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Abstract  

Purpose: This study proposes optimal tracer-specific threshold-based window levels for PSMA 

PET-based intraprostatic gross tumour volume (GTV) contouring to reduce interobserver 

delineation variability. 

Methods: Nine 68Ga-PSMA-11 and nine 18F-PSMA-1007 PET scans including GTV delineations 

of four expert teams (GTVmanual) and a majority-voted GTV (GTVmajority) were assessed with 

respect to a registered histopathological GTV (GTVhisto) as gold standard reference. The 

standard uptake values (SUVs) per voxel were converted to a percentage (SUV%) relative to 

the SUVmax. The statistically optimised SUV% threshold (SOST) was defined as those that 

maximizes accuracy for threshold-based contouring. A leave-one-out cross-validation receiver 

operating characteristic (ROC) curve analysis was performed to determine the SOST for each 

tracer. The SOST analysis was performed twice, first using the GTVhisto contour as training 

structure (GTVSOST-H) and second using the GTVmajority contour as training structure (GTVSOST-MA) 

to correct for any limited misregistration. The accuracy of both GTVSOST-H and GTVSOST-MA  was 

calculated relative to GTVhisto in the ‘leave-one-out’ patient of each fold and compared with 

the accuracy of GTVmanual. 

Results: ROC curve analysis for 68Ga-PSMA-11 PET revealed a median threshold of 25 SUV% 

(range, 22-27 SUV%) and 41 SUV% (40-43 SUV%) for GTVSOST-H and GTVSOST-MA, respectively. For 

18F-PSMA-1007 PET a median threshold of 42 SUV% (39-45 SUV%) for GTVSOST-H and 44 SUV% 

(42-45 SUV%) for GTVSOST-MA was found. A significant pairwise difference was observed when 

comparing the accuracy of the GTVSOST-H contours with the median accuracy of the GTVmanual 

contours (median, -2.5%; IQR, -26.5 – 0.2%; p = 0.020), whereas no significant pairwise 

difference was found for the GTVSOST-MA contours (median, -0.3%; IQR, -4.4 – 0.6%; p = 0.199). 

Conclusions: Threshold-based contouring using GTVmajority-trained SOSTs achieves an accuracy 

comparable to manual contours in delineating GTVhisto. The median SOSTs of 41 SUV% for 

68Ga-PSMA-11 PET and 44 SUV% for 18F-PSMA-1007 PET form a base for tracer-specific 

window levelling. 
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Introduction 

The incidence of prostate cancer (PCa) is increasing in all industrialised countries [1]. External 

beam radiotherapy (EBRT) is one of the options used to treat men diagnosed with this disease. 

Radiation dose escalation for primary PCa has shown a clear association with both lower local 

failure and lower distant metastasis rates [2]. When escalating the dose to the whole prostate 

gland, however, these positive results come at the expense of increased toxicity [3,4]. As local 

failures usually originate at the site of the primary tumour, the addition of a focal boost to the 

intraprostatic lesion(s) may improve disease control without adding any additional toxicity [5]. 

Several clinical trials (e.g. FLAME (NCT01168479) [6], DELINEATE (ISRCTN04483921) [7]) are 

investigating this hypothesis. In these trials, the boosted gross tumour volume (GTV) was 

defined and delineated based on multiparametric magnetic resonance imaging (MRI).  

In recent years, a potential role of prostate-specific membrane antigen (PSMA) positron 

emission tomography (PET) in GTV delineation was demonstrated [8,9]. PSMA PET tracers are 

small molecular inhibitors of PSMA that bind with the extracellular site of PSMA and which are 

typically labelled with the positron emitting radioisotopes Gallium-68 (68Ga) or Fluorine-18 

(18F).  

Similar to MRI-based GTV delineations, PSMA PET-based contours appear to be subject to 

interobserver variability [9,10]. Interobserver variability is a potential limiting factor in the 

broad implementation of focal boosting strategies, as optimal delineation of the GTV volume is 

crucial in order to maintain the aimed added value of focal boosting in PCa without adding 

unnecessary toxicity. The use of uniform predefined PET tracer window level settings may be a 

solution to reduce this interobserver variability [9]. 

In the field of PSMA tracers, the use of 18F-PSMA PET as radioligand is emerging due to several 

major advantages associated with 18F-PSMA PET compared to 68Ga-PSMA PET such as a longer 

half-life, a lower positron energy and the possibility of large-batch production. Consequently, 

the mixed use of both 18F-PSMA and 68Ga-PSMA PET tracers entails an additional risk of inter-

tracer delineation variability with the potential need for tracer-specific thresholding and 

window level setting. From the perspective of intraprostatic GTV contouring, 18F-PSMA PET 

yields the theoretical advantage of rapid blood clearance with minimal urinary excretion.  As a 

result, high tracer retention in the bladder and ureters, which can impact adequate image 

interpretation, is avoided by using 18F-PSMA PET [11,12]. Disadvantageous to 18F-PSMA PET, 
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however, is the higher risk of non-tumour related uptake compared to 68Ga-PSMA PET as 

demonstrated in the setting of biochemical recurrence [13]. 

The purpose of this study is to assess the need for tracer-specific standardized uptake value 

(SUV) window level settings and to determine statistically optimized thresholds for both 68Ga-

PSMA and 18F-PSMA PET-based intraprostatic GTV contouring to reduce interobserver and 

inter-tracer delineation variability.  

 

Material and Methods 

PSMA PET/MRI dataset 

PSMA PET/MRI scans of nineteen high-intermediate and high risk PCa patients defined 

according to the EAU criteria [14], who were prospectively included in a trial investigating high 

precision imaging of PSMA in PCa (NCT03327675) between October 2017 and May 2019 were 

selected for this SUV thresholding study. The study was approved by the institutional ethical 

review board of the University Hospitals Leuven (UZL) (S62183) and written informed consent 

was obtained from all patients. 

All patients underwent a whole body 68Ga-PSMA-11 or 18F-PSMA-1007 PET scan at 60 minutes 

post-injection on the GE SignaTM PET/MRI system (GE Healthcare, Waukesha, Wisconsin, USA). 

The PET/MRI parameters are depicted in Supplementary Table 1. 68Ga-PSMA-11 was produced 

on-site as described in [15] using 68Ga3+ obtained from a 68Ge/68Ga radionuclide generator 

(Eckler & Ziegler Radiopharma, Berlin, Germany). 18F-PSMA-1007 was generated on-site using 

an All-in-One synthesis module (Trasis SA, Ans, Belgium), reagent kit and precursor for PSMA-

1007 (ABX Advanced Biochemical Compounds GmbH, Radeberg, Germany) and 18F from an in-

house cyclotron. Simultaneously with the PET scan, a whole-body MRI with supplementary 

dedicated MRI scan of the prostate was performed, which was used in this trial for registration 

and anatomical correlation purposes. Patient characteristics of both the 68Ga-PSMA-11 (n = 9) 

and 18F-PSMA-1007 (n = 10) cohort are summarized in Table 1. 

 

Histopathology registration 
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All patients underwent robot-assisted radical prostatectomy (RARP) after PSMA PET/MRI 

scanning. The median time between PSMA PET/MRI scanning and RARP was 19 days (IQR, 6 – 

30 days). The radical prostatectomy specimens were inked to allow proper orientation and 

sectioned at 3-4 mm intervals perpendicular to the urethra. These whole-mount histopathology 

slices were stained with haematoxylin-eosin (H&E) and reviewed by a uropathologist who 

indicated the present tumour lesions. Afterwards, the H&E slides were registered to the T2-

weighted (T2w) MRI slices based on the relative order of the H&E slides and guided by the 

prostate boundary and intraprostatic landmarks (median, 12 landmarks/slide; IQR, 10 – 15) 

making use of a deformable point based registration in MATLAB R2019a (The MathWorks, 

Natick, Massachusetts, USA). Visual cross-check verification of the registration outcome was 

performed. The landmark-containing T2w MRI images were in turn linked to their 

corresponding PSMA-PET image slices. For some imaging slices no matching H&E slide was 

available as the extremities of apex and base of the prostate were removed and cut in a sagittal 

direction. The histopathological information was smoothened to minimize the effect of 

different image resolutions on spatial correspondence according to the smoothening strategy 

previously reported by Zamboglou et al. [16]. A Gaussian smoothing (FWHM, 7 mm) of the 

discretised histological data was performed slice by slice to create a so called GTVhisto. 

 

Statistical optimized thresholding method 

The uptake of 68Ga-PSMA-11 or 18F-PSMA-1007 was quantified in terms of SUV which reflects 

the regional tracer concentration normalized by the injected activity and body weight. 

Subsequently, a SUV% value was determined per voxel by converting each SUV to a percentage 

relative to the highest SUV measured in the corresponding prostate and seminal vesicles 

defined on T2w MRI images. 

Two regions of interest (ROIs) were created to serve as a base to perform the statistical 

optimized thresholding analyses. On the one hand tumour lesion annotations of the 

uropathologist were transferred to the PSMA PET images according to the deformable point-

based registration of the H&E slides (GTVhisto) as training structure. On the other hand, a 

majority voted PET-based GTV (GTVmajority) training structure, acting as a surrogate for the 

tumour volume, was created. The GTVmajority was based on the manually GTV contours 
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(GTVmanual) of four expert delineation teams consisting of a radiation oncologist and nuclear 

medicine physician. The window level selection was at the discretion of the delineating 

physician. Detailed delineation characteristics are depicted in Supplementary Table 2.  Voxels 

did or did not belong to the GTVmajority according to the results of the majority (>50%) of the 

individual PSMA PET-based segmentations. All teams used the delineation system of their own 

hospital (NKI-AvL: Mirada RTx v 1.2.0.59, Mirada Medical Ltd, Oxford, UK; UZL: MIM v6.8.5, 

MIM Software Inc, Cleveland, Ohio, USA; Radboud-1 & 2: Pinnacle v16.0, Philips, Eindhoven, 

The Netherlands). This second ROI (GTVmajority) was created in order to accommodate two 

inevitable limitations linked to the histology-registration process. First, there is a risk of 

misregistration due to prostate motion between the MRI acquisition and PET acquisition. 

Second, the GTVmajority was constructed as surrogate to cope with the lack of histopathological 

correlates for registration at the apex and base of the prostate and at the seminal vesicles as a 

result of the pathological work-up. 

The statistically optimized SUV% thresholding (SOST) method was used to determine the 

optimal SUV% threshold for threshold-based contouring (GTVSOST) and window level setting. A 

leave-one-out cross validation receiver operating characteristic (ROC) curve analysis was 

performed to identify the optimal threshold which maximizes combined sensitivity and 

specificity, i.e. the point-closest-to-(0,1)-corner. 

 

Statistical analysis 

For both SOST contouring methods, i.e. GTVSOST-H and GTVSOST-MA, the voxel-wise sensitivity, 

specificity and accuracy were determined to evaluate the voxel-wise agreement with their 

respective reference structure (GTVhisto and GTVmajority). Assessments relative to the GTVhisto 

contour were considered for histopathology-registered PSMA-PET slices. The whole prostate 

gland and seminal vesicles were taken into account for analysis if the GTVmajority functioned as 

reference contour. The performance of the determined thresholds was tested in the remaining 

‘leave-one-out’-patient of each fold. An overview of the study design is illustrated in Figure 1. 

Finally, the accuracies of both GTVSOST-H and GTVSOST-MA contours with respect to GTVhisto
 as 

reference structure were compared with the median accuracy obtained by the GTVmanual 

contours (median accuracy with respect to GTVhisto over the four delineation teams) to compare 
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the performance of both threshold-based modalities against expert contouring using a 

Wilcoxon matched-pairs signed-rank test. A Mann-Whitney U test was performed to compare 

the 68Ga-PSMA-11 and 18F-PSMA-1007 PET based SOST thresholds. Significance level was 

defined as p < 0.05 (after Benjamini-Hochberg adjustment for multiple testing (n= 5)) . Data 

were analysed using SPSS 26 for Windows (IBM Corp. Armonk, New York, USA) and MATLAB.  

 

Results 

Nine 68Ga-PSMA-11 and ten 18F-PSMA-1007 PET cases were distributed among four delineation 

teams, leading to thirty-six 68Ga-PSMA-11 and forty 18F-PSMA-1007 PET-based delineation sets. 

The inability to contour a GTV region was indicated in four 68Ga-PSMA-11 (11.1%) and none of 

the 18F-PSMA-1007 (0%) PET-based delineation exercises. One 18F-PSMA-1007 PET case was 

excluded for further analysis as the available tumour regions in the matching H&E slides were 

too small and disappeared during the smoothening procedure. 

When comparing the manual contours (GTVmanual) made by the four teams to the 

histopathology-based tumour contours (GTVhisto), a median voxel-wise accuracy ranging 

between 87.5% – 94.0% for 68Ga-PSMA-11 PET-based contours and ranging between 74.2% – 

93.8% for 18F-PSMA-1007 PET-based contours was found. The GTVmajority reached a voxel-wise 

median accuracy of 92.7% for 68Ga-PSMA-11 PET and 79.1% for 18F-PSMA-1007 PET. High 

median specificities were found for both 68Ga-PSMA-11 (93.6 – 96.1%) and 18F-PSMA-1007 

(77.9 – 95.5%) PET-based GTVmanual contours. The median sensitivities were systematically 

higher for the 18F-PSMA-1007 PET cohort (68.3 – 87.4%) compared with the 68Ga-PSMA-11 PET 

cohort (31.4 – 53.7%). Detailed information about the voxel-wise histopathological tumour 

covering per team is depicted in Table 2.  

Median GTVSOST-H thresholds of 25 SUV% (range, 22 – 27 SUV%) and 42 SUV% (range, 39 – 45 

SUV%) (p < 0.001) were determined by ROC curve analysis for 68Ga-PSMA-11 PET and 18F-PSMA-

1007 PET, respectively. Median accuracies of 65.9% for 68Ga-PSMA-11 and 73.1% for 18F-PSMA-

1007 were calculated for the GTVSOST-H method using leave-one-out cross-validation. When 

using the GTVmajority structure as template, median GTVSOST-MA thresholds of 41 SUV% (range, 40 

– 43 SUV%) for 68Ga-PSMA-11 PET and 44 SUV% (range, 42 – 45 SUV%) for 18F-PSMA-1007 PET 

were calculated (p = 0.001). The GTVSOST-MA method achieved median accuracies of 82.4% for 
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68Ga-PSMA-11 PET images and of 71.5% for 18F-PSMA-1007 PET images in the voxel-wise 

covering of the histopathology-based tumour area (GTVhisto). 

A statistically significant pairwise difference in accuracy was found when comparing the 

accuracy of the GTVSOST-H contours with GTVSOST-MA contours for the ‘leave-one-out’-patient of 

each fold (median, -2.8%; IQR, -15.5 – -0.1%; p = 0.004). When comparing the accuracy of the 

threshold-based GTV delineations with the median accuracy of the GTVmanual contours, a 

significant pairwise difference was observed for the GTVSOST-H contours (median, -2.5%; IQR, -

26.5 – 0.2%; p = 0.020), whereas no significant pairwise difference was found for the GTVSOST-

MA contours (median, -0.3%; IQR, -4.4 – 0.6%; p = 0.199). 

 

Discussion 

The main focus of this study is to explore tracer-specific optimal window level settings and SUV 

thresholds for PSMA PET-based GTV contouring for focal boosting in primary PCa that may 

result in reduced interobserver variability. Potential different interpretations in contouring 

depending on the used tracer, 68Ga-PSMA-11 or 18F-PSMA-1007 PET, were explored in more 

detail.  

To our knowledge, this is the first study concerning threshold value determination in primary 

PCa using 68Ga-PSMA-11 PET or 18F-PSMA-1007 PET as tracer. Our results demonstrated that 

there is a substantial influence of the used PSMA PET tracer on target covering sensitivities and 

specificities and on the optimal window level settings for manual contouring. Moderate 

differences in optimal window level settings have been found between both tracers with a 

higher suggested maximal SUV threshold setting for 18F-PSMA-1007 PET images. Furthermore, 

lower accuracies are generally seen at voxel level for 18F-PSMA-1007 PET-based contours 

compared to 68Ga-PSMA-11 PET based contours. However, in general, the use of 18F-PSMA-

1007 PET results in higher sensitivities. These phenomena occur in both manual and threshold-

based GTV delineations and are in line with the findings made in the biochemical recurrence 

setting. In that context, Rauscher et al. reported that 18F-PSMA-1007 PET revealed almost five 

times as many PSMA-ligand positive finding which were of benign origin as did 68Ga-PSMA-11 

PET [13]. Based on our results and those of Rauscher et al., there seems to be an important 
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difference in the SUV distribution between both tracers regarding target definition and 

delineation. 

In an attempt to determine the optimal threshold SUV% value for threshold-based contouring 

and window levelling, the SOST method yielded different optimal thresholds depending on the 

used type of training contour. An up-scaling of the median SOST threshold from 25% to 41% 

for 68Ga-PSMA-11 and from 42% to 44% for 18F-PSMA-1007 was observed when GTVhisto 

contours were replaced by GTVmajority contours as training structure. Using the GTVmajority-

trained thresholds resulted in better discrimination accuracy between tumour and non-tumour 

voxels than those trained directly on the histological contour. This is caused by discrete 

registration mismatches between the histological tumour and PSMA PET images, which could 

have a major impact on the determined optimal threshold value. An medianpairwise difference 

in accuracy of -2.8% was found. . Furthermore, it can be stated that no statistically significant 

difference in accuracy was observed between the threshold-based GTVSOST-MA contours and the 

GTVmanual contours given the calculated median pairwise difference in accuracy of -0.5%. 

Considering all these observations, an optimal SUV threshold for threshold-based contouring 

of around 41% of the maximum intraprostatic and seminal vesicle SUV value for 68Ga-PSMA-11 

PET and of around 44% for 18F-PSMA-1007 PET imaging was determined. These acquired 

threshold values could be converted to SUVmin-max window levels of 0 – 41%SUVmax for 68Ga-

PSMA-11 PET and of 0 – 44%SUVmax for 18F-PSMA-1007 PET, which may lead to reduced 

interobserver variability (Figure 2). Considering the concept of dominant lesion focal boosting 

as proposed in the phase III FLAME trial, meaningless local PSMA PET hotspots could be 

excluded out of manual GTV contours by using these well-defined window level settings. This 

might further increase the accuracy of a window level based manual contouring relative to a 

fully threshold-based contouring. The use of uniform windowing levels has, by itself, already 

demonstrated its usefulness against interobserver variability [9]. Excellent interobserver 

agreement with a Sørensen-Dice similarity coefficient (DSC) of 0.8 was achieved despite of 

different levels of experience in a study by Zamboglou et al. when uniform windowing levels 

were applied whereas, without uniform windowing levels, the DSC was only 0.56 [9]. The 

absolute windowing levels which were used in this study were rather arbitrary (SUVmin-max: 0 – 

5 SUV). By implementing the use of optimized, tracer-specific, relative window levels, GTV 

delineation for focal boosting may be further improved. 
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Most of the previous trials which were correlating PSMA PET images with histopathology as 

ground truth analyse the degree of correlation relative to pre-defined prostate segments [8,9]. 

This method is the most appropriate for diagnostic purposes where exact delimitation of the 

tumour area is not the ultimate goal. However, for focal boost target delineation in 

radiotherapy, where decisions need to be made at voxel level, sensitivity and specificity 

determinations at segment level are probably not sufficient. Therefore, this study correlates 

PSMA PET images with histopathology slides on a voxel-by-voxel level rather than by prostate 

segment [17]. In determining the optimal relative SUV threshold value and window level 

setting, we determined the threshold value that combines both maximum sensitivity and 

maximum specificity rather than focussing on one. Consequently, this study equates the weight 

of false positive voxels with that of false negative voxels in the view of a background dose 

administered to the entire prostate gland in addition to the focal lesion ablative microboost [6]. 

In case of a solely focal treatment strategy, i.e. aiming a sensitivity as high as reasonably 

achievable, the most appropriate threshold values may therefore be different from our SOST 

method determined threshold and windowing level values. Furthermore, the need for tracer-

specific thresholds, as found in our study, suggest that a tracer-specific approach may also be 

necessary when radiomic features are used in PSMA PET as a new tool for non-invasive PCa 

discrimination and characterization of its biological properties [18]. 

Our study has several limitations that must be considered before applying the results. Firstly, 

there is the uncertainty in registration between the H&E slides and PET-PSMA slices. This 

limited mismatch risk is caused by the lack of predefined cutting planes according to the PET-

PSMA slices during histopathological processing of the prostate specimen and by the risk of 

prostate motion in between the PET acquisition and MRI acquisition. The MRI images served as 

an intermediate-step for anatomical registration during the registration process. Secondly, 

although a broad range of tumour stages, ISUP grades and levels of tracer uptake were included 

in our study, external validation of the proposed window level settings is needed to assess if 

our results are representative for all practices. Our study focuses on high-intermediate and high 

risk patients defined according to the EAU criteria [14]. By this, our results are not generalisable 

to low-intermediate and low risk PCa patients. In addition, future research on a larger cohort 

should consider whether certain tumour or imaging characteristics in high-intermediate and 

high risk patients are correlated with discreetly varying optimal window levels as we still 
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observe variations in accuracy in our cohort using the trained window levels. Furthermore, 

special attention should be paid to the method of image acquisition as it has been 

demonstrated that several reconstruction parameters may impact the choice of an optimal 

threshold for threshold-based contouring and window level setting [19].  

 

Conclusion 

Threshold-based contouring using GTVmajority-trained SOSTs achieves an accuracy comparable 

to manual contours in delineating GTVhisto. The median SOSTs of 41 SUV% for 68Ga-PSMA-11 

PET and 44 SUV% for 18F-PSMA-1007 PET form a base for tracer-specific window levelling to 

reduce interobserver and inter-tracer variability. 
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Figure Legends 

Figure 1 Study design overview. Manual GTV contouring was performed by four expert delineation 

teams and served as input for the GTVmajority volume. The GTVhisto structure was created by registering 

the H&E slides to the image slices and by transferring the uropathologist annotations by a point-based 

deformable registration. Both GTVmajority and GTVhisto served as training structure for determining the 

statistically optimized SUV% thresholding (SOST) thresholds by ROC curve analysis. These SOST 

thresholds serve as a base for the threshold-based GTV contouring, i.e. GTVSOST-MA and GTVSOST-H. 

Accuracies (checkered arrows) of all the volumes were calculated compared to the GTVhisto volume. 

The accuracies of the SOST based contours (GTVSOST) were calculated using a leave-one-out cross 

validation method. 

 

 

Figure 2 Patient-tailored SOST-based window levelling. Example of using different window level 

settings for a 68Ga-PSMA-PET scanned (panel A, B and C) and 18F-PSMA-PET scanned (panel D, E and F) 

patient. Panels A and D show the settings as used by Zamboglou et al. to reduce interobserver 

variability [SUVmin-max: 0 – 5], whereas panels B and E are calibrated using the GTVSOST-H threshold 

[SUVmin-max: 0 – SOSThisto x SUVmax] and panels C and F using the GTVSOST-MA [SUVmin-max: 0 – SOSTmajority 

x SUVmax]. The prostate contour (yellow-green), GTVmanual contours of all teams (yellow, blue, green, 

red) and GTVhisto (orange) are visualised on each panel. 

 

 

 


