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Abstract
Background
We aimed to assess the clinical value of 18F-PSMA-1007 and 68Ga-PSMA-11 PET/MRI in the gross tumor volume (GTV) delineation of radiotherapy for prostate cancer (PCa).

Methods
Sixty-nine patients were retrospectively enrolled (57 in the 18F subgroup and 12 in the 68Ga subgroup). Three physicians delineated the GTV and tumor length by the visual method and threshold method with thresholds of 30%, 40%, 50%, and 60% SUVmax. The volume correlation and differences in GTVs were assessed. The dice similarity coefficient (DSC) was applied to estimate the spatial overlap between GTVs. For 51 patients undergoing radical prostatectomy, the tumor length (Lpath) of the maximum area was measured, and compared with the longest tumor length obtained based on the images (LMRI, LPET/MRI, LPET, LPET30%, LPET40%, LPET50%, LPET60%) to determine the best delineation method. 

Results
In the 18F subgroup, (1) GTV-PET/MRI (p < 0.001) was significantly different from the reference GTV-MRI. DSC between them was > 0.7. (2) GTV-MRI (R2 = 0.462, p < 0.05) was the influencing factor of DSC. In the 68Ga subgroup, (1) GTV-PET/MRI (p < 0.05) was significantly different from the reference GTV-MRI. DSC between them was > 0.7. (2) There was a significant correlation between GTV-MRI (r = 0.580, p < 0.05) and DSC. The longest tumor length measured by PET/MRI was in good agreement with that measured by histopathological analysis in both subgroups.

Conclusion
It is feasible to visually delineate GTV on PSMA PET/MRI in PCa radiotherapy, and we emphasize the utility of PET/MRI fusion images in GTV delineation. In addition, the overlap degree was the highest between GTV-MRI and GTV-PET/MRI, and it increased with increasing volume.
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Introduction
Prostate cancer (PCa) is the most common cancer among men worldwide and the second most common cause of cancer-associated death after lung cancer. The incidence of PCa is increasing annually, ranking first in cancer as harmful to men's health due to early diagnosis and advances in treatments [1]. Except for radical prostatectomy and brachytherapy, external beam radiation therapy (EBRT) alone or in conjunction with androgen deprivation therapy (ADT) is a significant curative therapy for PCa patients [2]. In recent years, conventional radiotherapy has been gradually replaced by precise radiotherapy, which requires accurate clinical staging and target delineation. Biochemical disease control may improve through dose escalation to the pivotal lesions, but increasing the dose to the entire prostate is not preferable and the maximal dose is limited due to toxicity [3]. Hence, it is critical to precisely delineate the target volume to increase the therapeutic focus on dominant intraprostatic lesions and reduce toxicity to adjacent tissues.
Currently, biparametric magnetic resonance imaging (bpMRI) examination is the gold standard imaging modality for the diagnosis, staging, and gross tumor volume (GTV) delineation of PCa [4]. Functional imaging, which can elucidate the metabolic characteristics of tumors, has been increasingly applied in radiotherapy applications. In the context of this development, positron emission tomography (PET) imaging, as a prosperous imaging modality, plays a significant role in the treatment of PCa [5]. A hybrid PET/MRI system integrates the metabolic imaging capabilities of PET, providing accurate morphological assessment and higher spatial resolution of MRI [6], thus allowing more complete information to be obtained for clinical use and more accurate PCa tumor localization than MRI or PET alone [7]. There have been some reports of GTV delineation of malignant tumors based on PET/MRI in radiotherapy. GTV delineation in radiotherapy with state-of-the-art MRI combined with PET, especially in patients with head and neck cancer, cervical cancer, and prostate cancer, may be of beneficial.
Prostate-specific membrane antigen (PSMA) is a type II transmembrane glycoprotein that is selectively overexpressed in almost all PCa cells, especially in aggressive, poorly differentiated, and metastatic PCa [8]. Over the past decade, the rapid development of PSMA PET has enhanced its clinical application in the diagnosis, staging, and detection of therapeutic efficacy for PCa. Recently, 68Ga-PSMA-11 has also demonstrated a promising detection capability for high-risk diseases and has been increasingly employed in routine clinical practice [9]. However, a large proportion of patients with locally recurrent disease cannot be distinguished from other patients by urinary tracer excretion. 18F-PSMA-1007, which has very low urine clearance, has shown promising usefulness in clinical treatment management and may aid clinicians in making appropriate decisions [10].
To our knowledge, GTV delineation of PCa based on PSMA PET/MRI in radiotherapy planning has seldom been reported, and most of these studies focus on PSMA PET/CT. Consequently, we propose the assumption that GTV delineation based on PSMA PET/MRI is feasible and could improve delineation accuracy simultaneously. The objective of this study was to assess the value of the clinical application of PSMA PET/MRI in the GTV delineation of radiotherapy for PCa.
Materials and methods
Patients
The inclusion criteria were as follows: age over 18 years; no other metastases; no treatment priori to undergoing the PET/MRI scans; and good cooperation during the scanning procedure, resulting in high-quality diagnostic images and tumor volume delineation. Ultimately, 69 patients with PCa were retrospectively recruited between May 2020 and April 2021. All participants provided written informed consent. This study involving human participants was carried out in accordance with the principles of the 1964 Declaration of Helsinki.
PET/MRI image acquisition
All patients needed adequate hydration and received an intravenous injection of 18F-PSMA-1007 or 68Ga-PSMA-11 (2.96–3.7 MBq/kg) 1 h before undergoing a PET scan on the PET/MRI system (United Imaging Health care, Shanghai, China). Because the high radioactivity of the urinary system may have led to halo artefacts and false-positive results, each patient was instructed to empty his bladder to reducing potential artefacts.
During reconstruction, the system's PET component uses Time of Flight (TOF) technology to display images, reducing noise and improving sensitivity, resulting in improved image quality. The PET image was reconstructed by the ordered subsets expectation maximization (OSEM) algorithm (including 2 iterations, 20 subsets, a 4 mm full width at half maximum (FWHM) Gaussian filter, and a 150 × 150 image matrix).
The hybrid system has a built-in MRI system that can generate a magnetic field intensity of 3 T. MRI scans, including T1WI imaging, T2WI imaging, and DWI (b = 100, 500, 1000, 1500 s/mm2) of the prostate and pelvis were adopted simultaneously. The apparent diffusion coefficient (ADC) was calculated by DWI. T1WI sequence parameters were as follows: repetition time (TR)/echo time (TE) = 5.04/2.24 ms, 4 mm slice thickness, 20% interslice gap, 350 mm × 350 mm field of view (FOV), and a 256 × 256 matrix. The axial FSE T2WI sequence parameters were as follows: TR/TE = 3998/88.74 ms, 6 mm slice thickness, 20% interslice gap, 300 mm × 300 mm FOV, and a 320 × 320 matrix.
GTV delineation
When interpreting PET images, uncorrected and attenuation-corrected images were also evaluated simultaneously to confirm the presence of artefacts (e.g., contrast, metal graft, or patient changes in position). At the same time, it was necessary to adjust the display window width and window level of the image to accommodate the PSMA ligand uptake site or its adjacent high-uptake organs (e.g., kidney, ureter, or bladder). Zamboglou et al. [11] showed that using the same window level (SUVmin-max: 0–5) can reduce variation between observers in GTV delineation based on 68Ga-PSMA PET and inferred that setting a fixed optimal window level may also lead to increased consistency in 18F-PSMA PET. Therefore, a uniform fixed window position was used for each observer in this study to avoid bias between observers. The interpretations of all images were confirmed by an experienced physician specializing in nuclear medicine. Three board-certified radiation oncologists (A, B, C) with experience in PCa verified the images and independently delineated the target of all suspected visible tumors. Lymph nodes were not delineated in our study. In this case, GTVs based on MRI, PET, and PET/MRI were available for each patient.
During the GTV-MRI delineation process, all physicians combined T1WI, T2WI, and DWI images (including ADC images) to determine the lesions sites. PCa lesions were relatively hypointense on T1WI images, were relatively equal in hypointense on T2WI images, and demonstrated high signal intensity on DWI images with low ADC values. After the exclusion of inflammatory lesions or other benign lesions, PCa was determined by integrated multisequence images. Eventually, the GTV-MRI was obtained by manual contouring on axial T2WI MRI by radiation oncologists. LMRI was obtained by measuring the maximum diameter of the maximum axis plane of the target area.
PSMA PET images were contoured in two ways: (1) GTV-PETVIS was delineated on PET images by the visual method. When PSMA uptake was significantly higher than that in the surrounding normal tissue background, we considered this to be an indicator of metabolic abnormalities and suspected lesions. LPET was obtained by measuring the maximum diameter of the maximum axis plane of the target area. (2) GTV-PET30%/40%/50%/60% values were respectively obtained by the contour method with SUVmax thresholds of 30%, 40%, 50%, and 60%. PSMA uptake was quantified using the standardized uptake value (SUV). Next, the percentage of SUV in each voxel was determined by measuring the highest SUV in each corresponding prostate. LPET30%, LPET40%, LPET50%, and LPET60% were obtained by measuring the maximum diameter of the maximum axis plane of the target area.
The GTV-PET/MRI was obtained by manual contouring following the fusion of the PET images with the T2WI axial images. The abnormal lesions with higher local radioactive uptake in the prostate gland than that in adjacent normal tissues and the above-described MRI characteristics were judged as positive lesions. LPET/MRI was obtained by measuring the maximum diameter of the maximum axis plane of the target area. PSMA PET-based vs. conventional imaging-based examples are shown in Figs. 1 and 2.[image: ]
Fig. 1A 70-year-old male with prostate cancer in the 18F subgroup. The green line represents GTV-MRI (A). The blue line represents GTV-PET (B). The red line represents GTV-PET/MRI (C). The red line represents GTV-PET30%, GTV-PET40%, GTV-PET50% and GTV-PET60% (D, E, F, and G, respectively)

[image: ]
Fig. 2A 78-year-old male with prostate cancer in the 68Ga subgroup. The green line represents GTV-MRI (A). The blue line represents GTV-PET (B). The red line represents GTV-PET/MRI (C). The red line represents GTV-PET30%, GTV-PET40%, GTV-PET50%, and GTV-PET60% (D, E, F, and G, respectively)


Pathological specimen measurement
A total of 51 patients received radical prostatectomy within one month after PET/MRI scanning, including 40 patients in the 18F subgroup and 11 patients in the 68Ga subgroup. The average interval between PET/MRI examination and surgery for these patients was 20 days. Due to the slow growth rate of PCa tumor cells, tumor growth during this period could be ignored. In other words, the size of the specimen could represent the size of the tumor on PET/MRI examination. The isolated surgical specimens were completely immersed in formalin for more than 24 h. After fixation, the largest layer of tumor tissue was sliced. Then, the tissue section was fixed on a small board, and the longest tumor length at this layer (Lpath) was measured with a Vernier caliper. Lpath is the gold standard to used to compare the tumor length measured by different methods. This comparative modality has been adopted in previous studies [12, 13].
Analysis
The median (IQR) was used for obtained GTVs. The dice similarity coefficient (DSC) values were used to evaluate spatial overlap within GTV-MRI, GTV-PETs, and GTV-PET/MRI. The calculation formula for DSC was 2 × (A ∩ B)/(A + B), where A and B represent two volumes, (A ∩ B) represents the volume of the intersection, and (A + B) represents the absolute sum of their volumes [14]. The range of the DSC is 0–1. The DSC value is 1 when the two tumor lesions overlap completely in space and 0 when there is no overlap between them. The higher the DSC value is, the higher the overlap degree. It is generally recognized that the coincidence degree is better when the DSC is greater than 0.7 [15].
Statistical analyses were performed using SPSS, Version 24.0 (IBM Corp., Armonk, NY, USA) and GraphPad PRISM, Version 8.0 (GraphPad Software, San Diego, CA). One-way analysis of variance (ANOVA) was performed to assess the differences among the observers. A nonparametric paired-sample Wilcoxon signed-rank test was carried out to compare GTV-MRI with GTV-PET and GTV-PET/MRI. Spearman analysis was used to perform the correlation between GTV-MRI and GTV-PETs, GTV-MRI and GTV-PET/MRI, DSC and clinical parameters (including age, the reference GTV-MRI, PSA, Gleason score, risk classification, and SUVmax). Multiple linear regression was performed to determine the influencing factors of DSC at a statistical significance threshold of < 0.05. Spearman analysis was used to determine the correlation between Lpath and the tumor length measured by different methods. The intra-class correlation coefficient (ICC) and Bland Altman plot were used to evaluate the consistency of the different methods with the gold standard pathological methods. The value of ICC is between 0 and 1. Larger ICC values indicate higher agreement between the two delineation methods. Some scholars believe that the consistency is better when the ICC is greater than 0.75 [16]. P values of less than 0.05(p < 0.05) indicated statistical significance.
Results
A total of 69 patients were enrolled in this study, 57 of whom underwent 18F-PSMA-1007 PET/MRI and 12 of whom underwent 68Ga-PSMA-11 PET/MRI. Therefore, based on different PET tracers, patients were divided into 2 groups: the 18F subgroup and 68Ga subgroup. The patients’ characteristics and volumetric results are displayed in Table 1.Table 1Patient characteristics and volumetric results


	Characteristics
	Median (IQR) or (%)

	 	18F
	68Ga

	Age (years)
	71(67–75)
	72(68–80)

	PSA (ng/ml)
	15.00(7.30–30.58)
	17.05(12.47–22.65)

	Gleason score

	 6
	11(19.2)
	2(16.6)

	 7
	20(35.0)
	6(50.0)

	 8
	18(31.5)
	4(33.3)

	 9
	5(8.7)
	 
	 10
	3(5.2)
	 
	Risk classification

	 Low
	9(15.7)
	2(16.6)

	 Intermediate
	21(36.8)
	6(50.0)

	 High
	27(47.3)
	4(33.3)

	SUVmax
	11.53(4.95–21.50)
	10.32(5.67–18.10)

	GTV-MRI, cm3
	2.80(1.50–7.20)
	2.60(1.23–4.43)

	GTV-PETVIS, cm3
	3.30(1.50–9.20)
	1.80(0.58–2.60)

	GTV-PET/MRI, cm3
	4.80(2.12–11.55)
	2.45(1.83–4.60)

	GTV-PET30%, cm3
	21.70(6.80–37.10)
	4.10(2.23–27.85)

	GTV-PET40%, cm3
	10.60(3.60–19.65)
	2.30(1.13–21.30)

	GTV-PET50%, cm3
	5.30(1.80–10.95)
	2.85(0.68–14.45)

	GTV-PET60%, cm3
	2.40(0.70–6.25)
	0.80(0.33–6.18)


IQR interquartile range, GTV gross tumor volume, ICC intra-class correlation coefficient



The GTV-MRI, GTV-PETVIS, and GTV-PET/MRI delineated by the visual method from different observers are shown in Table 2. The DSC between GTVs delineated by observers A, B, and C is displayed in Table 3. There were no significant differences in tumor volume delineated by different observers.Table 2GTVs obtained by three observers in 18F and 68Ga subgroups


	Observers
	18F
	68Ga

	 	GTV-MRI (cm3)
	GTV-PETVIS (cm3)
	GTV-PET/MRI (cm3)
	GTV-MRI (cm3)
	GTV-PETVIS (cm3)
	GTV-PET/MRI (cm3)

	A
	2.70(1.30–6.20)
	2.90(1.20–7.65)
	4.90(1.40–10.40)
	2.70(0.680–3.75)
	1.60(0.43–3.55)
	3.15(1.28–6.25)

	B
	2.90(1.40–7.90)
	2.80(1.65–10.05)
	4.80(2.50–11.05)
	2.45(1.30–5.18)
	1.30(0.70–2.78)
	2.05(1.43–3.90)

	C
	3.40(1.25–7.15)
	3.20(1.55–9.90)
	5.00(2.15–12.80)
	2.45(1.55–4.80)
	1.70(0.75–3.20)
	2.70(2.13–3.70)

	 	F = 0.176 p = 0.839
	F = 0.075 p = 0.928
	F = 0.035 p = 0.965
	F = 0.073 p = 0.930
	F = 0.022 p = 0.978
	F = 0.019 p = 0.981


GTV gross tumor volume


Table 3DSC between GTVs delineated by observers A, B and C in the 18F and 68Ga subgroups


	GTV
	18F
	68Ga

	 	DSC(A-B)
	DSC(B-C)
	DSC(A-C)
	DSC(A-B)
	DSC(B-C)
	DSC(A-C)

	GTV-MRI
	0.86(0.81–0.89)
	0.86(0.84–0.89)
	0.82(0.78-0.86)
	0.90(0.86–0.95)
	0.87(0.83–0.91)
	0.86(0.84–0.87)

	GTV-PETVIS
	0.90(0.86–0.94)
	0.87(0.85–0.90)
	0.85(0.82–0.87)
	0.87(0.83–0.91)
	0.86(0.82–0.88)
	0.82(0.78–0.86)

	GTV-PET/MRI
	0.91(0.87–0.94)
	0.93(0.89–0.97)
	0.92(0.87–0.95)
	0.91(0.88–0.93)
	0.96(0.92–0.97)
	0.89(0.87–0.91)


GTV gross tumor volume, DSC Dice similarity coefficient, DSC(A-B), DSC between GTVs delineated by observers A and B respectively, DSC(B-C) DSC between GTVs delineated by observers B and C respectively, DSC(A-C) DSC between GTVs delineated by observers A and C respectively




                           18
                           F subgroup results
                        
Statistical analysis showed that GTV-PET50% (r = 0.338, p < 0.05), GTV-PET60% (r = 0.317, p < 0.05), GTV-PETVIS (r = 0.742, p < 0.001) and GTV-PET/MRI (r = 0.923, p < 0.001) were significantly related to the reference GTV-MRI. GTV-PET/MRI (p < 0.001), GTV-PET30% (p < 0.001), GTV-PET40% (p < 0.05), and GTV-PET60% (p < 0.05) diverged such that differences were statistically significant from the referenced GTV-MRI results (Fig. 3, A).[image: ]
Fig. 3The GTV volumes of the 18F subgroup (A) and the 68Ga subgroup (B). Each item and its longitudinal extension represent the median (IQR) of the GTVs. *p < 0.05, *** p < 0.001


The average DSC between GTV-MRI and GTV-PETVIS was 0.45 (range 0–0.86), that between GTV-MRI and GTV-PET/MRI was 0.71 (range 0–0.99), that between GTV-MRI and GTV-PET30% was 0.32 (range 0–0.80), that between GTV-MRI and GTV-PET40% was 0.33 (range 0–0.75), that between GTV-MRI and GTV-PET50% was 0.30 (range 0–0.71), and that between GTV-MRI and GTV-PET60% was 0.23 (range 0–0.70). We selected the DSC between GTV-MRI and GTV-PET/MRI, since it was greater than 0.7, to evaluate the correlation with the reference GTV-MRI (r = 0.516, p < 0.001), PSA (r = 0.288, p < 0.05), risk classification (r = 0.287, p < 0.05), and Gleason score (r = 0.321, p < 0.05) (Fig. 4). GTV-MRI significantly and positively affected the DSC (r2 = 0.462, p < 0.05). Age, PSA level, Gleason score, SUVmax, and risk classification showed no linear correlation with the degree of concordance between the imaging modalities.[image: ]
Fig. 4The correlation between DSC (between GTV-MRI and GTV-PET/MRI) and the reference GTV-MRI (r = 0.516, p < 0.001), PSA (r = 0.288, p < 0.05), risk classification (r = 0.287, p < 0.05), and Gleason score (r = 0.321, p < 0.05) in the 18F subgroup


A total of 40 patients in the 18F group underwent radical prostatectomy within one month after the PET/MRI scan. The Lpath, LPET/MRI, LMRI, LPET, LPET30%, LPET40%, LPET50% and LPET60% were 1.74 (1.34–2.31) cm, 1.75 (1.41–2.41) cm, 1.41 (1.05–1.92) cm, 1.55 (1.15–2.00) cm, 2.68 (1.94–3.32) cm, 2.10 (1.49–2.59) cm, 1.64 (1.24–2.27) cm, and 1.41 (0.84–1.73) cm, respectively.
The results showed that LPET/MRI (r = 0.893, p < 0.001), LMRI (r = 0.797, p < 0.001), and LPET (r = 0.888, p < 0.001) were significantly correlated with the gold standard Lpath. LPET/MRI had the highest consistency with the gold standard Lpath (ICC = 0.893, 95% CI: 0.806–0.942, p < 0.001) (Table 4). According to the Bland–Altman diagram, the mean of the difference between LPET/MRI and Lpath was -0.029, the 95% limit of agreement was -0.673 ~ 0.616, and only one case was outside the limit, which indicates a good consistency level of these data (Fig. 6, A).Table 4ICC consistency between Lpath and tumor lengths obtained by different methods


	Length
	18F
	68Ga

	 	ICC
	95%CI
	p
	ICC
	95%CI
	p

	LPET/MRI
	0.893
	0.806 ~ 0.942
	 < 0.001
	0.837
	0.505 ~ 0.953
	 < 0.001

	LMRI
	0.797
	0.648 ~ 0.887
	 < 0.001
	0.825
	0.475 ~ 0.950
	 < 0.001

	LPET
	0.884
	0.792 ~ 0.937
	 < 0.001
	0.750
	0.306 ~ 0.926
	 < 0.01

	LPET30%
	0.243
	-0.071 ~ 0.513
	0.063
	0.467
	-0.149 ~ 0.822
	0.063

	LPET40%
	0.112
	-0.203 ~ 0.406
	0.243
	0.683
	0.176 ~ 0.904
	 < 0.01

	LPET50%
	0.211
	-0.104 ~ 0.487
	0.093
	0.620
	0.069 ~ 0.881
	 < 0.05

	LPET60%
	0.176
	-0.140 ~ 0.459
	0.135
	0.575
	-0.002 ~ 0.864
	 < 0.05





                           68
                           Ga subgroup results
                        
Statistical analysis showed that GTV-PET30% (r = 0.629, p < 0.05), GTV-PET40% (r = 0.581, p < 0.05), GTV-PETVIS (r = 0.595, p < 0.05) and GTV-PET/MRI (r = 0.944, p < 0.001) were significantly related to the reference GTV-MRI. GTV-PET/MRI (p < 0.05) and GTV-PET30% (p < 0.05) diverged statistically significantly from the reference GTV-MRI results (Fig. 3, B).
The average DSC value between GTV-MRI and GTV-PETVIS was 0.33 (range 0.08–0.55), that between GTV-MRI and GTV-PET/MRI was 0.72 (range 0.4–0.96), that between GTV-MRI and GTV-PET30% was 0.33 (range 0.09–0.82), that between GTV-MRI and GTV-PET40% was 0.33 (range 0.06–0.73), that between GTV-MRI and GTV-PET50% was 0.27 (range 0.04–0.59), and that between GTV-MRI and GTV-PET60% was 0.19 (range 0–0.38). We chose the DSC between GTV-MRI and GTV-PET/MRI, since it was greater than 0.7, to assess the correlation with the reference GTV-MRI (r = 0.580, p < 0.05) (Fig. 5). None of the variables was significantly associated linearly with the degree of concordance.[image: ]
Fig. 5The correlation between DSC (between GTV-MRI and GTV-PET/MRI) and the reference GTV-MRI (r = 0.580, p < 0.05) in the 68Ga subgroup


A total of 11 patients in the 68Ga group underwent radical prostatectomy within one month after the PET/MRI scan. The Lpath, LPET/MRI, LMRI, LPET, LPET30%, LPET40%, LPET50% and LPET60% were 1.61 (1.38–1.99) cm, 1.37 (1.24–1.29) cm, 1.33 (1.02–2.07) cm, 1.32 (1.10–2.11) cm, 1.54 (1.32–3.22) cm, 1.41 (1.11–2.69) cm, 1.54 (0.74–2.45) cm, 1.21 (0.69–1.78) cm, respectively.
The results showed that LPET/MRI (r = 0.848, p < 0.001), LMRI (r = 0.831, p < 0.01), LPET (r = 0.761, p < 0.01), LPET40% (r = 0.717, p < 0.05) and LPET50% (r = 0.639, p < 0.05) were significantly correlated with the gold standard Lpath. LPET/MRI had the highest consistency with the gold standard Lpath (ICC = 0.837, 95% CI: 0.505–0.953, p < 0.001) (Table 4). According to the Bland–Altman diagram, the mean of the difference between LPET/MRI and Lpath was 0.046, the 95% limit of agreement was -0.803 ~ 0.896, and only one case was outside the limit, which indicates a good consistency level of these data (Fig. 6, B).[image: ]
Fig. 6Bland–Altman plots of LPET/MRI and Lpath in the 18F subgroup (A) and the 68Ga subgroup (B)


Discussion
PCa is a radiation-sensitive tumor and the development of small-molecule PSMA inhibitors has rendered PSMA ligand-coupled radionuclide diagnosis and treatment of PCa a research hotspot. Currently, the most commonly used method for GTV delineation is the visual method, which has low technical requirements but high observer dependence. To examine the reproducibility of the visual method, we specifically assessed the interobserver variability. The results showed no significant differences between observers in either the 18F subgroup or 68Ga subgroup, especially based on hybrid PET/MRI images. On this basis, we took the mean of delineated GTV volumes from three observers for further study.
We compared the differences in the delineation of GTVs based on MRI, PET, and hybrid PET/MRI. GTV-PET/MRI was significantly related to the reference GTV-MRI, and there were also statistically significant differences in both the 18F and 68Ga subgroups. Our results also showed that all DSC values between GTV-MRI and GTV-PET/MRI were above 0.7, indicating high spatial overlap. We initially concluded that GTV delineation based on PET/MRI is better than that based on PET images alone. We then validated this hypothesis with pathology. LPET/MRI was most correlated with Lpath in both the 18F and 68Ga subgroup. Moreover, both ICC consistency and Bland–Altman analysis showed that GTV delineation based on fusion PET/MRI was superior to other methods. Considering the above results, we believe that GTV delineation based on fusion PET/MRI is more accurate. A possible reason is that simultaneous PET/MRI synthesizes metabolic and morphological features to reveal the characteristics of tumor lesions and distinguish the border from surrounding normal tissues better than either method alone. Some scholars also concluded that delineating GTV on hybrid PET/MRI is feasible and that the combination of PET/MRI provides more information during GTV delineation in radiotherapy planning than other standard imaging methods, which is consistent with our results despite the different tumor locations [17, 18]. The conventional standard for PCa is mpMRI; however, Johnsen et al. concluded that mpMRI is limited in its ability to detect PCa foci, missing approximately one-third of clinically significant foci [19]. One study demonstrated the usefulness of PSMA-based PET and suggested that it could be used in combination with MRI to improve clinically significant PCa detection [20]. We also recommend GTV delineation on fused PET/MRI images.
Our results showed that 91.2% of GTV-PET/MRI outcomes were greater than those of GTV-MRI in the 18F subgroup and 83.3% of GTV-PET/MRI outcomes were greater than those of GTV-MRI in the 68Ga subgroup. In a previous study [21], it was also argued that MRI-based profiles generally underestimate tumor size. Experts, therefore, recommend that adequate radiation doses should be maintained for the entire prostate in focal radiotherapy to prevent undertreatment in areas with no tumor detected tumor. Gibson et al. recommended that an enlarged GTV margin defined by mpMRI may support focus-enhancing or therapeutic PCa [22]. Several studies of different tumor sites have also shown that that GTV based on PET/MRI is larger than that obtained from GTV-MRI because of the additional biological information provided by PET, which can reduce the risk of locational errors and affect GTV variation during radiotherapy, thus influencing the radiation dose administered to normal tissue [17, 23, 24]. Therefore, we hypothesized that a larger GTV-PET/MRI may result in the acquisition of a more complete target, allowing adequate irradiation of the lesion, and, thus, affecting the therapeutic effect.
For the results obtained by the threshold method for delineating target areas, the 60% SUVmax for 18F-PSMA-PET and 30% SUVmax for 68Ga-PSMA-PET seemed to be positive results, but the spatial overlap between the GTVs delineated with these thresholds and the reference GTV-MRI was very low. Therefore, the volume difference was significant, and the optimal threshold cannot be comprehensively determined. This may be attributed to the low spatial resolution of PET. Due to the limitation of the positron range in the process of developing PET detectors, it is difficult to improve the resolution of PET images, which is likely to lead to the blurring of tumor edges on PET images. The partial volume effect can reduce the SUV value of PET images to some extent, which will lead to blurred tumor edges and result in errors in diagnosis and target delineation. To date, there are few studies on the threshold method and no unified threshold standard has been formed. However, referable conclusions have been reached in some other studies; for example, Alfano et al. showed that the sensitivity could be improved to 95.0 ± 7.8% with a threshold of 67% SUVmax. Furthermore, the specificity could be improved to 95.1 ± 5.2% with a threshold of 81% SUVmax by histopathological verification [25]. Another study, using the histopathological GTV (GTVhisto) as the gold standard reference, revealed that the median statistically optimized SUV% threshold of 41 SUV% for 68Ga-PSMA-11 PET and 44 SUV% for 18F-PSMA-1007 PET form a basis for tracer-specific window leveling [26]. Different tracers lead to different SUV% distributions throughout the prostate, which also suggests that the threshold should not be generalized. Therefore, considering the limitations of PET, we emphasize the GTV delineation on the PET/MRI fusion images. As Zamboglou et al. [8]. demonstrated, using a fusion image (mpMRI ∪ PSMA PET) to delineate GTV achieves the highest sensitivity and spatial overlap compared with PSMA PET or MRI-based GTV delineations alone.
Since the DSC between GTV-MRI and GTV-PET/MRI was greater than 0.70, we investigated the correlation with the reference GTV-MRI, age, SUVmax, risk classification, Gleason score, and PSA. All of the above variables were significantly correlated with DSC in the 18F subgroup, and GTV-MRI was the influencing factor for DSC. In the 68Ga subgroup, only GTV-MRI was significantly correlated with DSC. As a previous study showed, the spatial overlap between GTV-MRI and GTV-PET/MRI increases as the tumor volume increases [23]. Draulans C et al. investigated the effect of tracer variability on the GTV profile and found that the distribution of SUV% in the prostate was significantly altered in 18F-PSMA-based images, resulting in increased interobserver variability [27]. It has already been confirmed that PSMA is associated with a higher Gleason score, and PSMA expression increased with Gleason score [28]. As previously reported [29], increased PSA levels before scanning were associated with increased PSMA positivity. Clinically, comprehensive T staging, Gleason score, and PSA level were used to evaluate the risk classification of PCa. The combination of these parameters is an important indicator in an evaluation of the degree of malignancy [30].
Furthermore, the different results of the two groups were not only related to the relatively low number of patients in the 68Ga group but also possibly related to different tracer characteristics. High tracer retention in the bladder and ureter is known to lead to errors in image analysis [31]. Compared with 68Ga-PSMA-11, 18F-PSMA-1007 excretion passes mainly through hepatobiliary channels rather than the urine, giving it a superior advantage in focal detection given the lower uptake of imaging agents in periprostatic normal tissue and more pronounced contrast to normal tissue [27, 32]. In the future, a direct comparison of the accuracy of 18F-PSMA-1007 and 68Ga-PSMA-11 PET/MRI in GTV delineation needs to be conducted.
A major limitation of this study was the relatively small number of patients, especially in the 68Ga group. Due to the short development time of PSMA PET, especially in the clinical application of 68Ga-PSMA PET/MRI and 18F-PSMA PET/MRI, studies with large samples are still lacking. Furthermore, although the prognosis of radiotherapy based on PET/MRI GTV delineation is uncertain, many studies have shown that it has an impact on target delineation. Accordingly, we can speculate that it has different clinical effects on PCa patients treated with radiotherapy. There is still an urgent need for more prospective, multicentre, large-sample, prospective studies.
Conclusion
It is feasible to visually delineate GTV on PSMA PET/MRI in PCa radiotherapy, and we emphasize the GTV delineation on the PET/MRI fusion image. In addition, the overlap degree was the highest between GTV-MRI and GTV-PET/MRI, and it increased with increasing tumor volume. These results may have important implications for the assessment and treatment of PCa. PSMA PET/MRI is promising in the development of more accurate and personalized tumor radiotherapy.
Acknowledgements
We thank the staff from the Shanghai East Hospital of Tongji University School of Medicine who participated in our study.

Authors’ contributions
YNZ: Study design, data collection, data analysis, manuscript preparation, and editing. ZGL: Contouring, study design, image analysis, manuscript editing. SDW: Data collection, data analysis. XL, LLZ, XY, LPF: Contouring, data collection. JZ: Data collection, data analysis. HFW and ZLX: Study design, image analysis, data analysis, manuscript preparation and editing. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (Grant No.81960525 and 82160591), Science and the Technology innovation project of Shanghai (Grant No.19DZ1930900), Pudong New Area Science and Technology Development Fund (Grant No. PKJ2018-Y02).

Availability of data and materials
The data used to support the findings of this study are available from the corresponding author upon request.

Declarations
Ethics approval and consent to participate
The study protocol was approved by the Institutional Review Board of Shanghai East Hospital. All participants signed written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest regarding the publication of this article.


References
	1.
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 2020;70(1):7–30.Crossref

	2.
Schmidt B, Eapen RS, Cowan JE, Broering JM, Greene KL, Carroll PR, et al. Practice patterns of primary EBRT with and without ADT in prostate cancer treatment. Prostate Cancer Prostatic Dis. 2019;22(1):117–24.Crossref

	3.
Viani GA, da Silva LG, Stefano EJ. High-dose conformal radiotherapy reduces prostate cancer-specific mortality: results of a meta-analysis. Int J Radiat Oncol Biol Phys. 2012;83(5):e619–25.Crossref

	4.
Panebianco V, Giganti F, Kitzing YX, Cornud F, Campa R, De Rubeis G, et al. An update of pitfalls in prostate mpMRI: a practical approach through the lens of PI-RADS v. 2 guidelines. Insights Imaging. 2018;9(1):87–101.Crossref

	5.
Barbosa FG, Queiroz MA, Nunes RF, Marin JF, Buchpiguel CA, Cerri GG. Clinical perspectives of PSMA PET/MRI for prostate cancer. Clinics (Sao Paulo). 2018;73(suppl 1):e586s.Crossref

	6.
Maurer T, Eiber M, Schwaiger M, Gschwend JE. Current use of PSMA-PET in prostate cancer management. Nat Rev Urol. 2016;13(4):226–35.Crossref

	7.
Zamboglou C, Wieser G, Hennies S, Rempel I, Kirste S, Soschynski M, et al. MRI versus (6)(8)Ga-PSMA PET/CT for gross tumour volume delineation in radiation treatment planning of primary prostate cancer. Eur J Nucl Med Mol Imaging. 2016;43(5):889–97.Crossref

	8.
Zamboglou C, Drendel V, Jilg CA, Rischke HC, Beck TI, Schultze-Seemann W, et al. Comparison of 68Ga-HBED-CC PSMA-PET/CT and multiparametric MRI for gross tumour volume detection in patients with primary prostate cancer based on slice by slice comparison with histopathology. Theranostics. 2017;7(1):228–37.Crossref

	9.
Hofman MS, Lawrentschuk N, Francis RJ, Tang C, Vela I, Thomas P, et al. Prostate-specific membrane antigen PET-CT in patients with high-risk prostate cancer before curative-intent surgery or radiotherapy (proPSMA): a prospective, randomised, multicentre study. Lancet. 2020;395(10231):1208–16.Crossref

	10.
Rahbar K, Weckesser M, Ahmadzadehfar H, Schäfers M, Stegger L, Bögemann M. Advantage of (18)F-PSMA-1007 over (68)Ga-PSMA-11 PET imaging for differentiation of local recurrence vs. urinary tracer excretion. Eur J Nucl Med Mol Imaging. 2018;45(6):1076–7.Crossref

	11.
Zamboglou C, Fassbender TF, Steffan L, Schiller F, Fechter T, Carles M, et al. Validation of different PSMA-PET/CT-based contouring techniques for intraprostatic tumor definition using histopathology as standard of reference. Radiother Oncol. 2019;141:208–13.Crossref

	12.
Han D, Yu J, Yu Y, Zhang G, Zhong X, Lu J, et al. Comparison of (18)F-fluorothymidine and (18)F-fluorodeoxyglucose PET/CT in delineating gross tumor volume by optimal threshold in patients with squamous cell carcinoma of thoracic esophagus. Int J Radiat Oncol Biol Phys. 2010;76(4):1235–41.Crossref

	13.
Cheebsumon P, Boellaard R, de Ruysscher D, van Elmpt W, van Baardwijk A, Yaqub M, et al. Assessment of tumour size in PET/CT lung cancer studies: PET- and CT-based methods compared to pathology. EJNMMI Res. 2012;2(1):56.Crossref

	14.
Wang K, Mullins BT, Falchook AD, Lian J, He K, Shen D, et al. Evaluation of PET/MRI for Tumor Volume Delineation for Head and Neck Cancer. Front Oncol. 2017;7:8.Crossref

	15.
Zou KH, Warfield SK, Bharatha A, Tempany CM, Kaus MR, Haker SJ, et al. Statistical validation of image segmentation quality based on a spatial overlap index. Acad Radiol. 2004;11(2):178–89.Crossref

	16.
Shrout PE. Measurement reliability and agreement in psychiatry. Stat Methods Med Res. 1998;7(3):301–17.Crossref

	17.
Ma JT, Han CB, Zheng JH, Sun HZ, Zhang SM, Xin J, et al. Hybrid PET/MRI-based delineation of gross tumor volume in head and neck cancer and tumor parameter analysis. Nucl Med Commun. 2017;38(7):642–9.Crossref

	18.
Samolyk-Kogaczewska N, Sierko E, Zuzda K, Gugnacki P, Szumowski P. PET/MRI-guided GTV delineation during radiotherapy planning in patients with squamous cell carcinoma of the tongue. Strahlenther Onkol. 2019;195(9):780–91.Crossref

	19.
Johnson DC, Raman SS, Mirak SA, Kwan L, Bajgiran AM, Hsu W, et al. Detection of Individual Prostate Cancer Foci via Multiparametric Magnetic Resonance Imaging. Eur Urol. 2019;75(5):712–20.Crossref

	20.
Rowe SP, Gage KL, Faraj SF, Macura KJ, Cornish TC, Gonzalez-Roibon N, et al. (1)(8)F-DCFBC PET/CT for PSMA-Based Detection and Characterization of Primary Prostate Cancer. J Nucl Med. 2015;56(7):1003–10.Crossref

	21.
Bettermann AS, Zamboglou C, Kiefer SJC, Spohn S, Kranz-Rudolph J, Fassbender TF, et al. [68Ga-]PSMA-11 PET/CT and multiparametric MRI for gross tumor volume delineation in a slice by slice analysis with whole mount histopathology as a reference standard - Implications for focal radiotherapy planning in primary prostate cancer. Radiother Oncol. 2019;141:214–9.Crossref

	22.
Gibson E, Bauman GS, Romagnoli C, Cool DW, Bastian-Jordan M, Kassam Z, et al. Toward Prostate Cancer Contouring Guidelines on Magnetic Resonance Imaging: Dominant Lesion Gross and Clinical Target Volume Coverage Via Accurate Histology Fusion. Int J Radiat Oncol Biol Phys. 2016;96(1):188–96.Crossref

	23.
Zhang YN, Lu X, Lu ZG, Fu LP, Zhao J, Xiang ZL. Evaluation of Hybrid PET/MRI for Gross Tumor Volume (GTV) Delineation in Colorectal Cancer Liver Metastases Radiotherapy. Cancer Manag Res. 2021;6(13):5383–9.Crossref

	24.
Muijs CT, Schreurs LM, Busz DM, Beukema JC, van der Borden AJ, Pruim J, et al. Consequences of additional use of PET information for target volume delineation and radiotherapy dose distribution for esophageal cancer. Radiother Oncol. 2009;93(3):447–53.Crossref

	25.
Alfano R, Bauman GS, Liu W, Thiessen JD, Rachinsky I, Pavlosky W, et al. Histologic validation of auto-contoured dominant intraprostatic lesions on [18 F] DCFPyL PSMA-PET imaging. Radiother Oncol. 2020;152:34–41.Crossref

	26.
Draulans C, De Roover R, van der Heide UA, Kerkmeijer L, Smeenk RJ, Pos F, et al. Optimal (68)Ga-PSMA and (18)F-PSMA PET window levelling for gross tumour volume delineation in primary prostate cancer. Eur J Nucl Med Mol Imaging. 2021;48(4):1211–8.Crossref

	27.
Draulans C, Pos F, Smeenk RJ, Kerkmeijer L, Vogel WV, Nagarajah J, et al. (68)Ga-PSMA-11 PET, (18)F-PSMA-1007 PET, and MRI for Gross Tumor Volume Delineation in Primary Prostate Cancer: Intermodality and Intertracer Variability. Pract Radiat Oncol. 2021;11(3):202–11.Crossref

	28.
Eiber M, Maurer T, Souvatzoglou M, Beer AJ, Ruffani A, Haller B, et al. Evaluation of Hybrid 68Ga-PSMA Ligand PET/CT in 248 Patients with Biochemical Recurrence After Radical Prostatectomy. J Nucl Med. 2015;56(5):668–74.Crossref

	29.
Ceci F, Uprimny C, Nilica B, Geraldo L, Kendler D, Kroiss A, et al. (68)Ga-PSMA PET/CT for restaging recurrent prostate cancer: which factors are associated with PET/CT detection rate? Eur J Nucl Med Mol Imaging. 2015;42(8):1284–94.Crossref

	30.
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(4):618–29.Crossref

	31.
Rauscher I, Krönke M, König M, Gafita A, Maurer T, Horn T, et al. Matched-Pair Comparison of (68)Ga-PSMA-11 PET/CT and (18)F-PSMA-1007 PET/CT: Frequency of Pitfalls and Detection Efficacy in Biochemical Recurrence After Radical Prostatectomy. J Nucl Med. 2020;61(1):51–7.Crossref

	32.
Giesel FL, Hadaschik B, Cardinale J, Radtke J, Vinsensia M, Lehnert W, et al. F-18 labelled PSMA-1007: biodistribution, radiation dosimetry and histopathological validation of tumor lesions in prostate cancer patients. Eur J Nucl Med Mol Imaging. 2017;44(4):678–88.Crossref



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/40644_2022_475_Fig2_HTML.png





OEBPS/images/40644_2022_475_Fig5_HTML.png
DSC

[ ] [ ]
[
0.8 /
T, ° .
064 °
[ ]
0.4
0.2
0.0 1 1 | 1
0 5 10 15 20

GTV-MRI (cm®)





OEBPS/navigation.xhtml

    
      Contents


      
        		Gross tumor volume delineation in primary prostate cancer on 18F-PSMA-1007 PET/MRI and 68Ga-PSMA-11 PET/MRI


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/40644_2022_475_Fig3_HTML.png
AnEuvwwEs_o> Jnownj

— e ek
| L all g
! o |
*
e
. o -
o
I L} L)
o (= o o
= = = =
o o o o
™ ~N -
AnEovme:_o> Jnownj
— —&Hf
— —e— |
b————— F
1 ‘ =
—ae |
:
*
: e I
(e N
I 1 1 )
(= (= (= (= (=3
o o o o o
=) o o =) =
< ™ ~N -





OEBPS/images/40644_2022_475_Fig4_HTML.png
0.0 T T T T T
0 20 40 60
GTV-MRI (cm®)
c 1.0 . .
|
08 . $ :
: |
0.6 e §
0 L]
n . .
o . .
0.4 .
0.2
0.0
1 * T
4 6&6&& &
&

Risk classification

DsC

DSsC

0.2+

0.0

1.0

0.8

0.6

0.4

0.2+

0.0

100

PSA (ng/ml)

5 6

T

7

8

Gleason Score

10





OEBPS/images/40644_2022_475_Fig1_HTML.png





OEBPS/css/sidebar.gif





OEBPS/images/40644_2022_475_Fig6_HTML.png
Differencer between

>

Lpath and Lpgrmgrs (€M)

1.00
0.50
. ° o
L]
0.004—————— -
L] . °
3o ° . oo ¥
-0.50— °
T L LR RRRRRRRRE
-1.00 T T T T 1
0.00 1.00 2.00 3.00 4.00

Average of Lpath and Lpgyyr (cm)

Differencer between

ow

Lpath and Lpgrmg (cm)

1.00
0.50— °
® 408
000F———————————————————
)
°
-0.50—
°
-1.00 T T T ]
0.00 1.00 2.00 3.00

Average of Lpath and Lpgryr (cm)





