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Objective

The purpose of this study was to employ dual tracers 16α-[18F]fluoro-17β-estradiol (18F-FES) and [18F]fluorodeoxyglucose (18F-FDG) as imaging biomarkers in predicting progression-free survival (PFS) in ER-positive metastatic breast cancer (MBC) patients receiving fulvestrant therapy.



Methods

We retrospectively analyzed 35 HR+HER2- MBC patients who underwent 18F-FES and 18F-FDG PET/CT scans prior to fulvestrant therapy in our center. The SUVmax across all metastatic lesions on the PET/CT were assessed. The heterogeneity of ER expression was assigned by the presence of any 18F-FES negative lesions for patients with entirely 18F-FES positive lesions categorized into two groups by the median ratio of FES/FDG SUVmax, low FES/FDG, and high FES/FDG. PFS were estimated by the Kaplan-Meier method and compared by the log-rank test. Univariate and multivariate analyses were performed using the Cox proportional hazard model.



Results

In total, 12 patients had both 18F-FES negative and positive lesions, indicating the heterogeneity of ER expression in metastatic lesions. These patients had a low median PFS of 5.5 months (95% CI 2.3–8.7). Of patients with entirely 18F-FES positive lesions, 11 had a low FES/FDG, and 12 had a high FES/FDG. These groups had a median PFS of 29.4 months (95% CI 2.3–56.5) and 14.7 months (95% CI 10.9–18.5), respectively. The patients were stratified in three categories based on incorporating both 18F-FES and 18F-FDG imaging results that were significantly correlated with PFS by univariate analysis (P < 0.001) and multivariate analysis (P = 0.006).



Conclusion

18F-FES and 18F-FDG PET could serve as prognostic imaging biomarkers for ER-positive MBC patients treated with fulvestrant therapy.
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Introduction

Breast cancer is the most common cancer in women worldwide. According to U.S. cancer statistics, about 276,480 newly diagnosed cases are estimated in 2020, resulting in approximately 42,170 deaths (1). It is the second most common cause of cancer death in women. Approximately 70%–80% of breast cancers are hormone receptor (HR)-positive, and endocrine therapy plays a vital role in the management of such cancers (2).

Fulvestrant, a pure anti-estrogen drug that exerts no partial agonist effects, is approved for postmenopausal women with HR+ metastatic breast cancer (MBC) and disease progression following the prior failure of other endocrine therapy (3, 4). Although many patients have a prolonged clinical response to fulvestrant, there are still some patients who are unable to benefit or develop resistance. Therefore, the identification of clinical or molecular markers that predict which patients with MBC might benefit from Fulvestrant is vitally important because it helps to individualize treatment and could significantly improve the management of breast cancer. The level of ER expression has been shown to provide important prognostic information, and in most cases, higher levels of tumor ER expression are associated with more noteworthy clinical benefit from conventional endocrine therapy (5). A biopsy was routinely utilized to discriminate between ER-positive and ER-negative lesions. However, this gold standard method may not be representative of ER heterogeneity. Furthermore, collecting a biopsy sample from metastatic tissue is not always feasible in daily practice because of the characteristics of lesion location and the risk associated with biopsy.

Positron emission tomography (PET) with 16α-[18F]fluoro-17β-oestradiol (18F-FES) has been proposed as a noninvasive method to visualize and quantify ER expression in recurrent or metastatic lesions (6, 7). Early clinical studies focused on sole 18F-FES PET imaging to predict clinical response to endocrine therapy, rarely performed in combination with 18F-FDG imaging (8–10). Kurland and colleagues evaluated the ability of 18F-FDG and 18F-FES to predict progression-free survival (PFS) in 84 patients treated by salvage endocrine therapy for ER-positive MBC (11). They summarize that, although 18F-FES PET is not predictive of the patient’s PFS in the whole population, it is meaningful that this imaging could stratify the patients with high FDG uptake. However, this study fails to discuss the response to different endocrine therapies because of differences in the pharmacodynamics of different ER antagonists (12). We have previously reported that early change in SUVmax of 18F-FES PET/CT could be used to predict response to fulvestrant (13). Nevertheless, this method still requires a 28-day period of fulvestrant treatment before the effect can be observed. Therefore, the purpose of our study was to evaluate the clinical value of dual tracers 18F-FDG and 18F-FES at baseline in predicting the response of fulvestrant in HR-positive MBC patients.



Methods


Patients

In this retrospective analysis, we evaluated 35 HR+/HER2- MBC patients who were treated with 500 mg fulvestrant and underwent both 18F-FES PET/CT and 18F-FDG PET/CT scans within 4 weeks before initiating treatment between May 2016 and March 2019. The lag time between the two scans was within 1 week. All data were retrospectively collected from the medical records. To ensure the sensitivity and specificity of 18F-FDG and 18F-FES imaging, patients with ER antagonist discontinuation for less than 5 weeks and medical comorbidities (diabetes, a chronic infection, or chronic inflammatory conditions) were not enrolled in this study (12, 14). The enrolled patients had performed 18F-FES scans for one of the following purposes: 1) predicting response to fulvestrant, a phase II study (NCT03507088, n = 23) or 2) identifying the ER status of metastatic lesions for clinical practice (n = 12). The study was approved by the Fudan University Shanghai Cancer Center Ethic Committee and Institutional Review Boards for clinical investigation, and the need for informed consent was waived as it is a retrospective study.



Fulvestrant and Clinical Follow-Up

Fulvestrant 500 mg was administered by intramuscular injection on days 1, 15, and 29 and every 28 days after that. For premenopausal women, patients received concurrent luteinising hormone-releasing hormone analogues (LHRHa). Treatment continued until progressive disease (PD) or other criteria for discontinuation were met in terms of adverse events or a patient’s decision to withdraw.

Clinical follow-up was performed every 3 months by radiologic imaging (e.g., diagnostic CT, MRI, bone scan, 18F-FDG), serum tumor markers, and evaluation of symptoms until disease progression or death. PFS was defined as the time from fulvestrant treatment to disease progression or death from any cause. For patients with measurable disease, tumor response was determined by an experienced radiologist according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 and was blinded to the results of baseline 18F FES and 18F FDG PET/CT. Patients with only non-measurable lesions were considered to have disease progression when there was a definite progression of existing lesions or when new lesions were detected at follow-up.



PET/CT Procedure

The synthesis and quality control of 18F-FDG and 18F-FES were performed as reported in our previous study (15).

18F-FDG PET/CT imaging was done according to standard clinical procedures. All patients fasted for at least 6 h and had serum glucose levels less than 10 mmol/L before the intravenous injection of 18F-FDG (3.7–7.4 MBq/kg). The patients were kept lying comfortably in a quiet, dimly lit room before and after the tracer injection. About 1 h after tracer injection, the patients were administered 1 L of plain water orally and then scanned in the PET/CT (Siemens Biograph 16HR PET/CT or mCT Flow PET/CT scanner). About 222 MBq of 18F-FES was injected intravenously over 1–2 min. The scanning was initiated 1 h after administration of the tracer on the same PET/CT scanner as the 18F-FDG. The detail of PET/CT acquisition parameters were described as reported in prior studies (16).



Image Analysis

PET images were reviewed and analyzed by two board-certified nuclear medicine physicians using a multimodality computer platform (Syngo, Siemens, Knoxville, TN, USA). All parameters were assessed in 3-dimensional volumes. Regions of interest (ROI) were manually drawn over lesions by an experienced nuclear medicine physician using the PET images with the corresponding noncontrast CT serving as a guide, and the contours of lesions were checked for concurrence by a second experienced nuclear medicine physician. In case of a discrepancy between the two physicians, consensus was reached on a final reading for the statistical analyses. Semiquantitative analysis of tumor metabolic activity was obtained using standardized uptake value (SUV) normalized to body weight. A lesion showing uptake intensity higher than with adjacent normal tissue background was defined as positive for 18F-FDG and 18F-FES, and hypermetabolic foci estimated by inflammatory or physiologic activity were not considered. We used the cutoff value of SUVmax ≥ 1.8 to define 18F-FES positivity and quantify the ER expression based on our previous study (17). Lesions seen on 18F-FES and 18F-FDG PET/CT images were also identified and localized by other conventional imaging techniques (bone scan, diagnostic CT, MRI, or ultrasound). In patients with extensive metastatic lesions, an arbitrary maximum of 20 randomly chosen lesions of 18F-FDG PET correspond to the 18F-FES avid lesions according to the guidelines of the European Association of Nuclear Medicine (EANM) (18). Due to high physiological 18F-FES uptake, patients with liver lesions were not included in the 18F-FES analysis (19).



Statistical Analysis

All PET imaging parameters were dichotomized using the median as a threshold. For patients with entirely FES positive lesions, the FES/FDG ratio of each tumor was calculated, and the median value was selected as the cutoff to distinguish between high and low FES/FDG.

The survival analyses were estimated by the Kaplan–Meier method and compared by the log-rank test (image parameters and demographic factors). Univariate and multivariate analyses were estimated using the COX proportional hazards model and expressed as a hazard ratio with corresponding 95% confidence intervals and P values. Multivariate analysis with the stepwise model by forward selection was performed with those variables that had proven significant on univariate analysis to explore independent predictors of PFS. All data analyses were performed using IBM SPSS Statistics software, version 20.0 (IBM Corporation, Armonk, NY, USA). Two-sided P values of less than 0.05 were considered to indicate statistically significant differences.




Results


Patient Characteristics and Treatment Outcome

The characteristics of the 35 enrolled MBC patients are listed in Table 1. At the time of analysis (Jan. 2020), 26 patients (74.3%) experienced progression, and all of them were radiologic PD. The median follow-up period was 9.5 months (range: 2.1–30.0), and the median PFS was 12.2 months (95% CI: 4.7–19.7). Twenty-six patients had measurable lesions according to RECIST version 1.1, four patients had non-measurable visceral lesions, and five patients had only bone metastases. Twenty-four of the 35 patients (68.6%) experienced clinical benefit from fulvestrant treatment as indicated by PFS ≥ 24 weeks. Furthermore, fulvestrant was well tolerated in all patients and no patients who discontinued treatment due to adverse events.


Table 1 | Patient demographics and disease characteristics.





PET/CT Analysis

In total, 235 metastatic lesions were identified in 35 patients. The number of lesions found per patient ranged from 1 to 20 with a median of 6 lesions per patient. Lesions were located in lymph nodes (n = 78), bones (n = 117), lungs (n = 15), pleural (n = 9), soft tissue (n = 15), and the liver (n = 1). All these metastatic lesions were 18F-FDG avid. In addition, using a cutoff value of SUVmax ≥ 1.82 to define 18F-FES positivity, 17 lesions were 18F-FES negative (nine lymph nodes, six bone lesions, one lung metastatic, and one soft tissue) in 12 (34.3%) of 35 patients, showing remarkable heterogeneity of ER expression in these metastatic breast cancer patients. Interestingly, one patient had liver metastases and also had FES-negative metastases elsewhere, so this patient was included in the 12 patients with heterogeneous ER expression.

On the 18F-FDG scan, the median SUVmax values among all lesions were 4.92 (range 1.68–40.74). On the 18F-FES scan, the median SUVmax values among 217 18F-FES positive lesions (excluding 17 18F-FES negative lesions and one liver metastatic) was 4.7 (range 1.8–22.8). On a per-patient level, the median SUVmax of 18F-FDG and 18F-FES was 4.4 (range 2.1–15.5) and 4.5 (range 2.0–13.5), respectively. For patients with entirely 18F-FES positive lesions, the median ratio of FES/FDG SUVmax was 0.96 (range 0.2–3.2). The detailed PET parameters of each patient are shown in Supplemental Table 1.



Prediction of Response to Fulvestrant

We first examined the significance of conventional clinical parameters. Patients with disease-free interval (DFI) ≥ 5 years had a longer PFS compared to those with less time of DFI (median PFS 12.2 months vs. 3.1 months, P = 0.047). However, this was of borderline significance in univariate analysis (P = 0.054). Other clinical risk factors (age, menopausal status, presence of visceral disease, de novo metastatic disease, histology of primary breast cancer, number of disease sites, bone-only disease, prior palliative chemotherapy, and lines of endocrine therapy for MBC) were not significantly related to PFS (Table 2).


Table 2 | Univariate and multivariate Cox regression analyses for prediction of progression-free survival (PFS).



Next, we tested whether the PET parameters correlate with survival in patients treated with Fulvestrant. The cutoff value of SUVmax of determined by the median value of 18F-FDG and 18F-FES was 4.4 and 4.5, respectively. It is regrettable that neither of the single parameters of the two scans was significantly associated with PFS (P > 0.05) (Table 2). We also analyzed the data stratified by low/high FDG and FES SUVmax, and there is no predictive value of PFS (Supplemental Figure 1).

Given the significant heterogeneity of ER expression in these patients with metastatic breast cancer, they may fail to respond to endocrine therapy. The population was stratified in three categories: 1) The heterogeneous group (n = 12) had both 18F-FES negative and positive sites (Figure 1); 23 patients with entirely 18F-FES positive lesions further divided into two groups by the median FES/FDG SUVmax ratio (the median value was 0.96). 2) The other groups are the low FES/FDG group (FES/FDG < 0.96, n= 11, Figure 2A) and 3) the high FES/FDG group (FES/FDG ≥ 0.96, n = 12, Figure 2B). Patients with the heterogeneity of ER expression were significantly associated with shorter PFS compared to those without 18F-FES negative lesions in univariate analysis (P < 0.001, Figure 3). Median PFS was 5.5 months (95% CI 2.3–8.7) for the heterogeneous group, 29.4 months (95% CI 2.3–56.5) for the low FES/FDG group, and 14.7 months (95% CI 10.918.5) for the High FES/FDG (Table 2).




Figure 1 | Representative cases of heterogeneous group. A 50-year-old female patient has both 18F-FES positive and negative lesions. The left rib shows significant uptake on FDG but not on FES. For this patient, the PFS was 3.7 months, and she did not receive clinical benefit from fulvestrant treatment.






Figure 2 | Representative cases of FES/FDG group. Patients with 100% of the 18F-FES positive metastatic lesions were divided into two groups by the median ratio of FES/FDG SUVmax (0.96). (A) Low FES/FDG. A 59-year-old female patient with the range of 18F-FDG and 18F-FES SUVmax was 5.3–40.7 and 4.1–15.5, respectively. This patient’s median FES/FDG was 0.52, which was lower than the median FES/FDG of all patients. She has received fulvestrant treatment for 27.6 months until progress. (B) High FES/FDG. A 67-year-old female patient with the range of 18F-FDG and 18F-FES SUVmax was 3.0–8.1 and 8.8–16.0, respectively. This patient’s median FES/FDG was 2.32, which was higher than the median FES/FDG of all patients, and the PFS was 14.7 months.






Figure 3 | Kaplan-Meier curves of PFS stratified by the three classification groups. Heterogeneous group (n = 12, median PFS 5.5 months), low ratio of FES/FDG (n = 11, median PFS 29.4 months), high ratio of FES/FDG (n = 12, median PFS 14.7 months).



In multivariate analysis, a three-way PET classifier (FES heterogeneous, low FES/FDG, and high FES/FDG groups) remained the only independent, statistically significant prognostic factor for PFS (P = 0.006). Although DFI was a trend in the log-rank test, they were not considered as statistically independent prognostic factors (P = 0.052).




Discussion

Our results have demonstrate that an integrated parameter derived from 18F-FDG and 18F-FES PET may have prognostic value for fulvestrant therapy in patients with ER-positive metastatic breast cancer. In our relatively small cohort, all clinical risk factors and single PET parameters were not significantly associated with PFS on multivariate analyses, whereas the PET classifier of 18F-FDG and 18F-FES remained significant.

Other scholars and our previous studies have confirmed that 18F-FES PET can noninvasively and systematically assess ER status in patients with recurrent or metastatic breast cancer, and as an imaging biomarker for predicting response to endocrine therapy (13, 17, 20, 21). Nevertheless, 18F-FES PET is challenging to monitor nonfunctional ER lesions, which might potentially lead to losing sight of ER-negative lesions. Some studies have used 18F-FDG PET/CT together with 18F FES-PET for the identification of 18F FES negative lesions (22).

To our knowledge, this is the first dual-tracer PET study evaluating the effect of fulvestrant on 18F-FDG and 18F-FES in patients with ER-positive MBC. Several previous studies have described the prognostic value of single 18F-FDG or 18F-FES PET in ER-positive MBC (9, 12, 13, 23). However, these studies have certain limitations, such as under a specific population or needng a period of treatment to play a predictive role. Another study investigates the utility of 18F-FDG and 18F-FES PET on variety endocrine therapy in patients with ER-positive MBC but did not attempt to predict the efficacy of fulvestrant precisely (11). Consistent with other 18F-FES PET studies, our results indicated that baseline 18F-FES SUVmax was not correlated with treatment outcome (9). The predictive value of 18F-FDG PET in patients with ER-positive MBC for fulvestrant therapy was proved by our previous study (23). In the current study, however, we did not find that sole 18F-FDG SUVmax provides independent prognostic information for fulvestrant. An explanation for this could be that the populations of the two studies were different because patients with only bone metastasis were excluded from the previous research.

Kurland and colleagues’ study demonstrated that the FES/FDG ratio appears to provide a reasonable summary of synchronous ER expression for patients with highly discordant 18F-FES uptake across tumor sites in predicting clinical response to endocrine therapy (22). Furthermore, based on our previous study it was proposed that the ratio of SUVmax-FES/FDG showing potential in predicting neoadjuvant chemotherapy response of breast cancer (24). Besides, one study has also suggested that patients with low or absent 18F-FES uptake in metastases may be unlikely to benefit from endocrine therapy (25). Our recent research showed that patients with entirely 18F-FES positive lesions have a median PFS that is nearly twice of patients with negative 18F-FES (14.6 months vs. 7.2 months), and the difference was of borderline significance (P = .081) (13). Hence, we hypothesized that the ratio of FES/FDG and the heterogeneous uptake of FES would predict response to fulvestrant therapy. Therefore, the current study combines the above two concepts into one classification scheme by sorting patients into three groups (heterogeneous disease, low FES/FDG, and high FES/FDG) based on 18F-FDG and 18F-FES PET scans. Our results suggest that, for ER-positive MBC, patients with the heterogeneity of ER expression by 18F-FES PET were unlikely to benefit from fulvestrant, and it may indicate that potential changes in ER expression of tumor in explaining endocrine therapy resistance, whereas patients with totally 18F-FES positive in metastases are potential candidates for fulvestrant, particularly those with low FES/FDG.

Our study reports an incremental refinement of the classifier by integrating both 18F-FES and 18F-FDG imaging results based upon a smaller cohort but a more uniformly treated patient population compared with previous studies. Kurland et al. demonstrate that patients with low FDG uptake (indolent tumors) had a longer median PFS with high FDG uptake and high average FES uptake had a moderate median PFS and with high FDG uptake and low average FES uptake had a shorter median PFS (11). Nevertheless, this study differed from our current research in several respects. Patients had received different kinds of endocrine therapy, including aromatase inhibitor combined with or without fulvestrant, tamoxifen, and fulvestrant. Moreover, patients with the heterogeneity of ER expression were not individually analyzed, and those patients tended to develop resistance to endocrine therapy. We, therefore, analyzed those patients with the heterogeneity of ER expression independently, which may not benefit from sole fulvestrant, and it might be better to change management by adding complementary treatments, such as chemotherapy, everolimus, or cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitors. In the current study, we report that patients with 100% 18F-FES positive and low FES/FDG had a longer median PFS (29.4 months, 95% CI 2.3–56.5) compared with high FES/FDG (14.7 months, 95% CI 10.9–18.5). Consistent with our previous study, patients with high baseline 18F-FDG tumor uptake had a longer PFS (23); one of the possible reasons is that 17β-estradiol (E2) increases ER-dependent PI3K/Akt activation-mediated Glucose uptake signaling pathway in HR-positive breast cancer cell lines (26).

Increasing evidence suggests that, in addition to ER expression, progesterone receptor (PR) expression may also be related to the prognosis of fulvestrant therapy (27). The Zhao et al. study had reported that the 18F-FDG/18F-FES SUV ratio was correlated with ERα, PR expression (28). Therefore, the FES/FDG ratio may be more representative of comprehensive ER, PR expression, and could be a potential imaging biomarker to predict survival on fulvestrant therapy in patients with HR-positive breast cancer.

There were several limitations to our study. First, the retrospective nature of this study and the heterogeneous patient population, perhaps with inherently different prognostic factors, are a major limitation. Our study shows that patients with a high FES/FDG ratio have shorter survival than those with a low FES/FDG ratio. This is the opposite of what we expected: that patients with greater FES-avidity and lower FDG-avidity would be expected to lead to longer survival. However, most of the current studies indicate that patients with FES negative or positive lesions are related to prognosis; there is no direct linear relationship between the level of FES uptake and clinical outcomes. The FES/FDG ratio may reflect the two biological functions of hormone receptors and glucose metabolism in metastases and may be more valuable for predicting fulvestrant treatment. Third, the sample size was relatively modest. Despite the small cohort, the results were statistically significant.



Conclusions

Our data suggest that dual 18F-FDG and 18F-FES PET imaging could be a potential predictor of efficacy to fulvestrant therapy among HR+HER2- MBC patients. These findings indicate that endocrine therapy should be individualized for patients with ER-positive MBC, particularly the presence of 18F-FES negative lesions.



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 Fudan University Shanghai Cancer Center Ethic Committee and Institutional Review Boards. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

Conception and design: CL, ZY. Acquiring data, or analyzing and interpreting data: CL, XX, HY, YPZ. Drafting the manuscript: CL. Critically contributing to or revising the manuscript: SS, ZY. Enhancing its intellectual: ZY, SS, YJZ. All authors contributed to the article and approved the submitted version.



Funding

This research is sponsored by Shanghai Sailing Program (20YF1408500), the Shanghai Committee of Science and Technology Fund (No.19ZR1411300), the Shanghai Engineering Research Center of Molecular Imaging Probes Program (No. 19DZ2282200) and Shanghai Municipal Health Commission (No.202040267).



Acknowledgments

The authors would like to thank my colleagues in the Multiple Disciplinary Team of Breast Cancer and the Nuclear Medicine team at Fudan University Shanghai Cancer Center.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.580277/full#supplementary-material



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA Cancer J Clin (2020) 70:7–30. doi: 10.3322/caac.21590

2. Lobbezoo, DJ, van Kampen, RJ, Voogd, AC, Dercksen, MW, van den Berkmortel, F, Smilde, TJ, et al. Prognosis of metastatic breast cancer subtypes: the hormone receptor/HER2-positive subtype is associated with the most favorable outcome. Breast Cancer Res Treat (2013) 141:507–14. doi: 10.1007/s10549-013-2711-y

3. Lei, W, Li, H, Song, G, Zhang, R, Ran, R, and Yan, Y. Efficacy and Safety of Fulvestrant 500mg in Hormone-receptor Positive Human Epidermal Receptor 2 Negative Advanced Breast Cancer: A Real-world Study in China. J Cancer (2020) 11(22):6612–22. doi: 10.7150/jca.47960


4. Wang, J, Xu, B, Wang, W, Zhai, X, and Chen, X. Efficacy and safety of fulvestrant in postmenopausal patients with hormone receptor-positive advanced breast cancer: a systematic literature review and meta-analysis. Breast Cancer Res Treat (2018) 171:535–44. doi: 10.1007/s10549-018-4867-y

5. Davies, C, Godwin, J, Gray, R, Clarke, M, Cutter, D, Darby, S, et al. Relevance of breast cancer hormone receptors and other factors to the efficacy of adjuvant tamoxifen: patient-level meta-analysis of randomised trials. Lancet (2011) 378:771–84. doi: 10.1016/S0140-6736(11)60993-8

6. Liao, GJ, Clark, AS, Schubert, EK, and Mankoff, DA. 18F-Fluoroestradiol PET: Current Status and Potential Future Clinical Applications. J Nucl Med (2016) 57:1269–75. doi: 10.2967/jnumed.116.175596

7. van Kruchten, M, Glaudemans, AW, de Vries, EF, Beets-Tan, RG, Schroder, CP, Dierckx, RA, et al. PET imaging of estrogen receptors as a diagnostic tool for breast cancer patients presenting with a clinical dilemma. J Nucl Med (2012) 53:182–90. doi: 10.2967/jnumed.111.092734

8. Linden, HM, Stekhova, SA, Link, JM, Gralow, JR, Livingston, RB, Ellis, GK, et al. Quantitative fluoroestradiol positron emission tomography imaging predicts response to endocrine treatment in breast cancer. J Clin Oncol (2006) 24:2793–9. doi: 10.1200/JCO.2005.04.3810

9. van Kruchten, M, de Vries, EG, Glaudemans, AW, van Lanschot, MC, van Faassen, M, Kema, IP, et al. Measuring residual estrogen receptor availability during fulvestrant therapy in patients with metastatic breast cancer. Cancer Discovery (2015) 5:72–81. doi: 10.1158/2159-8290.CD-14-0697

10. van Kruchten, M, Glaudemans, A, de Vries, EFJ, Schroder, CP, de Vries, EGE, and Hospers, GAP. Positron emission tomography of tumour [(18)F]fluoroestradiol uptake in patients with acquired hormone-resistant metastatic breast cancer prior to oestradiol therapy. Eur J Nucl Med Mol Imaging (2015) 42:1674–81. doi: 10.1007/s00259-015-3107-5

11. Kurland, BF, Peterson, LM, Lee, JH, Schubert, EK, Currin, ER, Link, JM, et al. Estrogen Receptor Binding (18F-FES PET) and Glycolytic Activity (18F-FDG PET) Predict Progression-Free Survival on Endocrine Therapy in Patients with ER+ Breast Cancer. Clin Cancer Res (2017) 23:407–15. doi: 10.1158/1078-0432.CCR-16-0362

12. Linden, HM, Kurland, BF, Peterson, LM, Schubert, EK, Gralow, JR, Specht, JM, et al. Fluoroestradiol positron emission tomography reveals differences in pharmacodynamics of aromatase inhibitors, tamoxifen, and fulvestrant in patients with metastatic breast cancer. Clin Cancer Res (2011) 17:4799–805. doi: 10.1158/1078-0432.CCR-10-3321

13. He, M, Liu, C, Shi, Q, Sun, Y, Zhang, Y, Xu, X, et al. The Predictive Value of Early Changes in (18) F-Fluoroestradiol Positron Emission Tomography/Computed Tomography During Fulvestrant 500 mg Therapy in Patients with Estrogen Receptor-Positive Metastatic Breast Cancer. Oncologist (2020). doi: 10.1634/theoncologist.2019-0561

14. Arnon-Sheleg, E, Israel, O, and Keidar, Z. PET/CT Imaging in Soft Tissue Infection and Inflammation-An Update. Semin Nucl Med (2020) 50:35–49. doi: 10.1053/j.semnuclmed.2019.07.005

15. Liu, C, Gong, C, Liu, S, Zhang, Y, Zhang, Y, Xu, X, et al. (18)F-FES PET/CT Influences the Staging and Management of Patients with Newly Diagnosed Estrogen Receptor-Positive Breast Cancer: A Retrospective Comparative Study with (18)F-FDG PET/CT. Oncologist (2019) 24:e1277–85. doi: 10.1634/theoncologist.2019-0096

16. Gong, C, Yang, Z, Sun, Y, Zhang, J, Zheng, C, Wang, L, et al. A preliminary study of (18)F-FES PET/CT in predicting metastatic breast cancer in patients receiving docetaxel or fulvestrant with docetaxel. Sci Rep (2017) 7:6584. doi: 10.1038/s41598-017-06903-8

17. Yang, Z, Sun, Y, Xu, X, Zhang, Y, Zhang, J, Xue, J, et al. The Assessment of Estrogen Receptor Status and Its Intratumoral Heterogeneity in Patients With Breast Cancer by Using 18F-Fluoroestradiol PET/CT. Clin Nucl Med (2017) 42:421–7. doi: 10.1097/RLU.0000000000001587

18. Boellaard, R, Delgado-Bolton, R, Oyen, WJ, Giammarile, F, Tatsch, K, Eschner, W, et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging (2015) 42:328–54. doi: 10.1007/s00259-014-2961-x

19. Nienhuis, HH, van Kruchten, M, Elias, SG, Glaudemans, A, de Vries, EFJ, Bongaerts, AHH, et al. (18)F-Fluoroestradiol Tumor Uptake Is Heterogeneous and Influenced by Site of Metastasis in Breast Cancer Patients. J Nucl Med (2018) 59:1212–8. doi: 10.2967/jnumed.117.198846


20. Lin, FI, Gonzalez, EM, Kummar, S, Do, K, Shih, J, Adler, S, et al. Utility of (18)F-fluoroestradiol ((18)F-FES) PET/CT imaging as a pharmacodynamic marker in patients with refractory estrogen receptor-positive solid tumors receiving Z-endoxifen therapy. Eur J Nucl Med Mol Imaging (2017) 44:500–8. doi: 10.1007/s00259-016-3561-8

21. Chae, SY, Ahn, SH, Kim, SB, Han, S, Lee, SH, Oh, SJ, et al. Diagnostic accuracy and safety of 16alpha-[(18)F]fluoro-17beta-oestradiol PET-CT for the assessment of oestrogen receptor status in recurrent or metastatic lesions in patients with breast cancer: a prospective cohort study. Lancet Oncol (2019) 20:546–55. doi: 10.1016/S1470-2045(18)30936-7

22. Kurland, BF, Peterson, LM, Lee, JH, Linden, HM, Schubert, EK, Dunnwald, LK, et al. Between-patient and within-patient (site-to-site) variability in estrogen receptor binding, measured in vivo by 18F-fluoroestradiol PET. J Nucl Med (2011) 52:1541–9. doi: 10.2967/jnumed.111.091439

23. Zhao, Y, Liu, C, Zhang, Y, Gong, C, Li, Y, Xie, Y, et al. Prognostic Value of Tumor Heterogeneity on 18F-FDG PET/CT in HR+HER2- Metastatic Breast Cancer Patients receiving 500 mg Fulvestrant: a retrospective study. Sci Rep (2018) 8:14458. doi: 10.1038/s41598-018-32745-z

24. Yang, Z, Sun, Y, Xue, J, Yao, Z, Xu, J, Cheng, J, et al. Can positron emission tomography/computed tomography with the dual tracers fluorine-18 fluoroestradiol and fluorodeoxyglucose predict neoadjuvant chemotherapy response of breast cancer?–A pilot study. PloS One (2013) 8:e78192. doi: 10.1371/journal.pone.0078192

25. Peterson, LM, Kurland, BF, Schubert, EK, Link, JM, Gadi, VK, Specht, JM, et al. A phase 2 study of 16alpha-[18F]-fluoro-17beta-estradiol positron emission tomography (FES-PET) as a marker of hormone sensitivity in metastatic breast cancer (MBC). Mol Imaging Biol (2014) 16:431–40. doi: 10.1007/s11307-013-0699-7

26. Garrido, P, Moran, J, Alonso, A, Gonzalez, S, and Gonzalez, C. 17beta-estradiol activates glucose uptake via GLUT4 translocation and PI3K/Akt signaling pathway in MCF-7 cells. Endocrinology (2013) 154:1979–89. doi: 10.1210/en.2012-1558

27. Fowler, AM, Chan, SR, Sharp, TL, Fettig, NM, Zhou, D, Dence, CS, et al. Small-animal PET of steroid hormone receptors predicts tumor response to endocrine therapy using a preclinical model of breast cancer. J Nucl Med (2012) 53:1119–26. doi: 10.2967/jnumed.112.103465

28. Zhao, Z, Yoshida, Y, Kurokawa, T, Kiyono, Y, Mori, T, and Okazawa, H. 18F-FES and 18F-FDG PET for differential diagnosis and quantitative evaluation of mesenchymal uterine tumors: correlation with immunohistochemical analysis. J Nucl Med (2013) 54:499–506. doi: 10.2967/jnumed.112.113472




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 © 2020 Liu, Xu, Yuan, Zhang, Zhang, Song and Yang. 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-10-580277-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dual Tracers of 16α-[18F]fluoro-17β-Estradiol and [18F]fluorodeoxyglucose for Prediction of Progression-Free Survival After Fulvestrant Therapy in Patients With HR+/HER2- Metastatic Breast Cancer

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Patients

          



          		

            Fulvestrant and Clinical Follow-Up

          



          		

            PET/CT Procedure

          



          		

            Image Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Patient Characteristics and Treatment Outcome

          



          		

            PET/CT Analysis

          



          		

            Prediction of Response to Fulvestrant

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-580277-g003.jpg
—— Heterogeneous group (n=12)
—— LowFES/FDG (n=11)
—— High FES/FDG (n=12)

-
>

=
%

P <0.001

2 = e
i 'S ES

progression-free survival (proportion)

2
=

Months





OEBPS/Images/table2.jpg
Parameters No.  Event  MedianPFS  Logrrank Multvariate analysis.
fo5% C1) Pulie  HR(ES%C)  Pvale  HR(5%C) P value
Age
<6 s 1w 706982) 03t8  0sM027-154 032 N
265 0 6 155110200
Menopausal status.
Pro-menopause 7 6 566359 o416 068027173 0410 N
Postmencpause 8 2 1R824
Disease-froe intorval
5y 01 310064 0047 042017101 0054 ’ o052
55y ® o 122015229
Histology of primary breast cancer
Ductal 0 2 9501189 050 072021243 0595 N
Lobuar 4 3 14740204
No. o disease sites
1 v on 12207218 0202
2 89 13107-225) 113046278 0267 N
K 6 6 564719 242086682
Visceral disoaso
No 5 19 0516175 040 07020171 0443 N
Yes o7 1380027.1)
Bone only ciseas
No W 2 12208207 0703 120026269 0710 NA
Yes 5 s 242028
De novo metastatc disease
No s 2 7000143 0167 051019135 076 NA
Yes o 5 184109259
prior pallative chemotherapy
No 3 2 12204210 OSt6 143048422 0518 N
Yes 4 4 6600168
Lines of endocrine therapy for MBC.
1 8 2 12201219 0479 1390553510 042 N
2 7 6 666379
FDG SUVmax
<ad 17 12 15502218  0iss 172076391 0192 N
244 B 666676)
FES SUVmax
<as 1718 12229219 095 099045219 0995 N
45 ® B 7000208
FESIFOG ratio
With FES nogatie o2 550387) <000 <000 0005
<095 1" 6 20423565 009003032 0.10002:049)
2096 28 147(09185 022008059 027009-0.78)

PFS, prograsson-#oo surval: O, confdency ntrvat HA, haza ras; MBC, moastatsbroot cancr: SUVImax, masium standord itk vake.
25 0% AN Ariakal 7ot Backiumidt s ioiadale daskls e skl





OEBPS/Images/fonc-10-580277-g002.jpg
A B "F-FES F-FDG






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2020.580277_cover.jpg
, frontiers
in Oncology

Dual Tracers of 16a-[18F]fluoro-178-
Estradiol and [18F]
fluorodeoxyglucose for Prediction of
Progression-Free Survival After
Fulvestrant Therapy in Patients With
HR+/HER2- Metastatic Breast Cancer





OEBPS/Images/table1.jpg
Characteristics

Modian age, yoars
Menopausal status
Premenopause®
Postmenopause
Histology of primary breast cancer
Ducta
Lobar
Muginous
Tobar
DFI®
5y
>5y
PgR status
Posie
Negave
Metastatic sites
Nonwisceral
eone
Bone-only
Viscealdisease
Any kg
Pleural
Uiver
No. of cisease sites
1
2
=3
De novo metastatic disease
Prior lne of therapies for metastatc disease
0
1
2
Prior ET for metastatic disease
None
Yes
prior chemotherapy for metastati disease
None
Yes
PFS
Events
Gensored

N=35
560(40-78)

7
28

10
16

31

25

20

10

2
9

200

828
114
29
29

286
457

14

714
57
143
286
200
143
29

457
274
17.1
257

800
143
57
143

886
14

743
257

£R, estrogen recoptor; PgR, progesterone receptor; ET, endocino therapy; PFS,

Progression Freo Survial; DF, Disease-f00 nlorval

“For premenopausal women, fulvestrant was given upon on the admistation of

gonadotropin-reeasing homone agonss

Palionts with stage IV breast cancer-ef inftil diagnosls were exclsded (N = 81





