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ARTICLE INFO ABSTRACT

Keywords: Background: Biology-guided radiotherapy (BgRT) delivers dose to tumours triggered from positron emission
BgRT tomography (PET) detection. Prostate specific membrane antigen (PSMA) PET uptake is abundant in the
PSMA dominant intraprostatic lesion (DIL). This study investigates the feasibility of BgRT to PSMA-avid subvolume in
ErH(;state the prostate region.

BTZ Methods: Patients enrolled in the prospective randomized trial ProPSMA at our institution were included (ID:
ANZCTR12617000005358). Gross tumour volumes (GTVs) were delineated on the PET component of a PET/CT
scan from a standardized uptake value (SUV) threshold technique. Suitability for BgRT requires a strong signal-
to-background ratio with a surrounding tissue free of significant PSMA uptake. The signal-to-background ratio
was quantified from the calculation of the normalized SUV (nSUV), defined as the ratio between SUVmax within
the GTV and SUVmean inside a 3D margin expansion of the GTV. The PSMA distribution surrounding the tumour
was quantified as a function of the distance from the GTV.

Results: In this cohort of 84 patients, 83 primary tumours were included. Prostate volume ranged from 19 cm® to
148 cm® (median = 52 cmg; IQR = 39 cm® - 63 cm3). SUVmax inside the prostate was between 2 and 125
(median = 19; IQR = 11 — 30). More than 50% of GTVs generated with threshold between 25%SUVmax (median
volume = 10.0 cm?; IQR = 4.5 cm® - 20.0 em®) and 50%SUVmax (median volume = 1.9 cm?; IQR =1.1 em® -
3.8 cm®) were suitable for BgRT by using nSUV > 3 and a margin expansion of 5 mm.

Conclusions: It is feasible to identify GTVs suitable for BgRT in the prostate. These GTVs are characterized by a
strong signal-to-background ratio and a surrounding tissue free of PSMA uptake.

Introduction

External beam radiation therapy is one of the standard treatments for
localised prostate cancer. Although effective, some patients experience a
biochemical recurrence and among these patients, an estimated 20% or
more will present with a local recurrence [1,2]. The most common
choice of treatment for patients with local recurrence is a period of
observation or androgen-deprivation therapy (ADT). However, ADT

remains a palliative treatment that significantly affects the quality of life
of patients. Local salvage procedures such as radical prostatectomy,
high-intensity focused ultrasound ablation, cryosurgery or prostate re-
irradiation are therapeutic alternatives that can be offered to highly
selected patients but are associated with high risk of toxicity [3,4].
Approximatively 90% of local recurrences occur in the dominant
intraprostatic lesion (DIL) which is the most prominent cancerous lesion
within the prostate [5,6]. Recently, the FLAME randomized phase III
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volume; PET, Positron emission tomography; PSMA, Prostate specific membrane antigen; SUV, Standardized uptake value; TPS, Treatment planning system.
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trial demonstrated that focal radiotherapy boost to the DIL in addition to
standard prostate radiotherapy can improve biochemical disease-free
survival in patients with localized prostate cancer [7].

Biology-guided radiotherapy (BgRT) (RefleXion Medical Inc., Hay-
ward, USA) is a novel technology that uses positron emission tomogra-
phy (PET) from patient’s cancer cells to guide radiation treatment
[8-10]. Potential advantages of this technique include real-time
tracking of a tumour, which can improve the accurate targeting of the
tumour, and the ability to treat many tumours in a single session
[11-14].

Prostate specific membrane antigen (PSMA) PET tracers are now
available for imaging of primary and metastatic prostate cancer
[15-20]. This imaging technique has demonstrated superior sensitivity
and specificity for prostate cancer diagnosis compared to conventional
imaging [21-23]. Due to the particularly high PSMA uptake in the DIL,
BgRT may be ideally suited to deliver a sequential boost to this region.

The ground truth for determination of DIL volumes is histopatholo-
gy. Multiparametric magnetic resonance imaging (mpMRI) is the cur-
rent imaging standard for evaluation of DIL volumes [24,25]. Variability
in DIL volumes using this technique has been reported [26,27]. How-
ever, mpMRI acquisition is a long process and requires additional re-
sources [28]. Recent studies have investigated determination of the DIL
from PSMA uptake. DIL volumes were either first determined from
mpMRI and then reproduced by %SUVmax threshold techniques
[29-31], manually delineated on both MRI and PSMA PET datasets [32],
determined first from histopathology specimens and then compared to
manual and %SUVmax threshold delineation on PSMA PET images
[33-35], or determined from a %SUVmax threshold technique without
any other imaging references [36]. DIL determination from PSMA up-
take may be advantageous; for instance, studies reported higher sensi-
tivity and comparable specificity as compared with mpMRI
determination [37-39].

This study investigates the feasibility of BgRT as a sequential boost to
a PSMA-avid subvolume (PAS) in prostate cancer. We aim to quantify
the proportion of tumours suitable for BgRT and describe the distribu-
tion of PSMA uptake in the surrounding normal tissue.

Materials and methods

All PSMA PET/CT scans of patients recruited in the ProPSMA pro-
spective randomised trial (ID: ANZCTR12617000005358) acquired at
our institution were considered for inclusion [23,40]. In this trial, pa-
tients received Gallium-68 (°8Ga) PSMA-11 PET/CT at the time of
diagnosis for prostate cancer. PET/CT images were acquired with the
Discovery PET/CT scanner 690 or 710, which is a PET tomograph with a
64-slice CT scanner (General Electric Medical System, Milwaukee, USA).

The prostate and bladder were segmented on the CT component of
the PET/CT scan by a genitourinary radiation oncologist and a medical
physicist in consensus by using the PSMA uptake on the PET component
as a guide. Delineation was performed with the Eclipse treatment
planning system (TPS) (v16.1, Varian Medical Systems, Palo Alto, USA).
Misregistration between the CT and the PET component may be due to
several factors, such as patient or physiologic movements. In all cases,
distribution of the standardized uptake value (SUV) on the PET
component was manually registered to contours on the CT component.

Quality control of ®Ga SUV was performed in the ProPSMA study
[41]. To allow patient intercomparison, SUV was subsequently
normalized to body weight. Gross tumour volumes (GTV) for BgRT de-
livery were constructed on the PET component. To do so, GTVs were
defined by segmenting PAS in the prostate region by using a %SUVmax
threshold technique. The prostate contour on the CT component was
first copied to the registered PET component. Starting from the SUVmax
location within the prostate contour, rectangular boxes were consecu-
tively expanded by adding a thickness of one voxel to the box at each
iteration. All voxels with SUV larger or equal to the %SUVmax threshold
were added to the new GTV. A new voxel was added to the structure only
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if one of its six neighbours was already in the new GTV. The box
expansion was stopped once no new voxels were added to the GTV. The
resulting GTV was post-processed to fill holes in the structure. GTVs
were constructed for a range of %SUVmax threshold = [5%, 95%] with
5% step size, resulting in 19 GTVs per patient. Structure creation was
performed by using the SimpleITK module in Python. Resulting GTVs
were imported back to the TPS for metric extraction.

In the context of BgRT, dose delivery is triggered from PET emission
originating from a volume called the biological tracking zone (BTZ)
[11,12]. BTZ size may be varied depending on the treated site. The BTZ
was modelled by generating three-dimensional shell of thickness 5 mm/
10 mm/20 mm from isotropic outer margin expansion of all GTVs.
Suitability to BgRT requires a strong signal-to-background ratio origi-
nating from the GTV. The normalised SUV (nSUV) was calculated to
characterize this signal. nSUV was defined as the ratio of SUVmax inside
the GTV to SUVmean inside the generated 3D shell expansion.

A tumour was deemed suitable for BgRT if two conditions were met.
First, nSUV had to be larger or equal to an nSUV threshold (nSUVt) to
ensure a sufficiently strong signal-to-background ratio. The value of this
threshold is not yet established and may be varied depending on the
treated site and the radiotracer used. We therefore chose to show results
for values of nSUVt = 2.7/3/3.3 as trade-off between the strength of the
signal-to-background ratio and the number of tumours that may satisfy
this condition.

Second, the BTZ had to be free of PSMA uptake originating from any
non-tumour tissue. In this context, PSMA uptake surrounding the
tumour is typically located in the bladder. In order to quantify the
proportion of BTZs free from non-tumour PSMA uptake, the distance
between the GTV and the bladder was obtained and the distribution of
PSMA uptake around the GTV was quantified. The distance between the
GTV and the bladder was determined by generating successive margin
expansions of the GTV. The smallest value of GTV margin expansion
overlapping with the bladder contour was assessed as the distance be-
tween the GTV and the bladder. The distribution of PSMA uptake sur-
rounding the GTV was characterized by the generation of three-
dimensional shells with fixed 3 mm thickness generated at distances
= [3 mm, 30 mm] with 1 mm step size. SUVmax inside all shells was
determined. The presence of bladder uptake was identified by two
consecutives increases of SUVmax and reported as a function of the
distance from the outer layer of the first shell to the GTV.

Differences between distributions were characterized by using the
Wilcoxon rank sum test. The null hypothesis that medians are similar
was rejected at the 95% statistical level. Statistical correlations were
calculated by using the Spearman correlation coefficient and its asso-
ciated p-value.

Results

The cohort consisted of 84 patients imaged at our institution. The
PET/CT scan was incomplete in one patient. Therefore, 83 primary tu-
mours were included. In this cohort, 60 (71%) patients were diagnosed
with NOMO disease. In the remaining patients, 12 (14%) patients were
diagnosed with nodal disease and distant metastasis disease (N1M1), 8
(10%) patients with nodal disease only (N1MO0), and 4 (5%) patients
with metastatic disease only (NOM1). This patient subset was repre-
sentative of the multicentre ProPSMA cohort [40] and was similar to
another prostate cancer staging study [42].

Registration of the SUV uptake on the PET component to the CT
component was of the order of the PET resolution (median 3D shift =
2.9 mm; IQR = 0.9 mm - 4.8 mm). Prostate volume ranged from 19 cm®
to 148 cm® (median = 52 cm3; IQR =39 cm®- 63 crn3). SUVmax inside
the prostate was between 2 and 125 (median = 19; IQR = 11 - 30). The
correlation between prostate volume and SUVmax inside the prostate
was not statistically significative (p-value = 0.24).

Figure 1(a) shows an example of GTVs obtained from different %
SUVmax thresholds. The distribution of GTV volumes for each %
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Fig. 1. (a) Example of GTV obtained from two %SUVmax thresholds. (b) Illustration of 5 mm/10 mm/20 mm shell thickness used to model BTZ.

SUVmax threshold is summarized in the Supplementary Material. The
number of generated GTVs decreased for %SUVmax threshold > 70% as
structures obtained with high threshold values involved few voxels and
were not recognized as valid structures by the TPS. Resulting GTV vol-
umes for all %SUVmax thresholds ranged from 0.002 cm?® to 136 cm®.
All differences in GTV volume median were statistically significant for
all %SUVmax thresholds (p-value = [1 0'9, 0.046]), except between 25%
SUVmax and 30%SUVmax, 30%SUVmax and 35%SUVmax, and 35%
SUVmax and 40%SUVmax (all three with p-value = 0.08).

An example of the three dimensional shells involved in the nSUV
calculation is shown in Fig. 1(b). The distribution of nSUV for shell of
thickness of 5 mm/10 mm/20 mm is shown in the Supplementary Ma-
terial for each %SUVmax threshold. For a fixed shell thickness and a
given patient, and assuming the absence of an avid region in the sur-
rounding tissue, an increase in %SUVmax threshold resulted in a smaller
GTV volume and to a larger SUVmean inside the shell. This increase in
SUVmean led to a decrease in nSUV since SUVmax inside the target was
the same in all GTV volumes for a given patient.

A similar rationale applies as the shell thickness is increased for a
fixed %SUVmax threshold volume. If the absence of an avid region in
tissue surrounding the tumour is assumed, increasing the shell thickness
decreased SUVmean as more low SUV values were considered in the
calculation, which increased nSUV. However, high SUV values may be
included in the calculation of SUVmean if they arise from avid regions
adjacent to the tumour, which decreased nSUV. This situation was likely
to occur for large shell thickness.

The proximity of the bladder was quantified to determine suitability
to BgRT. The distribution of distances between the bladder and GTV is
shown in the Supplementary Material for each %SUVmax threshold
considered. However, it is the PET emission originating from the bladder
that may impact BgRT delivery, therefore this may be considered as a
lower bound on the distances.

The proportion of tumours suitable for BgRT (nSUV > nSUVt and
BTZ free of PET uptake) is shown in Fig. 2 and is further detailed in the
Supplementary Material for three GTV margin expansions and three
nSUV thresholds. On the one hand, the distance between the GTV and
the bladder PET uptake increased as the %SUVmax threshold was
increased, which increased the proportion of tumours suitable for BgRT.
On the other hand, nSUV decreased as the %SUVmax threshold was
increased since more high SUV values are included in the calculation of
SUV mean, which decreased the proportion of tumours suitable for
BgRT. The combination of these two processes led to an optimal value %
SUVmax threshold that maximized the proportion of tumours suitable
for BgRT.

By using a margin expansion of 5 mm, the proportion of tumours
suitable for BgRT was maximized with the 50%SUVmax/35%SUVmax/
35%SUVmax threshold for nSUVt of 2.7/3/3.3 (76%/72%/71% of tu-
mours were suitable). The proportion decreased as the margin expansion
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was increased to 10 mm. In this case, 69%,/64%/63% of tumours were
suitable by using the 70%SUVmax/55%SUVmax/55%SUVmax
threshold and nSUVt of 2.7/3/3.3. The proportion of tumours suitable
for BgRT was less than 35% for all nSUVt considered with a margin
expansion of 20 mm. This is due to the proximity of the PET uptake
originating from the bladder since the bladder contour was within 15
mm for all GTVs considered.

Discussion

For prostate cancer, BgRT can potentially allow targeting of the DIL.
In most centres, fiducial markers are inserted into the prostate prior the
commencement of radiotherapy and subsequently used to localize the
prostate prior irradiation. However, during the course of radiotherapy,
the prostate can change in shape, decline in volume, and fiducial
markers can migrate [43]. Such changes may be acceptable when irra-
diating the prostate with a margin but for DIL boost where either a much
smaller margin or no margins are applied [7], a more accurate strategy,
such as BgRT, may be required. BgRT relies on radionuclide emissions
from tumour to direct radiotherapy and therefore is adaptable to the
day-to-day variations in the size and shape of the prostate and in the DIL
location. Furthermore, localization of the target via PSMA radionuclide
emission would be independent of the fiducial markers and their
migration. Moreover, BgRT would involve the administration of radio-
tracers prior to each fraction of radiotherapy. As a result, BgRT would be
best suited to ultra-hypofractionated treatments rather than conven-
tional fractionated radiotherapy. Therefore, BgRT treatment could be
beneficial to a subset of patients with synchronous oligometastatic dis-
ease since future development envisions that all lesions, including boost
to the DIL, can be irradiated in a single session, and consequently
reducing the overall treatment time as compared with a standard SABR
approach. In the ProPSMA cohort considered in this study, 24/84 (29%)
patients had synchronous oligometastatic disease.

GTVs were generated from a %SUVmax threshold technique. Recent
DIL volume determinations from PSMA PET scan in the literature are
summarized in Table 1 [29,33,34,36]. GTVs generated with the 25%
SUVmax threshold in this study best matched the median and inter-
quartile of DIL volumes determined from histopathology (n = 47 pa-
tients) [33,34,38] whereas the 50%SUVmax threshold best matched the
mean, 95% confidence interval and range of DIL volumes determined
from mpMRI (n = 1205 patients) [27].

The feasibility of BEgRT sequential boost to PSMA avid subvolumes in
the prostate region was investigated in this study. The suitability of
BgRT requires a high signal-to-background ratio, quantified in this study
through the calculation of the nSUV, and a BTZ free from PSMA uptake,
to spare organs at risk with PET uptake from dose delivery. With nSUVt
= 3, more than 50% of all GTVs were suitable for BgRT by using a %
SUVmax threshold between 20% and 50% with the margin expansion of
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Fig. 2. Proportion of tumours suitable for BgRT (nSUV > nSUV threshold and BTZ free of PET uptake) for each %SUVmax threshold considered by using a margin
expansion of 5 mm/10 mm/20 mm. Results are shown for nSUV threshold of (a) 2.7, (b) 3, and (c) 3.3.

Table 1

Summary of median and interquartile (IQR) DIL volume (cm®) determined from %SUVmax threshold on PSMA PET scan in recent studies.

Study Reference %SUVmax threshold Median DIL volume (cm®) IQR DIL volume
(cm®)
Sasidharan et al. [29] 30%—40% 4 2.5-7.6
Spohn et al. [33] 20% 3.9 1.0-25.5
30% 2.6 0.6-20.0
40% 1.7 0.4-10.2
50% 1.2 0.3-4.2
Zamboglou et al. [34] 20% 17.5 12.5-37.2
30% 8 3.1-19.9
40% 3.9 1.5-10.5
50% 1.4 0.8-3.7
Goodman et al. [35] 23%—-40% 1 0.42-1.83
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5 mm and between 50% and 80% with the margin expansion of 10 mm.
However, BTZs generated from the GTV margin expansion of 20 mm was
found to be to large due to the proximity of bladder uptake (less than
35% of all GTVs were suitable for BgRT by using a margin expansion of
20 mm).

Therefore, it is feasible to identify suitable candidates to BgRT
sequential boost to the PSMA avid subvolumes in the prostate region.
These GTVs are characterized by a small volume, a strong PSMA signal-
to-background, and a location far from the bladder uptake.

The major limitation of this study is the absence of histopathology
samples and MRI datasets from which DIL volume could have been
verified. mpMRI is the current standard in DIL determination and this
imaging technique has been shown to outperform PSMA PET in the
detection of extraprostatic extension and seminal vesicle invasion of
prostate cancer [44]. However, when compared to histologically derived
DIL, PSMA PET has been previously shown to demonstrate 75% sensi-
tivity and 87% specificity, which was comparable to that of MRI [45].
Ideally, both mpMRI and PSMA PET would be used to identify the
tumour. With this in mind, our results indicate that a range of %SUVmax
threshold would also have led to a high proportion of tumours suitable
for BgRT, as detailed in Table S2 of the Supplementary Material. It is
worth to note that automatic delineation on PSMA PET based on deep-
learning architecture may have the potential to eliminate the uncer-
tainty related to which %SUVmax threshold best match the tumour
[46,47].

Furthermore, the nSUV threshold that ensures a sufficiently strong
signal-to-background ratio is not yet established and an interval of
plausible values was arbitrarily selected. It was assumed that the PET
signal remained constant during the course of treatment. A decrease in
SUVmax and or an increase in SUVmean post-radiation would result in a
lower nSUV, which may compromise the suitability of this tumour for
the subsequent BgRT fractions.

Moreover, presence of PSMA bladder uptake may affect BgRT de-
livery. Use of PET tracer with lower renal clearance such as ' F-PSMA-
1007 or longer half-life, such as 46CuPSMA PET tracer, or interventions
such as administration of frusemide, may help reduce PET emission
originating from the bladder and increase the number of DILs that are
suitable for BgRT [48,49].

Finally, the ProPSMA clinical trial only included men with biopsy-
proven prostate cancer and high-risk features. It has been demon-
strated that SUVmax values of high-risk patients are statistically higher
than those of low-risk patients [50]. Assuming similar SUV background
in the two groups, it is expected that nSUV values would be lower in a
cohort of low-risk patients and therefore less tumours may be suitable
for BgRT.

Conclusions

BgRT delivery as a sequential boost to PSMA avid subvolume in the
prostate region is feasible. More than 50% PSMA-avid subvolumes in the
prostate region in the subset of ProPSMA patients treated at our insti-
tution were suitable for BgRT due to their large signal-to-background
ratio and the absence of bladder PSMA uptake in the delivery volume.
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