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ABSTRACT

Background: The delineation of intraprostatic lesions is vital for correct delivery of focal radiotherapy
boost in patients with prostate cancer (PC). Errors in the delineation could translate into reduced tumour
control and potentially increase the side effects. The purpose of this study is to compare PET-based delin-
eation methods with histopathology.

Materials and methods: The study population consisted of 15 patients with confirmed high-risk PC
intended for prostatectomy. [®Ga]-PSMA-PET/MR was performed prior to surgery. Prostate lesions iden-
tified in histopathology were transferred to the in vivo [®Ga]-PSMA-PET/MR coordinate system. Four radi-
ation oncologists manually delineated intraprostatic lesions based on PET data. Various semi-automatic
segmentation methods were employed, including absolute and relative thresholds, adaptive threshold,
and multi-level Otsu threshold.

Results: The gross tumour volumes (GTVs) delineated by the oncologists showed a moderate level of
interobserver agreement with Dice similarity coefficient (DSC) of 0.68. In comparison with histopathology,
manual delineations exhibited the highest median DSC and the lowest false discovery rate (FDR) among all
approaches. Among semi-automatic approaches, GTVs generated using standardized uptake value (SUV)
thresholds above 4 (SUV > 4) demonstrated the highest median DSC (0.41), with 0.51 median lesion cover-
age ratio, FDR of 0.66 and the 95th percentile of the Hausdorff distance (HD95%) of 8.22 mm.
Interpretation: Manual delineations showed a moderate level of interobserver agreement. Compared to
histopathology, manual delineations and SUV > 4 exhibited the highest DSC and the lowest HD95% values.
The methods that resulted in a high lesion coverage were associated with a large overestimation of the size
of the lesions.
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Introduction The delineated intraprostatic lesions have, in many reports,
been obtained by using multi-parametric magnetic resonance
imaging (mpMRI) [5 6]. Additionally, prostate-specific

membrane antigen positron-emission tomography (PSMA-PET)

External beam radiotherapy plays an important role in the man-
agement of localized prostate cancer (PC). Relapses after con-

ventional radiation therapy have been shown to occur primarily
at the site of the dominant intraprostatic lesions [1, 2]. Therefore,
focal intraprostatic boost was proposed as a method of dose
escalation without increasing the dose to adjacent organs at
risk, such as the rectum or the urethra. The concept has been
demonstrated in clinical trials [3, 4]. In order to balance the ben-
efits of higher dose to the tumour with the risk for toxicity, it is of
importance that the definition of the tumour region is as accu-
rate as possible.

has emerged as a valuable clinical tool for imaging of clinically
significant PC [7, 8]. PSMA-PET has been reported beneficial in
initial staging of high-risk PC and in restaging of recurrent PC [9].
Several studies have validated PSMA-PET-based contouring
techniques for intraprostatic lesions by comparing results with
histopathology as the standard reference. However, in these
studies, either the analysis was based on dividing the prostate in
each computed tomography (CT) slice into four equal quadrants
[10,11]orfocused solely oninvestigating dominantintraprostatic
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lesions within the mid-gland, excluding those in the apex and
base [12]. The contours in these studies were delineated
manually or derived using a specific percentage threshold of
intraprostatic standardized uptake value (SUV) maximum value.

Various automatic or semi-automatic methods have been
proposed for estimation of the gross tumour volume (GTV)
based on PET data, such as threshold-based methods, gradient-
based methods, active contour methods, and classifier-based
approaches [13, 14]. Semi-automatic methods such as adaptive
thresholding and multi-level Otsu thresholding have not been
thoroughly investigated for PSMA-PET-based GTV delineation.
The goal of the present study was to compare manual
delineations and different PET-based semi-automatic
segmentation methods including absolute and relative
thresholds, adaptive thresholding, and multi-level Otsu
thresholding with areas confirmed by histopathology showing
Gleason grades 4 and 5 in high-risk PC patients.

Materials and methods
Patient population

The research population in this study is a subset of the partici-
pants from PSMA, Acetate and Multiparametric MRI for Prostate
cancer (PAMP) dataset, which has ethical approval (Dnr 2016-
220-31M) [15]. The study participants had intermediate to high-
risk prostate cancer and were planned for laparoscopic radical
prostatectomy at Umea University Hospital. The inclusion crite-
ria were as follows: signed informed consent, age over 18 years,
Gleason score > 3+4, and an interval of at least 2 months since
last prostate biopsy for tissue healing as biopsy procedures may
lead to bleeding and temporary inflammation at the biopsy site.

The current study concentrated on high-risk prostate cancer
patients with at least one histopathologic slice within the
dominant intraprostatic lesion with Gleason score > 4+4 and
radiologically identified intraprostatic lesion on either mpMRI or
PSMA-PET (or both) as additional inclusion criteria. Of the 55
study participants in PAMP dataset, 15 met the specific inclusion
criteriaand wereincludedin the presentanalysis. Supplementary
Table ST summarizes data regarding the study population
characteristics.

PET/MRI acquisition

Data acquisition was performed using a GE Healthcare SIGNA
PET/MR 3T scanner (Milwaukee, WI, USA), with an average scan
start 61 min post injection. PET data were reconstructed with
the Sharp IR reconstruction, which is an ordered subsets expec-
tation maximization (OSEM) technique with point spread func-
tion (PSF) modelling, employing 3 iterations, 28 subsets, 3 mm
Gaussian post-filtering. The reconstructed images had voxel size
of 2.34 x 2.34 x 2.78 mm?3. The MRI protocol was a diagnostic
multiparametric pelvic protocol, including morphological three-
plane T2-weighted (T2W) sequences (transaxial, coronal, and
sagittal). Detailed information about the sequence parameters
is tabulated in Supplementary Table S2.

Histopathology reference standard

The lesion annotations based on the whole-mount histopathol-
ogy examination were transferred to the coordinate system of
the in-vivo PET/MR examination using the workflow described
by Sandgren et al. [16]. The registration of each histopathology
slice with its corresponding ex-vivo MRI slice was achieved
through 2D-affine registration. The ex-vivo MRI was registered
to the in-vivo Axial T2W MRI using a 3D-rigid registration, and
the resulting transform was applied to the histopathology stack.
Moreover, a deformable registration process with contour cor-
rection was conducted to address any potential distortion of the
specimen occurring before or during its placement inside the
prostate mold. A median in-plane error of 1.7 mm was reported
for the registration process [16]. The simultaneous acquisition of
these two modalities led to an inherent registration of MRI with
PET, which gave a stable foundation for registering histology to
PET data. The entire registration process was performed in MICE
toolkit (Nonpi Medical AB, Umed, Sweden) [17], which employs
the Elastix image registration software program [18], based on
the Insight Toolkit code [19]. Gleason grade 4 and 5 regions were
included in the further calculations.

GTV delineation approaches

To compare different PSMA-PET-based delineation methods
with histopathology data, PET images were trimmed to include
only the prostate with a 2-pixel margin, based on the T2W MR
images. Subsequently, a manual correction was applied to
remove portions that included the bladder. This pre-processing
was employed only for semi-automatic segmentation methods.
The segmentation function applied for adaptive threshold was
sourced from the MATLAB Image Processing Toolbox (R2023a).
Remaining image analysis was done using Hero (Hero imaging
AB, Ume3, Sweden).

Manual GTV contouring of intraprostatic lesions

Initially, the manual GTV contouring of intraprostatic lesions
was performed independently for each case by four radiation
oncologists from two different treatment centres, each with
more than 10 years of experience as radiation oncologists. The
instructions were to create a GTV for focal boosting. Both a radi-
ological report and anatomical imaging with T2W-MRI were
available for each patient, but the histopathology data was
blinded. Annotations were conducted within a larger study
comparing GTV delineations on mpMRI and PET with histopa-
thology to formulate a manual GTV delineation recommenda-
tion. Radiation oncologists were permitted to review all image
series (T2W, diffusion-weighted, dynamic contrast-enhanced
MR, and PET) before delineation. Instructions emphasized con-
sidering only visible information in the delineating image, pro-
hibiting fusion of images from different modalities or switching
between them. A window level of 0-10 SUV displayed in grey
scale was applied to the PSMA-PET data. The treatment plan-
ning system used for the delineations was Oncentra (Elekta AB,



Stockholm, Sweden) and one observer used Eclipse (Varian
Medical System, Palo Alto, CA). In the next step, the delineated
structures were imported to Hero for the further comparisons.
Both the individual delineations and consensus delineations
using the simultaneous truth and performance level estimation
(STAPLE) [20] were compared with the histopathology. The
resulting GTV, derived from the STAPLE algorithm, is referred to
asGTV__ - inthe following sections of this paper.

Absolute and relative threshold methods

In the absolute threshold method, SUV threshold of 2, 2.5, 3,
3.5,4,and 4.5 were used. Pixels with intensities exceeding the
threshold were classified as tumour while those below the
threshold were categorized as background. The GTVs
obtained using these thresholds were referred to as GTV, _, ..
The relative threshold method used a threshold calculated as
a certain percentage of the maximum SUV value (SUVmaX) for
the region of interest. In our study, a threshold range of 20%,
30%, 40% and 50% of SUV__ was examined. The generated
GTVs were called GTV,, ., .. These threshold methods uti-
lized connected components. For instance, the maximum
SUV values were selected from the entire pre-processed
image (with the prostate within a two-pixel margin and the
bladder removed).

Adaptive threshold

In order to distinguish tumour and background pixels in the
images, the adaptthresh function from MATLAB calculates the
adaptive threshold value for each pixel depending on the local
mean intensity. A parameter S (called Sensitivity in the toolbox)
is a user-adjustable parameter that indicates the sensitivity to
thresholding additional pixels as tumour [21]. Initially, values of
S ranging from 0 to 0.5 were evaluated. However, since those
exceeding S = 0 had no effect on the study’s conclusion, they
were reported in Supplementary Table S3. Consequently, only
the adaptive thresholding method with the lowest S value (S =
0) was reported, and the resulting GTV from this method was
referred to as GTV

adaptive’

Multi-level Otsu threshold

The basic Otsu approach assumes that there are two separate
pixel classes present in an image, such as the foreground and
background, and then calculates the optimum threshold to dis-
tinguish between these two classes of pixels. Multi-level Otsu
thresholding is an expansion of the basic Otsu thresholding
method used for image segmentation. Multi-level Otsu aims to
divide an image into multiple classes according to the pixel
intensities and it calculates the threshold by maximising the var-
iation between the different classes while minimising the vari-
ance within each class [22]. In this study, two methods were
employed: one involved setting the number of thresholds to
two (Otsu2), resulting in three classes, and the other utilized
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three thresholds (Otsu3), creating four classes in the image. The
class with the highest intensity values was chosen as the GTV for

each threshold value, referred to as GTVOtsuZ and GTVOtsu3'

Statistical analysis

In this study, volumetric comparisons were done between imag-
ing findings and whole-mount histopathology with detailed
delineations of Gleason grade 4 and 5. The interobserver agree-
ment for manual delineations was assessed using the Dice simi-
larity coefficient (DSC), referred to as DSC_ .\ [23]. With
considering histopathology as the reference, the DSC and the
95th percentile of the Hausdorff distance (HD95%) were calcu-
lated for each generated volume produced by the methods.
Additionally, the lesion coverage ratio, representing the propor-
tion of histopathology lesion covered by each method, was
computed. The false discovery rate (FDR) was determined by
calculating the ratio of false positive volume (with considering
histopathology as the reference) to the entire volume obtained
from each method. Furthermore, the ratio of the GTV of each
method to the histopathology volume was calculated as GTV/
Histopathology volume ratio.

For each method and lesion, one measure was obtained, and
the median values and interquartile ranges for the DSC, HD95%,
lesion coverage ratio, FDR and GTV/Histopathology volume
ratio were calculated to summarize the results. Gleason Grade 3
regions were considered neither positive nor negative. The
Wilcoxon signed-rank test was used for comparison of the
measured volumes between methods. All statistical analyses
were performed using Statistical Package for the Social Sciences
(SPSS v28.0, IBM Corp, NY, USA) with the significance level set at
0.05.

Results

Figure 1 illustrates the delineations of intraprostatic lesion areas
obtained from histopathology data and various PET-based
approaches for one patient. The GTVs delineated by the four
oncologists showed a moderate level of DSCInt'Erobserver (0.68).
Supplementary Table S4 provides detailed information about
the lesion coverage of each oncologist’s GTV and the unified
GTV after applying the STAPLE algorithm, along with the median
measured volumes. The median GTV___  was 1.30 ml (0.82-
2.28) and demonstrated no statistically significant differences (p
> 0.05) compared to the volumes measured in histopathology of
1.64 ml (0.46-2.48). Compared to histopathology, GTVmanual
(after using the STAPLE algorithm [20]) had median lesion cover-
age ratio of 0.47 (0.21-0.67), DSC of 0.44 (0.24-0.58), FDR of 0.55
(0.32-0.80) and median HD95% of 7.58 mm.

The GTVs obtained using lower SUV thresholds, such as GTV,,
exhibited high median lesion coverage ratio (0.93) and HD95%
(21.96 mm) values. However, these volumes also demonstrated
low DSC and high FDR. Among all the semi-automatic methods,
GTV, showed the highest median DSC value of 0.41 and the
lowest median HD95% value (8.22 mm). GTV, resulted in median
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Figure 1. An example of intraprostatic lesion delineation using histopathology, manual delineations, and other semi-automatic segmentation methods in
the whole prostate. All the histopathology areas in the figure belong to the same lesion and were determined from the z-direction evaluations of the histo-

pathology data. PET images scaling is SUV min-max: 0-10.

lesion coverage ratio of 0.51 with FDR of 0.66. Among the
thresholding methods using percentage of SUV__ values,
GTV,,, and GTV,,, showed relatively similar median and
interquartile ranges in DSC values. However, GTV, . exhibited
higher lesion coverage ratio, FDR and HD95% values. The GTV4‘51
GTV40%, GTV,, showed no significant difference (p > 0.05)
compared to the volume measured in histopathology. The
adaptive threshold yielded a median lesion coverage ratio of
0.78, a DSC of 0.29, an FDR of 0.82, and HD95% of 18.31 mm.

The GTV was statistically significantly larger than the

adaptive

volume measured in histopathology (p < 0.05). The median
lesion coverage ratio calculated of GTV,_ , was calculated to
be 0.61 (0.45-0.85), the DSC was 0.38 (0.10-0.52), the FDR was
0.75 (0.44-0.92) and the HD95% was 10.53 mm. Furthermore,
GTV gup Was statistically larger than the volumes measured in
histopathology (p > 0.05). In GTV,_ ., the median lesion
coverage ratio was decreased to 0.29 (0.23-0.55), the median
DSC of this method was 0.35 (0.08-0.5), FDR was 0.58 (0.41-
0.85) and HD95% was 8.50 mm. Table 1 summarises the

detailed information about the GTV/Histopathology volume



Table 1. Overview of manual delineations, and various PET-based semi-automatic segmentation methods.
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Median GTV/Histopathology Median Lesion Median DSC (IQR) Median FDR Median HD 95% in mm
volume ratio (IQR) coverage ratio (IQR) (IQR) (IQR)
Manual *1.08 (0.68-2.74) 0.47 (0.21-0.67) 0.44 (0.24-0.58) 0.55 (0.32-0.80) 7.58 (5.46-9.22)
SUV>2 10.39 (3.93-22.36) 0.93 (0.86-0.99) 0.15 (0.07-0.35) 0.92 (0.78-0.96) 21.96 (12.41-27.52)
SUv>25 7.62 (3.08-11.77) 0.83(0.72-0.93) 0.16 (0.10-0.40) 0.91 (0.73-0.94) 18.89 (11.03-25.11)
SUv>3 4.17 (2.48-7.24) 0.72 (0.58-0.89) 0.26 (0.08-0.42) 0.84 (0.70-0.93) 15.83 (8.63-22.53)
SUV>3.5 2.51(1.75-4.36) 0.61 (0.40-0.82) 0.36 (0.09-0.51) 0.77 (0.59-0.94) 10.60 (6.97-16.41)
SUV>4 1.49 (1.22-3.34) 0.51(0.23-0.74) 0.41 (0.14-0.54) 0.66 (0.52-0.91) 8.22 (6.55-11.83)
SUV>4.5 *1.27 (0.92-2.82) 0.44 (0.21-0.65) 0.38(0.12-0.55) 0.65 (0.48-0.85) 8.45 (6.82-11.92)
SUVmax20% 3.63 (2.09-9.60) 0.87 (0.62-0.97) 0.38 (0.11-0.54) 0.75 (0.57-0.93) 11.07 (7.75-23.68)
SUVmax30% 1.90 (1.01-5.44) 0.64 (0.44-0.73) 0.38(0.10-0.50) 0.67 (0.44-0.92) 8.45 (6.56-14.81)
SUVmax40% *0.93 (0.57-2.79) 0.38(0.24-0.62) 0.35 (0.10-0.46) 0.59 (0.36-0.91) 8.57 (6.28-13.85)
SUVmax50% 0.60 (0.38-1.31) 0.24 (0.13-0.40) 0.29 (0.09-0.43) 0.57 (0.36-0.90) 10.76 (6.76-16.20)
Adaptive 4.46 (2.75-10.28) 0.78 (0.62-0.94) 0.29 (0.08-0.40) 0.82(0.71-0.94) 18.31 (11.15-23.03)
Otsu2 1.82(1.28-5.85) 0.61 (0.45-0.85) 0.38 (0.10-0.52) 0.75 (0.44-0.92) 10.53 (6.29-13.81)
Otsu3 *0.84 (0.65-1.96) 0.29 (0.23-0.55) 0.35 (0.08-0.5) 0.58 (0.41-0.85) 8.50 (5.17-12.32)

Stars (*) represent no statistical significance between the volumes measured in different methods and volumes measured in histopathology, using the

Wilcoxon signed-rank test.

ratio, lesion coverage ratio, DSC, FDR and HD95% values of
each method.

Discussion

In this study, we evaluated different approaches for the segmen-
tation of the dominant intraprostatic lesion based on PET datain
patients with high-risk PC, with histopathology (Gleason Grade
4 and 5). As mentioned in previous literature [24, 25], the seg-
mentation process based on PET images faces several chal-
lenges, such as noise and resolution-related issues. Manual
delineation is often considered the most intuitive method for
extracting GTVs from PSMA-PET images. Zamboglou et al. found
moderate agreement (DSC_ .~ = 0.56) among experi-
enced teams using different PET image scaling techniques. They
also reported a high interobserver agreement (DSC = 0.80) for
three teams with different experience levels when using the
same windowing level. They stated that having the same PET
image scaling technique is effective in achieving comparable
and consistent manner even among readers with varying levels
of experience [10]. In our study, a consistent window level was
used among all oncologists, resulting in DSC_, . of 0.68.
The differences between our interobserver agreement results
(DSCIntmbserver = 0.68) and their findings (DSC = 0.80) of three
teams with the same windowing technique may come from the
fact that in our investigation, four individual oncologists were
employed for manual delineations, whereas they had three
teams of delineators, each consisting of two members.
Additionally, their research included CT scans for anatomical ori-
entation. While manual delineations remain a reasonable
option, they might be susceptible to subjectivity [26, 27].

In our data, while achieving median lesion coverage ratio of
more than 0.80 in few methods such as SUV > 2 and SUV > 2.5,
these methods exhibited relatively low DSC values and high FDR
(more than 0.90) with relatively large HD95% (more than 18
mm). This is attributed to volume overestimation, potentially
resulting in increased toxicity to normal tissues if treated with

focal boost radiotherapy. While threshold value of SUV > 4
exhibited the highest median DSC and the lowest median
HD95% values among semi-automatic segmentation methods
and generated GTV in all patients, there was one patient for
whom the created volume was located completely differently
from the histopathology volume, resulting in zero lesion
coverage and DSC for that patient. At a threshold value greater
than SUV 4.5, no GTV was generated for that patient by the
method. It is previously known that partial volume effects can
reduce the SUV, especially in small volumes [28, 29]. Therefore, in
the context of applying semi-automatic methods for
intraprostatic lesion segmentation, especially for patients with
low SUV values, manual decisions are still necessary as a final
step in clinical settings.

Zamboglou et al.[10] suggested that lower SUV__ threshold
values, such as 20%, were suitable for PSMA-PET-based focal
therapy, primarily due to their exceptional lesion coverage
(called sensitivity in their paper), and higher threshold
percentages (40% and 50%) could be useful for biopsy guidance.
It is worth noting that, in terms of lesion coverage calculations,
they divided the prostate into four equal segments on each CT
slice. Here, for SUVmaxZO%, the median lesion coverage ratio of
0.87 (0.62-0.97) falls below theirs (1.00), potentially attributable
to an entirely different analysis approach.

The results regarding the adaptive threshold resulted in a
high lesion coverage but with a large overestimation of the size
of the lesions (DSC 0.29, HD95% 18.31 mm). This outcome is
expected considering the algorithm’s reliance on the local mean
intensity of the PSMA-PET image, while [®Gal-based PSMA
radiotracers are observed to exhibit a relatively moderate
tumour-to-background signal intensity ratio [30]. The local
mean intensity is usually calculated by averaging the signal
intensity within a specific region. In cases where the tumour-to-
background signal intensity ratio is not high, the algorithm may
face some challenges in accurately determining the local mean
intensity due to the low contrast between the tumour and the
background.
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In our dataset, the calculated DSC from GTV and

GTV 3 Were 0.38 and 0.35 respectively. However,ogyl'z\/Otsuz
showed much higher lesion coverage ratio compared to the
GTV 3 This elevated value came with the cost of higher FDR
and HD95% values for GTV .. Therefore, one could conclude
that, to ensure accurate tumour targeting, Otsu2 could be a
reasonable option, whereas for preserving normal tissue,
Otsu3 performs better. To the best of our knowledge, this
study is the firstinstance of using the multi-level Otsu threshold
for intraprostatic lesion delineation while considering
histopathology as the reference standard.

The reconstruction algorithm employed in this study was
Sharp IR, which is an OSEM technique with PSF modelling. PSF
modelling leads to higher spatial resolution but may also result
in the overestimation of lesion activity, especially in small lesions
[31]. This affects the measured SUV and can influence the
delineation methods.

The uncertainty in registration between imaging and
histopathology may impact the numbers presented in Table 1.
As a part of the study, we performed an estimation of the
impact of the registration uncertainty using a second
registration based on the outline of the lesions delineated on
MR. The results are presented in the Supplementary Table S5
but did not change the conclusions. Our study had a relatively
small sample size, which can limit the generalizability of our
findings. Additionally, the use of some methods, such as
adaptive threshold and multi-level Otsu, which have not been
previously applied in this specific context (PSMA-PET image
segmentation compared with histopathology), prevents direct
comparisons with existing literature. Further investigations
with larger sample size are required to evaluate the
performance of these methods.

Conclusion

Accurate delineation of high-grade areas in PC patients is chal-
lenging, even using state-of-the-art imaging technology such
as PSMA-PET. Manual delineations from four radiation oncolo-
gists showed a moderate level of interobserver agreement.
Compared with the histopathology volume, GTV___ . showed
the median DSC of only 0.44 and the median HD95% was 7.58
mm. The SUV > 4 threshold showed the highest DSC and the
lowest HD95% values among the applied semi-automatic seg-
mentation methods. The methods that resulted in a high lesion
coverage were associated with a large overestimation of the
size of the lesions.
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