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ARTICLE INFO ABSTRACT

Article history: Purpose: Accurate definition of the intraprostatic gross tumor volume (GTV) is crucial for diagnostic and
Recefved 23 May 2019 therapeutic approaches in patients with primary prostate cancer (PCa). The optimal methodology for con-
Received in revised form 28 June 2019 touring of GTV using Prostate specific membrane antigen positron emission tomography (PSMA-PET)
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Available online 17 August 2019 information has not yet been defined.

Methods and Materials: PCa patients who underwent a [68Ga]PSMA-11-PET/CT followed by radical
prostatectomy were prospectively enrolled (n = 20). Six observer teams with different levels of experi-
ence and using different PET image scaling techniques performed manual contouring of GTV.
Primary prostate cancer Additionally, semi—au.tomatic segmentation of GTVs was performed.using SUVmax thresholds of 20-
Delineation 50%. Coregistered histopathological gross tumor volume (GTV-Histo) served as reference. Inter-
Contouring observer agreement was assessed by calculating the Dice similarity coefficient (DSC).
Histopathology Results: Most contouring methods provided high sensitivity and specificity. For manual delineation, scal-
ing the PET images from SUVmin-max: 0-5 resulted in high sensitivity (>86%). The highest specificity
(100%) was obtained by scaling the PET images from SUVmin-max: 0-SUVmax. High interobserver agree-
ment (median DSC 0.8) was observed when using the same PET image scaling technique (PET images
SUVmin-max: 0-5). For semi-automatic segmentation, a low SUVmax threshold of 20% optimized sensi-
tivity (SUVmax threshold 20%, 100% sensitivity, 32% of prostatic volume), whereas a higher threshold
optimized specificity (SUVmax threshold 40%-50%, 100% specificity).
Conclusions: Contouring of regions with high tracer-uptake resulted in very high specificities and should
be used for biopsy guidance. Both manual and semi-automatic approaches using validated SUV scaling
(SUVmin-max: 0-5) or thresholding (20%) may provide high sensitivity, and should be considered for
PSMA-PET-based focal therapy approaches.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 141 (2019) 208-213
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The identification and accurate contouring of the intraprostatic last decade the concept of focal radiation therapy (RT) has gained
tumor volume is a crucial step for diagnostic and therapeutic interest for patients with PCa and boosting the RT dose to the vis-
approaches in patients with primary prostate cancer (PCa). In the ible tumor areas within the prostate may improve treatment out-

come [1,2]. Moreover, recurrent PCa after conventional RT often
occurs at the site of the primary tumor [3,4]. Currently, several
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Most of the studies investigating targeted biopsies or focal ther-
apy regimen in patients with PCa used MRI information for
intraprostatic tumor delineation [6]. However, MR image interpre-
tation for PCa diagnosis results in substantial inter-reader variabil-
ity [7] which impacts intraprostatic tumor delineation [8,9].

Radioactive-labeled tracers targeting the prostate specific
membrane antigen (PSMA) have been implemented for positron
emission tomography (PET) in patients with primary PCa. Previous
work by our group [10,11], which is in agreement with the findings
of other studies [12,13] has suggested that PSMA-PET may be supe-
rior to MRI for intraprostatic tumor detection and focal therapy
guidance. In the latter studies the detection and delineation of
intraprostatic PCa was mainly performed manually by experienced
readers.

However, a consensual and largely accepted method to accu-
rately delineate the intraprostatic tumor volume based on PSMA-
PET information has not yet been established. In this context, we
have enrolled 20 patients with PCa and a PSMA-PET/CT before sur-
gery in a prospective study design, for who PET-based prostate
tumor delineation was performed by different semi-automatic seg-
mentation methods as well as by manually defined contours from
different observers. The distribution of PCa in coregistered
histopathologic information served as the standard of reference.

Methods and materials

Patients

Between February 2014 and July 2018, 20 patients with
histopathologically proven primary PCa, pre-therapeutic [68Ga]-
PSMA-11-PET/CT scan and intended radical prostatectomy were
prospectively enrolled. Exclusion criteria were ongoing androgen
deprivation therapy, >3 months’ time gap between PSMA-PET/CT
scan and operation and previously performed transurethral resec-
tion of the prostate. Written informed consent was obtained from
all patients, and the institutional review board approved this study.
Please see supplementary Table 1 for detailed patients’
characteristics.

PET/CT imaging

A detailed description of our radiolabelling protocol of [68Ga]-
PSMA-11 can be found in Zamboglou et al. [14]. One hour after
intravenous tracer injection, patients underwent whole body PET
scan after voiding. Whole body acquisition protocols were acquired
on three different Philips scanners: GEMINI TF TOF 64, GEMINI TF
16 Big Bore and Vereos. All scanners fulfilled the requirements
indicated in the European Association of Nuclear Medicine (EANM)
imaging guidelines and obtained EANM Research Ltd. (EARL)
accreditation during acquisition [15,16]. All systems resulted in a
PET image with a voxel size of 2 x 2 x 2 mm?>. Images were nor-
malized to decay corrected injected activity per kg body weight
(standardized uptake values, SUV in [g/ml]). As a result of the EARL
accreditation process, comparable SUV parameters were derived
from these 3 scanners. However, we additionally performed an
extended evaluation of SUV comparability by phantom studies as
described in supplementary material 1.

Histopathology and PET/CT image coregistration

The 3D distribution of PCa in the prostatectomy specimen
served as ground truth and was obtained using a published, in-
house coregistration protocol [11,17]. After formalin fixation, the
resected prostate specimen underwent an ex-vivo CT scan using
a customized localizer. To ensure equal cutting angels between
the tissue specimens and ex-vivo CT slices, whole-mount step sec-

Table 1
Observer teams.

Software used for
segmentation

Team Level of
experience in

Scaling technique

PSMA PET
interpretation
Team1 high SUVmin-max: 0-5 iPlan v4.7.7
Team2 high Adjustment of gray scale OncentraMasterplan
PET images using
window center and
width
Team3 high SUVmin-max: 0-7.5 OncentraMasterplan
Team4 high SUVmin-max: 0- MIM software
SUVmax
Team5 high SUVmin-max: 0-5 iPlan v4.7.7
Team6 no experience SUVmin-max: 0-5 iPlan v4.7.7

High level of experience was defined as: (i) >2 years of experience in PSMA PET-
image interpretation and (ii) all readers were board-licensed nuclear medicine
physicians or radiation oncologists.

" Teams 1, 5 and 6 set the maximum and minimum voxel values from 0 to 5 SUV
when displaying PET images for contouring. Presence of PCa on PET images was
defined as mono- or multifocal uptake greater than adjacent background in more
than one slice within the CT-defined prostate gland.

tions were cut every 4 mm using an in-house cutting device. All tis-
sue specimens were paraffin embedded and sliced using a Leica
microtom. Staining with hematoxylin and eosin was performed
via routine protocols and PCa tissue was delineated by two pathol-
ogists. Histology slices were registered on ex-vivo CT images and
PCa contours were transferred onto the CT images. The contours
were interpolated by 2 mm expansion in both Z-axis directions
to create a model of the 3D distribution of PCa in histology (GTV-
Histo). Taking into account the non-linear transformations of the
prostatic gland after resection, ex-vivo CT (including GTV-Histo
contours) was registered on in-vivo CT (from PSMA-PET/CT scans)
by manual coregistration allowing elastic deformations. The final
alignment of in-vivo CT and PET scans was based on the hardware
coregistration of the hybrid PET/CT scanners. In 20% of the patients
a misalignment between PET and CT images occurred (up to 2 cm)
and a manual adaption was applied using rigid registration. For
better orientation, the prostatic gland was delineated on CT and
PET images.

Delineations based on PET images

Contouring of intraprostatic gross tumor volume (GTV) was
performed in PSMA-PET images for all 20 patients using three dif-
ferent approaches (Fig. 1):

Manual delineations: four teams of delineators were recruited
from four different university medical centers (GTV-Team1-4).
Each team consisted of two board-licensed readers with >2 years
of experience in interpretation of PSMA-PET images. On PSMA-
PET images the intraprostatic tumor mass was delineated accord-
ing to local practice. The accompanying CT scans were provided
for anatomical orientation. To ensure that the study results were
representative for a realistic clinical situation, the teams used the
delineation system of their own hospital (Table 1). Apart from
PET/CT images no further clinical information of the patients was
provided. A first interim-analysis revealed that team 1 achieved
the highest sensitivity of all four teams. Subsequently, one team
with two experienced readers (GTV-Team5) and one team consist-
ing of two readers with no experience in PSMA-PET image inter-
pretation (GTV-Team6) also delineated the PSMA-PET images of
all patients using the same scaling technique as team 1.

Threshold segmentations: By applying a threshold of 20%, 30%,
40% and 50% of intraprostatic SUVmax, respectively, GTV-20%-50%
were segmented semi-automatically in iPLan v4.1.1. (Brainlab).
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Fig. 1. Image segmentations. In the left upper row H&E stained whole-mount
surgery specimen is shown with PCa marked in blue. In the other images an axial
PSMA-PET image is shown including the respective GTVs. PET image scaling is
SUVmin-max: 0-5. Manual GTV-Delineations by team are color-coded as follows:
red = GTV-Team1, purple = GTV-Team2, blue = GTV-Team3, green = GTV-Team4,
yellow = GTV-Team5, orange = GTV-Team6. The prostatic contour is marked in
black.

Tumor/normal tissue ratio segmentations: Another approach to
define a threshold for semi-automatic segmentation on PET images
is to define a ratio between tumor tissue and a background signal
[18,19]. To obtain the background signal in our study, two spheri-
cal volumes of interest (VOIs) with 1 cm diameter were placed in
the left and right gluteus maximus muscle of each patient, respec-
tively, and the mean SUV value of all 4 VOIs were calculated (med-
ian value for all patients: 0.38, range: 0.28-0.71). The median ratio
between the SUVmean and SUVmin values in GTV-Histo and the
background signal were approximately 10 and 5, respectively.
Likewise, we multiplied each patient’s background signal by 5,
7.5 and by 10, respectively, to obtain a threshold for semi-
automatic creation of GTV-Mean5, GTV-Mean7.5 and GTV-
Mean10 in iPLan v4.1.1. (Brainlab).

Finally, all PET scans including the all contours were imported
into Eclipse v15.1 (Varian) and registered using hardware-based
coregistration. The corresponding CT scan was also registered by
hardware-based coregistration and all contours were transferred
from the PET images to the corresponding CT scan. The contour
of the prostatic gland on CT images was delineated by an experi-
enced radiation oncologist.

Statistical analysis

The statistical analysis was performed on GraphPad Prism v7.04
(GraphPad Software). To compare two different groups the Wil-
coxon matched-pairs signed rank test for pairwise testing was
used. This was due to the fact that the variables were not normally
distributed. The two-stage step-up method of Benjamini, Krieger
and Yekutieli [20] was used to correct for multiple comparisons
by controlling the false discovery rate with a significance level at
0.05. The overlap between the different GTVs as well as their pro-

portion to the prostatic gland was measured in the Eclipse plan-
ning software. We assessed the agreement between different
manual contours at voxel level using the Dice similarity coefficient
(DSC) [21]. When applied at voxel level, this index is identical to
the kappa index [8]. Additionally, we calculated the sensitivities
and specificities for all GTVs based on the histology standard of ref-
erence data by dividing the prostate in each CT slice into 4 equal
segments as performed previously by our group [11]. Finally,
Spearman correlation coefficients (p) were calculated to assess
whether the reached sensitivities and GTV-Histo coverage of the
different delineation methods correlate with clinical surrogate
parameters (GTV-Histo volume, PSA serum level before PET imag-
ing, Gleason score in surgery specimen).

Results

For teams 1-4 a great heterogeneity regarding the PET scaling
technique was observed (Table 1) and a moderate interobserver
agreement was calculated: median DSC 0.56 (range: 0-0.94).
Teams 1, 5 and 6 applied the same PET scaling technique
(SUVmin-max: 0-5) and the interobserver agreement was very
high 0.8 (range: 0.3-0.96). GTV-Team3 and 4 (p <0.01) but not
GTV-Team2 (p > 0.05) were statistically significant smaller than
GTV-Histo. The contours of team 1, 5 and 6 had no statistically sig-
nificant differences to the volume of GTV-Histo (p > 0.05), respec-
tively. They covered at least 60% of GTV-Histo and had median
sensitivities of >86% (Table 2 and Fig. 2A). We observed low to
moderate correlations between clinical surrogate parameters and
the reached sensitivities and GTV-Histo coverage of teams 1, 5
and 6 (supplementary Table 2). All 6 teams reached a high median
specificity (>73%) and two manual contours (team 3 and 4) had
median specificities of 100%, respectively. A median proportion of
17-25% of the prostatic gland was encompassed by the GTVs of
team 1, 5 and 6 and GTV-Team3 encompassed only 1% of the pro-
static gland volume.

In the next step, reader independent segmentation approaches
were evaluated. As expected, the approaches applying the lowest
SUV thresholds (GTV-20% and GTV-Mean5) covered the highest
amount of GTV-Histo: both with median coverage of >80% and sen-
sitivities of 100%, respectively. Compared to the manual contours
of team 1, 5 and 6, GTV-Mean5 but not GTV-20% had a statistically
significant higher coverage of GTV-Histo (Fig. 2B). Low to moderate
correlations between clinical surrogate parameters and the
reached sensitivities and GTV-Histo coverage of GTV-20% and
GTV-Mean5 were observed (please see supplementary Table 2).
Two SUVmax-based segmentations (40% and 50%) had a median
specificity of 100%, respectively. A median proportion of 32% and
68% of the prostatic gland were encompassed by GTV-20% and
GTV-Mean5, respectively.

Please see Table 2 for a detailed listing of the GTV volumes, their
proportion to the prostatic gland total volume as well as their sen-
sitivities and specificities.

Discussion

The use of PSMA-PET imaging has increased in the last years
and a few studies suggest an excellent performance of PSMA-PET
for intraprostatic tumor detection [22]. So far, on a voxel-wise cor-
relation between PSMA-PET and histology, a threshold of 30% of
SUVmax within the prostate was proposed for semi-automatic
PCa segmentation [17]. Two other studies used different thresholds
for PSMA-based intraprostatic tumor segmentation: 40% and 50%
of SUVmax within the prostate, respectively [23,24]. However, a
consensus on how to accurately delineate the intraprostatic tumor
volume based on PSMA-PET information has not yet been reached.
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Table 2

Overview of PSMA PET based segmentations techniques in comparison with histology reference.

Median volume in
ml (25-75% percentile)

Median proportion of prostatic
volume in % (25-75% percentile)

Median sensitivity in %
(25-75% percentile)

Median specificity in %
(25-75% percentile)

GTV-Histo 9.7 (2.8-19.8) 17 (6-30)
GTV-Team1 10 (3-24) 18 (5-47) 86 (78-97) 92 (72-100)
GTV-Team2 93 (3-21.7) 16 (8-33) 75 (58-97) 98 (83-100)
GTV-Team3 1(0.4-2.2) 1(1-6) 32 (11-70) 100 (91-100)
GTV-Team4 6.6 (1.7-23.3) 12 (2-40) 83 (41-100) 100 (85-100)
GTV-Team5 11.1 (5.3-29) 25 (9-55) 89 (85-100) 73 (50-97)
GTV-Teamé 103 (4.3-28) 23 (7-54) 88 (77-97) 80 (41-92)
GTV-20% 175 (12.5-37.2) 32 (18-67) 100 (89-100) 67 (11-100)
GTV-30% 8(3.1-19.9) 14 (7-44) 83 (64-100) 90 (67-100)
GTV-40% 3.9 (1.5-105) 5 (4-18) 74 (39-88) 100 (80-100)
GTV-50% 1.4 (0.8-3.7) 2 (1-6) 50 (27-76) 100 (90-100)
GTV-Mean5 29.7 (21.5-40.2) 58 (40-70) 100 (96-100) 43 (25-100)
GTV-Mean7.5 12.4 (4.5-31.6) 26 (7-50) 86 (65-98) 85 (58-100)
GTV-Mean10 7.9 (1-19.3) 12 (2-23) 82 (59-93) 94 (76-100)
Prostate 57 (42.5-79.1)
*
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Fig. 2. Coverage of GTV-Histo. The median and the interquartile ranges for GTVs over all patients are shown. The mean overlap with GTV-Histo for GTVs of teams 1, 5 and 6
over all patients is named GTV-Team1, 5, 6. In (A) GTV-Histo coverage by manually created GTVs is presented. Friedman test showed statistically significant differences in
overlap with GTV-Histo between all teams (p <0.01). In (B) GTV-Team1, 5, 6 was compared with the best performing semi-automatic segmentations (GTV-20% and GTV-
Mean5). GTV-Mean5 covered a statistically significantly higher amount of GTV-Histo compared to manually delineated GTVs (p < 0.05) but not compared to GTV-20%
(p=0.135). The coverage of GTV-Histo by GTV-20% was not statistically significantly higher (p > 0.05) compared to manually segmented GTVs using SUVmin-max: 0-5 for

PET image scaling. Abbreviations: n.s. = not statistically significantly, " = p < 0.05.

Not surprisingly, this study showed a great variability in different
manual and semi-automatic contouring approaches for the
intraprostatic tumor volume based on PSMA-PET information. In
comparison with histology as the reference, we tried to identify
contouring approaches which offered an excellent performance
for focal therapy guidance (high sensitivity) as well as for targeted
biopsy approaches (high specificity). In the following, we discuss
our results in detail.

A moderate agreement was observed (DSC 0.56) between PCa
contours of teams 1-4. Underlying delineation differences can be
explained by different PET image scaling techniques employed,
since all teams had high-level of experience but used different scal-
ing levels for PET images during contouring. However, interob-
server variance is also a known issue for other imaging
modalities such as MRL In a study by Steenbergen et al. interob-
server agreement in MRI-based PCa contouring was analyzed and
compared with histology reference. The interobserver agreement
between the contours of 6 teams and the histology reference was
moderate (kappa 0.45) and one PCa lesion in the central zone
was missed by all teams [8]. Rischke et al. was able to prove that

a diffusion-weighted (DWI)-MRI (kappa 0.51) based tumor delin-
eation resulted in lower intraobserver agreement compared to per-
fusion (DWE)- or T2w-based approaches (kappa > 0.61) [25]. In the
current study, a very high interobserver agreement (DSC = 0.8) was
calculated for 3 teams that, despite different experience, used the
same windowing level (SUVmin-max: 0-5), indicating that even
readers with different experience levels achieve comparable
results in GTV contouring when the same PET image scaling tech-
nique is used.

A high specificity is required for targeted biopsies in patients
with primary PCa in order to increase the chance to detect PCa in
biopsy tissue. It is not surprising that the contouring techniques
which covered mainly the regions with highest tracer uptake
reached the highest specificities. Two teams (3 and 4) used a max-
imum SUV > 5 for scaling during delineation and reached median
specificities of 100%. In line with this observation, two of the
SUVmax-related segmentations (threshold of 40% and 50% of SUV-
max) had also a specificity of 100%. It should be mentioned that the
GTVs with high specificities were statistically significantly smaller
than GTV-Histo and as a result a high amount of intraparostatic
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PCa was not covered by them. However, a recent work from Brava-
cini and colleagues demonstrated that the PSMA expression in PCa
lesions correlates with Gleason score [26]. Thus, it is very likely
that the regions with highest tracer uptake also represent the
regions with the highest Gleason score.

Obviously, RT dose escalation to large target volumes including
a lot of normal tissue (low specificity) increases toxicity. On the
other hand, boosting too small volumes (low sensitivity) may
reduce tumor control. It should be mentioned that PCa possesses
intratumoral heterogeneity [27] and it is not clear whether the
regions with the highest tracer uptake also encompass the clinical
relevant part of the disease, e.g. the radio resistant cells. Until this
issue is answered, most likely, the tumor control after focal RT
approaches depends on the amount of coverage of the entire
intraprostatic tumor mass. Thus, a high sensitivity is demanded
for PSMA-guided focal therapy approaches. One manual (PET
image scaling SUVmin-max: 0-5) and one semi-automatic (20%
of SUVmax) contouring technique reached comparable results by
covering >60% of GTV-Histo with sensitivities of >86%. GTV-
Mean5 covered a significantly higher amount of GTV-Histo than
manual contours but not more than GTV-20%. It should be men-
tioned that the median volume of GTV-Mean5 was statistically sig-
nificantly larger than the other volumes by encompassing 58% of
the prostatic gland. The median volumes of GTV-20% and GTV-
Team1, 5 and 6 comprised 32% and 18-25% of the prostate volume
(p>0.05), respectively. Consequently, both approaches should
firstly be considered for PSMA-based focal therapy approaches.
Future studies should investigate whether the differences in cover-
age of GTV-Histo or in the proportion to the prostatic gland can be
translated in better tumor control or in increased normal tissue
toxicity after focal RT, respectively. It should be mentioned that
the depiction of PCa lesions in PSMA-PET imaging depends on
tumor volume, tumor shape and its biology. Thus, it is unlikely that
one segmentation technique performs best for all PCa lesions.
Additionally, in some patients even the GTVs with the highest sen-
sitivity covered less than 50% of GTV-histo. This observation may
be explained by a work of Mannweiler et al. which reported that
6 of 51 examined intraprostatic lesions had no or low PSMA
expression [28]. In this work, we analyzed whether clinical surro-
gate parameters influence the performance of PSMA-based delin-
eations in terms of sensitivity and GTV-histo coverage. Since only
low to moderate correlations were found, an accurate surrogate
parameter-based prediction of the tumor coverage by PSMA PET
contours is not possible. Consequently, we suggest maintaining a
sufficient RT dose to the whole prostate in order to prevent under
treatment of undetected PCa in focal RT for intermediate and high-
risk PCa patients. In addition, two recent studies postulated that
MR imaging may offer complementary information to PSMA-PET
[12,14]. Future studies should address whether the combined
usage of MR and PSMA-PET may further increase PCa detection
and allow RT dose de-escalation to the rest of the prostatic gland.

A potential limitation of our study is the uncertainty in correla-
tion of PET/CT and histopathology (e.g. non-linear shrinkage of the
prostate after prostatectomy). Thus, it could not be excluded that
moderate or low coverage of GTV-histo by the PET-derived GTVs
is a consequence of mismatch in coregistration or incomplete
histopathological coverage instead of poor tracer or reader perfor-
mance. However, as the calculation of sensitivities and specificities
was not performed on a voxel-level but on a less stringent slice by
slice level, we consider the potential resulting bias negligible. A
second issue of our study is that different PET/CT scanners were
used. However, all scanners fulfilled the EARL accreditation prereq-
uisites and phantom studies confirmed the comparability of SUV
values between the three scanning systems. Third, due to the elab-
orate pathology-imaging co-registration protocol, the sample size
in our study is relatively small. Fourth, we caused a selection bias

by only enrolling patients scheduled for prostatectomy in order to
obtain histopathologic information from surgical specimen. As a
result, the findings from our study are strictly speaking only repre-
sentative for intermediate- and high-risk PCa patients. Further
studies need to proof our results for low-risk PCa patients.

In conclusion, our study identified manual and semi-automatic
contouring approaches for PSMA-PET-based intraprostatic GTV
delineation using co-registered histology as standard of reference.
For targeted biopsy guidance a high specificity is demanded and
delineation of regions with high tracer-uptake can be applied. To
obtain a high sensitivity for PSMA-PET-based focal RT approaches
manual delineation with PET image scaling of SUVmin-max: 0-5
or a semi-automatic approach by applying a threshold of 20% of
SUVmax are recommended.
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