of the prostate lesion by the SUV of the psoas major muscle at the same cross-sectional level to eliminate individual differences in the physiological choline absorption in the patient, the P/M ratio was calculated.



Histopathology

The resected prostate surface was marked with ink and then fixed with standard formalin for 24 h. Then, the prostate was continuously incised at 3–4 mm interval, from the apex of the gland to the base, perpendicular to the long axis until the incision reached the seminal vesicle junction. The sections were further fixed in formalin, embedded in paraffin, and then placed on glass slides, after which hematoxylin–eosin (H&E) was applied for staning. Other than H&E, the polyclonal rabbit anti-human Ki-67, and then goat anti-rabbit IgG (all the antibodies involved are from Abcam, Cambridge, UK) and biotinylated streptavidin–biotin immunoperoxidase conjugate were also used for staining the sections. The percentage of positive nuclei cells in more than 1,000 tumor cells in over three fields was calculated as the Ki-67 index.

Experienced pathologists (>10 years of experience) performed the histopathological examination. In line with the guidelines of the International Union against Cancer, tumor staging was carried out (10).



Statistical Analysis

Descriptive statistics (classified variables are represented by frequency and percentage, non-normal distributed variables by median and interquartile range, and continuous random variables and the normal distribution by mean ± standard deviation) were used to describe the data. The capability of PET and non-PET imaging (pelvic CT) for diagnosing early PCa (localized and locally advanced) was compared by paired chi-square test. The difference of non-normal distributed variables was evaluated by Mann–Whitney U test. We also use the Student’s t-test to compare the differences of the mean of normally distributed continuous variables between the two groups. Metabolic parameters like MTV, TLG, SUVmax, SUVmean, and P/M ratio are continuous variables, and their correlation with PCa was studied by Spearman correlation analysis. The performance of single metabolic parameters and the combination of metabolic parameters in distinguishing PCa from control samples (BPH or CP) were tested using univariate and multivariate logistic regression models. The samples were randomly divided into the training and verification sets by stratified random sampling. The basis for layering is the risk of biochemical recurrence based on the 2019 EAU/EANM/ESTRO/ESUR/SIOG Guidelines. Finally, there were 37 patients with prostate cancer in the training set and verification set, respectively. The training set was used to fit the logistic regression model, and then we used the independent blinded verification set to test the performance of the model (11). After calculating the area under the curve (AUC) of each model, and statistically significant difference between the AUC of the parameter combination was observed by MedCalc 15.0 software (SUVmax + SUVmean + P/M ratio) and that of each single metabolic parameter. P < 0.05 showed a statistically significant difference, and the double-tail test was used. Kurtosis and skewness tests were used to evaluate the normality of the data. We used SPSS 24.0 statistical software to analyze all the research data.




Results


Metabolic Parameters of 11C-Choline PET/CT and Patient Characteristics

The final stage of analysis enrolled 117 patients undergoing 11C-choline PET/CT examination in our institution. Among them, 74 patients had early-stage PCa without distant metastasis, and 43 patients with benign prostate disease were initially diagnosed with suspicious lesions and finally confirmed by TRUS-guided biopsy in the control group. Table 1 shows the demographics, clinical, and 11C-choline PET/CT characteristics of the patients. There was no significant differences between the PCa patients and those with benign prostate diseases in the age, body mass index (BMI), history of diabetes, and hypertension (p > 0.05), suggesting that the baseline data of the two groups were consistent and comparable. The PCa patients showed a significantly higher 11 C-choline uptakes (SUVmax, SUVmean, and P/M ratio) (p < 0.05) than those with benign prostate disease. The two groups showed the most significnat difference in P/M ratio (p = 0.008). There was no statistical differences between the two groups in terms of MTV and TLG (Table 1). Figure 1 shows the SUVmax, SUVmean, and P/M ratio of patients with PCa; the values are significantly higher than those of patients with BPH or CP. In terms of the mean SUVmax level, PCa patients was 1.40 times higher than BPH patients (p < 0.05) and 1.42 times higher than CP patients (p < 0.05). The same difference can be observed in the SUVmean and P/M ratio (Figure 2). No statistical differences were observed between BPH and CP in terms of SUVmax, SUVmean, and P/M ratio.


Table 1 | Clinical characteristics and 11C-choline positron emission tomography and computed tomography (PET/CT) metabolic parameters of patients.






Figure 1 | 11C-choline positron emission tomography (PET) image of patients with different prostate diseases. (A) SUVmax is 5.28, SUVmean is 3.24 and P/M ratio is 8.07 in patients with PCa. (B) SUVmax is 3.04, SUVmean is 2.64 and P/M ratio is 3.50 in patients with benign prostate hyperplasia (BPH). (C) SUVmax is 2.36, SUVmean is 1.67 and P/M ratio is 2.49 in patients with chronic protatitis (CP).






Figure 2 | Comparison of PCa and benign prostate hyperplasia (BPH) or chronis prostatitis (CP). Three metabolic parameters of positron emission tomography and computed tomography (PET/CT): (A) SUVmax (B) SUVmean (C) P/M ratio were respectively compared between Pca patients and patients of benign prostate diseases. Each parameter is presented as mean ± SD. NS means no significance; *means p < 0.05; **means p < 0.01.





Test Characteristics of Single Parameters and Parameter Combinations

Cut-off for SUVmax, SUVmean, and P/M ratio was established through the training set to differentiate PCa from BPH or CP. A 3.277 threshold for SUVmax can detect 56.5% of PCa cases with 79.1% specificity in the verification set. At the same time, we used cut-off for SUVmean (>2.15) to discriminate between PCa and BPH or CP with 59.5% sensitivity and 74.4% specificity. In addition, when P/M ratio was used to diagnose PCa alone, the cut-off value of 3.632 was the most ideal. By combining SUVmax, SUVmean, and P/M ratio, we reached a sensitivity of 80.4% with a specificity of 86.1% in the verification data set (Table 2).


Table 2 | Diagnostic ability of single parameters and parameter combination.



The c-statistic of SUVmax alone was 0.657 in all PCa cases in the validation set, which was close to that of SUVmean (0.667) and P/M ratio alone (0.672). Every two of the above three indicators were combined and showed no evident improvement (Figure 3). However, the c-statistic was significantly improved (0.793) when the SUVmax, SUVmean, and P/M ratio were combined. This parameter combination performed well for all stages and in the separation of PCa patients by biochemical recurrence risk (8). The c-statistics of low-, intermediate-, and high-risk patients with PCa were 0.772, 0.692, and 0.852, respectively. In the low-risk patients, the diagnostic effectiveness of the combined parameters is significantly higher than that of any single parameter (Table 3). Figure 4 depicted the receiver operating characteristic (ROC) curves for single parameters and parameter combinations.




Figure 3 | Predictive value of single parameters and two-parameter combination in the diagnosis of early-stage PCa. ROC curves for (A) SUVmax, SUVmean and SUVmax + SUVmean, (B) SUVmax, P/M ratio and SUVmax + P/M ratio, (C) SUVmean, P/M ratio and SUVmean + P/M ratio in controls versus patients with early-stage PCa are showed.




Table 3 | Predictive value of different parameters in verification set.






Figure 4 | Predictive value of single parameters and three-parameter combination in the diagnosis of early-stage PCa. ROC curves for (A) SUVmax and SUVmax + SUVmean + P/M ratio, (B) SUVmean and SUVmax + SVmean + P/M ratio, (C) P/M ratio and SUVmax + SUVmean + P/M ratio and (D) SUVmax, SUVmean, P/M ratio and SUVmax + SUVmean + P/M ratio in controls versus patients with early-stage PCa are showed.





SUVmax, SUVmean, and P/M Ratio Complement Each Other

A total of 19% (12) of 74 samples were positive for SUVmax, 12% (9/74) were positive for SUVmean, and 20% (15/74) were positive for P/M ratio. A total of 6% (5/74) of the samples were positive for SUVmax and P/M ratio, another 9% (7/74) for SUVmax and P/M ratio, and 5% (5/74) for SUVmean and P/M ratio. Meanwhile, 14% (10/74) of the samples were positive for all three parameters. For all parameters analyzed, 14% (10/74) of the samples were negative. Three of these negatives were low-risk, four were intermediate-risk, and another three were high-risk PCa. Figure 5, shows the specific number of PCa patients whose test results are positive for single parameter and combined parameters.




Figure 5 | Venn diagram showing the number of PCa patients (n=74) tested positive for single parameters or parameter combination. A total of 14 samples were positive for SUVmax, nine were positive for SUVmean, 15 were positive for P/M ratio, and 10 were positive for all three parameters.





Correlation Between P/M Ratio and Ki-67 Index

The Ki-67 index of 37 PCa patients in the verification set was 5.43% ± 0.92% (1%–30%). As shown in Table 1, the P/M ratio showed a more significant difference between the two groups than SUVmax and SUVmean (P/M ratio: p = 0.008; SUVmax: p = 0.016; SUVmean: p = 0.010). Thus, we analyzed the correlation between Ki-67 index and P/M ratio among the PCa patients. Pearson’s correlation analysis revealed that the Ki-67 index was positively correlated with the P/M ratio (r = 0.491, p = 0.002) (Figure 6).




Figure 6 | (A) Prostate cancer (x400 HP field), Ki-67 index is 10%. (B) Correlation between the Ki-67 and P/M ratio.






Discussion

Despite the treatment of resectable PCa has made some progress in recent years, the staging of PCa still determines the survival of PCa patients. Therefore, new strategies for diagnosing early-stage PCa are always expected, which can improve the cure rate (13). Although 11C-choline PET/CT guidelines were published in the past few years, the application in PCa imaging is still debated mainly because of its low sensitivity (56%–66%) in the diagnosis of primary diagnosed patients (14).

Previously, 11C-choline PET/CT was widely applied for screening PCa patients with the biochemical recurrence after local treatment, clinically restaging PCa, and systemically evaluating newly diagnosed high-risk patients (12, 15). Few researchers focused on the methods of improving the diagnostic accuracy of PET in low-risk PCa patients. Here, we enrolled newly dignosed patients without treatment and distant metastasis to confirm the diagnostic capability of 11C-choline PET/CT in the differentiation of early-stage PCa from benign prostate diseases. This study showed the meaningful role of 11C-choline PET/CT for diagnosing of patients with primary PCa. Sixty-four of seventy-four patients who were histologically diagnosed as PCa were successfully detected by 11C-choline PET/CT, while the remaining 10 patients were not.

SUVmax is thus far the most common metabolic parameter in PCa for 11C-choline PET/CT. SUVmax was elevated in up to 66% of patients with PCa (14) and showed a similar sensitivity of 56.5% for all PCa stages in our verification set with cut-off of 3.277. The low sensitivity of our study may be due to the inclusion of patients with BPH and CP rather than normal individuals. As the PET/CT is a powerful diagnostic tool, accompanied by the strong radiation and high examination fees, we do not recommend the PET/CT testing for the normal individuals treated as control group. And the guidelines of ethics will not permit it. Considering the relatively small sample size of this study, we used the cut-off of 3.277 for SUVmax, instead of the previously reported cut-off of 2.5 (16, 17), to minimize the influence of ethnic, geographical and other biased factors (11).

PCa has a high degree of heterogeneity, which is reflected not only in the differences in solid tumors among different patients but also in the varied metabolic states of PCa cells in the same individual (18). The heterogeneity of PCa was shown by the wide range of SUVmax measured for cancer, and some assumed 11C-choline PET/CT could not detect all cancers due to different metabolic states. Thus, as a single metabolic parameter based on 11C-choline PET/CT for non-invasive diagnosis of early-stage PCa, SUVmax alone will not suffice.

In this study, we included the five commonly used parameters of choline metabolism, namely, MTV, TLG, SUVmax, SUVmean, and P/M ratio. Univariate and multivariate analyses revealed that P/M ratio is the most ideal index, and it showed the greatest difference between the PCa and BPH or CP groups (p = 0.008). Cancer is mainly characterized by uncontrolled cell proliferation, and the prognosis of malignant tumors is influenced by the rate of cell division. The expression level of Ki-67 can be used to assess the proliferative activity of tumors (19, 20). And some studies have shown that Ki-67 can also reflect the function of cell metabolism, such as glucose metabolism (21). This means that the Ki-67 scores may predict the activity of choline metabolism in cells. Some reports have indicated the relationship between SUV and Ki-67 in cancers (22), but few studies have been carried out in prostate cancer. Herein, exploring the relationship between Ki-67 staining, which reflects the proliferative activity of tumor cells, and proliferation images by using 11C-choline PET/CT could further clarify the mechanism of 11C-choline uptake in prostate cancer. In this study, our data indicate that P/M ratio, an important parameter of choline metabolism, is a reliable parameter that can be used to discriminate between patients with PCa and BPH or CP. The potential value of P/M ratio as an alternative parameter for distinguishing diseases is further supported by the positive correlation of P/M ratio with Ki-67 index in the PCa patients. P/M ratio is a better promising parameter for early PCa diagnosis than SUVmax according to our research. In this condition, considering all PCa stages versus controls, the c-statistic of P/M ratio alone is 0.672, and the c-statistics are 0.535 and 0.603 when it comes to the prognostically favorable low- and intermediate-risk cases, respectively. Thus, as in SUVmax, P/M ratio alone is also inappropriate for detecting early-stage PCa. The most promising approach for the accurate diagnosis of PCa is to combine several parameters to maximize its sensitivity and specificity. According to data, the combination of SUVmax, SUVmean and P/M ratio substnatially improved the test performance. The sensitivity of this combination was increased to 80.4% and the specificity 86.1% in discriminating PCa from BPH or CP. This combination of parameters performed the best in all PCa groups with different biochemical recurrence risks and the most significant improvement was observed in low-risk PCa group. The three-parameter combination was evidently better than each single parameter (Table 3). PCa is characterized by multiple lesions, which are usually extremely small, and in early low-risk patients, several lesions are less than 5 mm in size (23). Given TLG=SUVmean × MTV (cm3), the diagnostic capabilities of TLG and MTV are reduced because they are affected by the volume of lesions. This hypothesis was supported by the fact that TLG and MTV between cancer and benign lesions under the detection of PET/CT were completely overlapped, and no cut-off value of TLG nor MTV is helpful to distinguish cancer from benign lesions.

The PCa imaging modality used worldwide is focused on the prostate-specific membrane antigen (PSMA) PET/CT (24), which plays a role in the diagnosis of PCa. However, given the difficulty of 68Ga/18F-PSMA synthesis technology and the production of the corresponding imaging equipment, 11C-choline PET/CT had higher popularity than PSMA PET/CT at this stage. Our research improves the diagnostic efficiency of 11C-choline PET/CT, which has practical significance for clinical diagnosis and treatment. These data revealed that this approach may also be of great use for the screening of patients with distant metastases. However, the selected patient cases are limited to a hospital-based population. Therefore, the feasibility of this approach requires prospective longitudinal cohort studies with more larger sample sizes of patients. In general, to our knowledge, no study has combined these three parameters to detect and localize the foci of tumors within early-stage PCa. Large sample sizes and well-designed studies are warranted to validate our findings in the future.



Conclusion

P/M ratio is a more ideal parameter than SUVmax as a single parameter in early-stage PCa diagnosis, and its level is positively correlated with the Ki-67 index. According to our data, the accuracy of diagnosis of 11C-choline PET/CT was significantly improved by combining SUVmax, SUVmean, and P/M ratio as a composite parameter for diagnosing early-stage PCa, especially in the low-risk group with biochemical recurrence.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

QL participated in the study design, cases enrollment, PET/CT acquiring, image processing, clinical management, statistical analysis, manuscript writing, and submission. SZ, JK, and HF participated in PET/CT acquiring, image processing, statistical analysis, and manuscript writing. CL participated in the study discussion, image processing, and cases enrollment. ZZ, JZ, and WW participated in cases enrollment. All authors contributed to the article and approved the submitted version.



Acknowledgments

We would like to thank Department of Pathology, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine for their assistance in histopathological diagnosis of prostate cancer and benign prostate diseases.



References

1. Hovels, AM, Heesakkers, RA, Adang, EM, Jager, GJ, Strum, S, Hoogeveen, YL, et al. The diagnostic accuracy of CT and MRI in the staging of pelvic lymph nodes in patients with prostate cancer: a meta-analysis. Clin Radiol (2008) 63:387–95. doi: 10.1016/j.crad.2007.05.022

2. Schwarzenbock, S, Souvatzoglou, M, and Krause, BJ. Choline PET and PET/CT in primary diagnosis and staging of prostate cancer. Theranostics (2012) 2:318–30. doi: 10.7150/thno.4008

3. Sutinen, E, Nurmi, M, Roivainen, A, Varpula, M, Tolvanen, T, Lehikoinen, P, et al. Kinetics of [(11)C]-choline uptake in prostate cancer: a PET study. Eur J Nucl Med Mol Imaging (2004) 31:317–24. doi: 10.1007/s00259-003-1377-9

4. Yamaguchi, T, Lee, J, Uemura, H, Sasaki, T, Takahashi, N, Oka, T, et al. Prostate cancer: a comparative study of 11C-choline PET and MR imaging combined with proton MR spectroscopy. Eur J Nucl Med Mol Imaging (2005) 32:742–8. doi: 10.1007/s00259-004-1755-y

5. Reske, SN, Blumstein, NM, Neumaier, B, Gottfried, HW, Finsterbusch, F, Kocot, D, et al. Imaging prostate cancer with 11C-choline PET/CT. J Nucl Med (2006) 47:1249–54.

6. Farsad, M, Schiavina, R, Castellucci, P, Nanni, C, Corti, B, Martorana, G, et al. Detection and localization of prostate cancer: correlation of (11)C-choline PET/CT with histopathologic step-section analysis. J Nucl Med (2005) 46:1642–9. doi: 10.1007/s00262-002-0282-6

7. Li, M, Peng, Z, Liu, Q, Sun, J, Yao, S, and Liu, Q. Value of 11C-choline PET/CT for lung cancer diagnosis and the relation between choline metabolism and proliferation of cancer cells. Oncol Rep (2013) 29:205–11. doi: 10.3892/or.2012.2099

8. Mottet, N, Bellmunt, J, Bolla, M, Briers, E, Cumberbatch, MG, De Santis, M, et al. EAU-ESTRO-SIOG guidelines on prostate cancer. Part 1: screening, diagnosis, and local treatment with curative intent. Eur Urol (2017) 71:618–29. doi: 10.1016/j.eururo.2016.08.003

9. Moon, SH, Cho, SH, Park, LC, Ji, JH, Sun, JM, Ahn, JS, et al. Metabolic response evaluated by 18F-FDG PET/CT as a potential screening tool in identifying a subgroup of patients with advanced non-small cell lung cancer for immediate maintenance therapy after first-line chemotherapy. Eur J Nucl Med Mol Imaging (2013) 40:1005–13. doi: 10.1007/s00259-013-2400-4

10. Paner, GP, Stadler, WM, Hansel, DE, Montironi, R, Lin, DW, and Amin, MB. Updates in the eighth edition of the tumor node metastasis staging classification for urologic cancers. Eur Urol (2018) 73:560–9. doi: 10.1016/j.eururo.2017.12.018

11. Ko, J, Bhagwat, N, Yee, SS, Ortiz, N, Sahmoud, A, Black, T, et al. Combining machine learning and nanofluidic technology to diagnose pancreatic cancer using exosomes. ACS Nano (2017) 11:11182–93. doi: 10.1021/acsnano.7b05503

12. Eiber, M, Rauscher, I, Souvatzoglou, M, Maurer, T, Schwaiger, M, Holzapfel, K, et al. Prospective head-to-head comparison of (11)C-choline PET/MR and (11)C-choline PET/CT for restaging of biochemical recurrent prostate cancer. Eur J Nucl Med Mol Imaging (2017) 44:2179–88. doi: 10.1007/s00259-017-3797-y

13. Lujan, M, Paez, A, Miravalles, E, Fernandez, I, Llanes, L, and Berenguer, A. Prostate cancer detection is also relevant in low prostate specific antigen ranges. Eur Urol (2004) 45:155–9. doi: 10.1016/j.eururo.2003.09.017

14. Umbehr, MH, Muntener, M, Hany, T, Sulser, T, and Bachmann, LM. The role of 11C-choline and 18F-fluorocholine positron emission tomography (PET) and PET/CT in prostate cancer: a systematic review and meta-analysis. Eur Urol (2013) 64:106–17. doi: 10.1016/j.eururo.2013.04.019

15. Michaud, L, Touijer, K, Mauguen, A, Zelefsky, M, Morris, M, Lyashschenko, S, et al. (11)C-choline PET/CT in recurrent prostate cancer: retrospective analysis in a large US patient series. J Nucl Med (2020) 61:827–33. doi: 10.2967/jnumed.119.233098

16. Elschot, M, Selnæs, KM, Sandsmark, E, Krüger-Stokke, B, Størkersen, Ø, Tessem, MB, et al. A PET/MRI study towards finding the optimal [(18)F]Fluciclovine PET protocol for detection and characterisation of primary prostate cancer. Eur J Nucl Med Mol Imaging (2017) 44:695–703. doi: 10.1007/s00259-016-3562-7

17. Kim, YI, Cheon, GJ, Paeng, JC, Cho, JY, Kwak, C, Kang, KW, et al. Usefulness of MRI-assisted metabolic volumetric parameters provided by simultaneous (18)F-fluorocholine PET/MRI for primary prostate cancer characterization. Eur J Nucl Med Mol Imaging (2015) 42:1247–56. doi: 10.1007/s00259-015-3026-5

18. Lisly, C. Characterization of single disseminated prostate cancer cells reveals tumor cell heterogeneity and identifies dormancy associated pathways. Oncotarget (2014) 5:9939–51. doi: 10.18632/oncotarget.2480

19. Fernebro, J, Engellau, J, Persson, A, Rydholm, A, and Nilbert, M. Standardizing evaluation of sarcoma proliferation- higher Ki-67 expression in the tumor periphery than the center. Apmis (2007) 115:707–12. doi: 10.1111/j.1600-0463.2007.apm_650.x

20. Khatami, A, Hugosson, J, Wang, W, and Damber, JE. Ki-67 in screen-detected, low-grade, low-stage prostate cancer, relation to prostate-specific antigen doubling time, Gleason score and prostate-specific antigen relapse after radical prostatectomy. Scand J Urol Nephrol (2009) 43:12–8. doi: 10.1080/00365590802469543

21. Vesselle, H, Salskov, A, Turcotte, E, Wiens, L, Schmidt, R, Jordan, CD, et al. Relationship between non-small cell lung cancer FDG uptake at PET, tumor histology, and Ki-67 proliferation index. J Thorac Oncol (2008) 3:971–8. doi: 10.1097/JTO.0b013e31818307a7

22. Han, B, Lin, S, Yu, LJ, Wang, RZ, and Wang, YY. Correlation of (18)F-FDG PET activity with expressions of survivin, Ki67, and CD34 in non-small-cell lung cancer. Nucl Med Commun (2009) 30:831–7. doi: 10.1097/MNM.0b013e32832dcfc4

23. Contractor, K, Challapalli, A, Barwick, T, Winkler, M, Hellawell, G, Hazell, S, et al. Use of [11C]choline PET-CT as a noninvasive method for detecting pelvic lymph node status from prostate cancer and relationship with choline kinase expression. Clin Cancer Res (2011) 17:7673–83. doi: 10.1158/1078-0432.ccr-11-2048

24. Hofman, MS, Iravani, A, Nzenza, T, and Murphy, DG. Advances in urologic imaging: prostate-specific membrane antigen ligand PET imaging. Urol Clin North Am (2018) 45:503–24. doi: 10.1016/j.ucl.2018.03.016



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Zhou, Fu, Liu, Zhu, Zhang, Weng, Kang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-10-600380-g002.jpg
ns

PCa

BPH

cp

314

ns

187 184

pCa

BPH

cp

459

ns

ueawANS.

ones Wid

2]

PCa

BPH

cpP





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Value of 11C-Choline PET/CT-Based Multi-Metabolic Parameter Combination in Distinguishing Early-Stage Prostate Cancer From Benign Prostate Diseases

      

        		

          Purpose

        



        		

          Materials and Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients Enrollment

          



          		

            PET/CT Scanning

          



          		

            Image Interpretation

          



          		

            Histopathology

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Metabolic Parameters of 11C-Choline PET/CT and Patient Characteristics

          



          		

            Test Characteristics of Single Parameters and Parameter Combinations

          



          		

            SUVmax, SUVmean, and P/M Ratio Complement Each Other

          



          		

            Correlation Between P/M Ratio and Ki-67 Index

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-600380-g004.jpg
= S — ombied rarr
o = e
5 oz o4 o5 o8 aof—— e
t-specifciy
pe tespecticity
c o

sensitvity

Fhiraie
Suimean

Bty - Sl
02 o4 os o8 10 ‘—'—'—'—'—'”M‘,,MW

1-specificity {-specificity






OEBPS/Images/fonc.2020.600380_cover.jpg
’ frontiers
in Oncology

Value of "C-Choline PET/CT-Based
Multi-Metabolic Parameter
Combination in Distinguishing Early-
Stage Prostate Cancer From Benign
Prostate Diseases





OEBPS/Images/table2.jpg
Parametor Cut-off Training sot Verification set

Sensitivity  Specificity Sensitivity  Specificity

(%) ) ) %)
Swmax 3277 ST.1 74 65 791
SWmean 5215 586 765 505 744
PMratio  >3632 524 % 516 %7

SUVmax (> 3277) + SUVmean (> 2.15) + P/M ratio (> 3.632)
9.7 873 804 8.1





OEBPS/Images/table3.jpg
SUvmax(>3.277) A
Prae
Svmean(>2.15) e
Prae
PM afof:3.632) Ave
Prae
Combined pasameter Ave

PCa patients

a1

ocs7
00359
0667
00323
0672
00152
0798

Low-risk
o7

0674
00345
0581
00008,
0535
002523
0172

Intermediate-risk
1273

053
o271
0508
0.4946.
0608
03576
0602

High-risk
16137

0726
00626
0722
00075
0738
01855
oss2

AUC, Avoa Undor Curve; Gombinod paramete = SUYMAx(3.277)+ SUNmoan(2.15)+P/M rato(>3.632), P vakas aro calcuatd fo combinod paramotar mod vorsus oach

singlo paramoter.

The D aniar coubiol et 50 SlbalIcRAC i s sialoits Dicacal ik Biobing wio ot das 0%





OEBPS/Images/fonc-10-600380-g006.jpg
o pro0az






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-10-600380-g005.jpg
SUVmax
SUVmear

P/M ratio





OEBPS/Images/fonc-10-600380-g003.jpg
=

sensitivity

SUvmax+SUVmean
Suvmax

SWVmean
= PMralio
v
02 04 05 08 10

: 1-specificity

10

08

Z oe

H

2

2 04

SUVmax+PIM ratio
- SUvmax

— SVmean

- PMrato

02 04 06 08

c 1-specificity

2
]
H
3
2
2
02 — SWVmeansPIM rto
f - suvmax
] Suvmean
- PiM o
00 —

00 02 04 06 08 10
1-specificity






OEBPS/Images/table1.jpg
PCa (n=74) prostate P
disease (1=43) value
Age, median (QR) 7363-81) 71(64-79) 0.160
BM), mean + SO 2362299 24192320 0,600
History of dabetes, n 18024) 11(26) 0891
(%)
History of 2685 1687) 0915
nypertension, n (%)
Gs 7512081 N NA
PSA, (og/mi) 1482 2587 7852344 0.005
MTV, mean + SD 98021115 9782540 0995
TLG, mean « SD 24861036 17212999 0174
SUmax, mean = SO 380067 2702072 0016
SUvmean, mean £ SD 314 074 1862087 0010
PMrato, mean=SD 459082 3172076 0.008

B!, Body Mass Indox; GS, Gleason Score; NA, Not Acquired; PSA, Prostato-
Specifc Antigen.

The bol vaiues provided means the sgnifcant meaning n stattcs becauso their P
S





OEBPS/Images/fonc-10-600380-g001.jpg





