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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Prostate specific membrane antigen positron emission tomography imaging (PSMA-PET)
Prostate cancer has demonstrated potential for intra-prostatic lesion localization. We leveraged our existing database of co-
registered PSMA-PET imaging with cross sectional digitized pathology to model dose coverage of
histologically-defined prostate cancer when tailoring brachytherapy dose escalation based on PSMA-PET
imaging.

Materials and methods: Using a previously-developed automated approach, we created segmentation volumes
delineating underlying dominant intraprostatic lesions for ten men with co-registered pathology-imaging data-
sets. To simulate realistic high-dose-rate brachytherapy (HDR-BT) treatments, we registered the PSMA-PET-
defined segmentation volumes and underlying cancer to 3D trans-rectal ultrasound images of HDR-BT cases
where 15 Gray (Gy) was delivered. We applied dose/volume optimization to focally target the dominant
intraprostatic lesion identified on PSMA-PET. We then compared histopathology dose for all high-grade cancer
within whole-gland treatment plans versus PSMA-PET-targeted plans. Histopathology dose was analyzed for all
clinically significant cancer with a Gleason score of 7or greater.

Results: The standard whole-gland plans achieved a median [interquartile range] D98 of 15.2 [13.8-16.4] Gy to
the histologically-defined cancer, while the targeted plans achieved a significantly higher D98 of 16.5
[15.0-19.0] Gy (p = 0.007).

Conclusion: This study is the first to use digital histology to confirm the effectiveness of PSMA-PET HDR-BT dose
escalation using automatically generated contours. Based on the findings of this study, PSMA-PET lesion dose
escalation can lead to increased dose to the ground truth histologically defined cancer.

Positron emission tomography
High dose rate brachytherapy
Dominant intraprostatic lesion
Targeted radiation therapy
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1. Introduction

Prostate cancer recurrence most often originates from the largest
and/or highest-grade site of disease [1-3]. These site(s) are termed
dominant intraprostatic lesions (DILs). To improve patient outcomes
and reduce disease recurrence, treatment methods for prostate cancer
that target DILs have begun to emerge. One method is focal dose esca-
lation during radiation therapy. Many studies have confirmed the
feasibility of radiation therapy to escalate dose to identified DILs [4-6].
Due to their highly focal nature, brachytherapy techniques such as high
dose rate brachytherapy (HDR-BT) may be particularly well-suited to
escalate doses to DILs while abiding by dose constraints to surrounding
organs at risk [4-8].

Previous studies investigating HDR-BT for focal dose targeting have
used multiparametric magnetic resonance imaging (mpMRI) to localize
the DIL [9-11]. While mpMRI has been confirmed to be a useful tool for
locating the site(s) of disease [12], there has been recent evidence that
mpMRI is not enable the observer to delineate all of the cancer, and that
interobserver variability could be a confounding issue [13]. An alter-
native imaging method that has shown promise for prostatic DIL local-
ization is prostate specific membrane antigen (PSMA) positron emission
tomography (PET) [14]. Recent work has demonstrated that use of a
Gallium-labeled PSMA based radiotracer led to improved sensitivity and
specificity for lesion detection confirmed by histopathology, compared
to alternative imaging techniques [15]. More recently, a prospective
trial reported higher specificities and positive predictive values using
PSMA-PET for locating tumor foci within the prostate, compared to
mpMRI [16]. A promising radiotracer for PSMA-PET imaging of the DIL
is (2-(3-{1-carboxy-5-[(6-18F-fluoro-pyridine-3-carbonyl)-amino]-pen-
tyl}-ureido)-pentanedioic acid) or more commonly referred to as [*8F]
DCFPyL, [17] which has demonstrated higher spatial resolution than
previously-developed Gallium based agents and has the advantage of
efficient cyclotron-based production [15].

Challenging the use of PSMA PET imaging in the clinic is the lack of
established guidelines regarding standardized uptake value (SUV)
thresholds for delineating lesions. Previous studies have attempted to
define standardized guidelines through voxel- and region-based ana-
lyses. However, they are often limited by their reference standards (e.g.
targeted biopsy cores [18] and consensus mapping approaches [19,20]).
Whole-mount histology registered to the in-vivo imaging volume serves
as the gold standard. However, most studies that have attempted to
register histology to in-vivo imaging are limited by the uncertainty of
their registration error [21]. Previously, a semi-automated registration
algorithm was developed by Gibson et al. to map whole-mount trans-
verse prostate histology to in-vivo MRI with a quantified target regis-
tration error [13]. Using this technique, we obtained images from
patients using a hybrid PET/MRI scanner and analyzed them retro-
spectively using an optimal threshold and margin expansion algorithm
for lesion delineation developed by Alfano et al. [22].

Using registered digital histology as a reference standard, we aim to
answer the following question: does targeting PSMA-PET-defined con-
tours increase the dose to all histologically-defined ground truth cancer
while meeting dose constraints to nearby critical structures, in com-
parison to clinically standard whole-gland treatment planning? We hy-
pothesize that targeting dose to PSMA-PET-defined DIL contours will
result in a significant increase in dose to all histologically-defined cancer
within the prostate, compared to standard-of-care whole-gland treat-
ment plans.

2. Methods and materials
2.1. PSMA-PET/histology patient population
Under an approved Health Sciences Research Ethics Board study,

patients were recruited as part of a multimodality, pre-operative pros-
tate cancer imaging study (n = 20). For further details regarding PET/
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MRI technical acquisition details and patient inclusion/exclusion
criteria, please refer to the Supplementary Material A.L

A pathology assistant trained in prostate cancer morphology anno-
tated (i.e. graded and segmented) all intra-prostatic lesions on all his-
tology sections, under the supervision of a genitourinary pathologist. All
histology annotations were given a Gleason score by the observing
clinician, and all were confirmed (or corrected as necessary) by the
pathologist [23]. For the purpose of this study, only annotations that had
a Gleason score of 7or greater were evaluated. Differentiation of prostate
cancer by a Gleason score 7 (3 + 4) or greater and Gleason score 6 or less
is concordant with the Kasivisvanathan et al. definition of clinically
significant and clinically insignificant disease [24]. More details of
histological examination can be found in the Supplementary Material A.
I

2.2. Histology to PET/MRI registration

All annotations of cancerous tissue from the mid-gland of the pros-
tate were registered to the in-vivo PET/MRI using a registration pro-
cedure that was previously developed by Gibson et al. [13]. In total, ten
patients were able to be used for this analysis. More information on the
registration of histology to PET/MRI can be found in the Supplementary
Material A.IL.

2.3. Brachytherapy population

Between July 2015 and December 2016, 30 patients received a
single-fraction transrectal ultrasound (TRUS)-guided HDR-BT procedure
at our institution. A Profocus 2202 ultrasound machine and an 8848
biplanar probe (BK Medical, Boston, MA) operating at 9 MHz were used
to capture all TRUS images. Using a custom manual stepper installed
with Vitesse 2.5 (Varian Medical Systems, palo Alto, CA) intra-operative
software, axial slices of ultrasound images with 5 mm spacing were
acquired as part of the HDR-BT planning.

2.4. PET/MRI to TRUS registration

Each PET/MR image and corresponding histology images were
deformably mapped to two different HDR-BT plans in the 30-patient
dataset by matching prostates that were close in terms of anatomical
similarity (size and shape) (see Supplementary Fig. I). Of the 30 HDR-BT
patients, 9 cases had prostate anatomy similar to our PET/MRI cohort
and were selected as suitable matches. This registration procedure
yielded the mapping of PSMA-PET DILs and the corresponding digital
histology annotations to the intraprocedural TRUS imaging space, pro-
ducing a total of 20 treatment plans (ten patients each mapped to two
different treatment plans, where each plan is a unique combination of
catheter insertions and dose distributions). PSMA-PET DILs from
different patients may be mapped to the same HDR-BT patient in order
to meet size and shape constraints for the matching. Further details of
the registration are explained in Supplementary Material A.IIL.

2.5. Standard brachytherapy planning

Standard clinical HDR-BT treatment plans were designed using
BrachyVision 13.6 planning software (Varian Medical Systems, Palo
Alto, CA) with the intent to deliver the prescription dose to the entire
gland as equally as possible while abiding by dose constraints to organs
as risk. Treatment plan dose constraints were based on the techniques
used by Morton et al. [25] and guidelines outlined by the American
Brachytherapy Society, as described by Yamada et al. [26]. Details of the
treatment planning dose constraints and objectives are described in
Table 1. All standard treatment plans were created using the volume
optimization application that is built into BrachyVision.
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Table 1

Dose constraints followed during the standard and PSMA targeted HDR-BT
treatment planning. (Vxx% is the volume percentage of the structure that
received xx% dose of the prescription dose, Dxx% is the prescription dose per-
centage that xx% of the structure received, Dxxcc is the maximum prescription
dose percentage permitted to xx cubic centimeters of volume in that structure).

Organ Dose Standard Planning Goal =~ PSMA-Targeted Planning
Metric [%] Goal [%]

Prostate Voooe >95 >95

Prostate V100% >90 >90

Prostate Vis09% <35 <38

Prostate V200% <11 <14

Urethra Dioo <118 <120

Rectum Do.5cc <80 <80

PSMA- Dogss N/A 135

DIL

2.6. Focal targeting treatment planning

All HDR-BT PSMA-PET targeted treatment plans were designed using
BrachyVision 13.6. Each plan was generated by using the volume opti-
mization application that is directly built into BrachyVision. Since these
plans were designed with the goal to deliver a focally targeted dose to
the PSMA-PET lesion, an adjusted set of dose constraints and dose goals
were used and are listed in Table 1. The target dose was 20.3 Gray (Gy)
to 98% of the PSMA-PET segmentation which was generated using a
threshold of 81% of the maximum SUV, along with a margin expansion
of 5.2 mm. More information on the performance of the DIL segmen-
tation on PSMA-PET can be found in the Supplementary Material A.IIIL.

2.7. Dose analysis

To determine if there was any effect of targeted focal dose escalation
using PSMA-PET, we calculated the dose the annotated digital histology
cancer would have received within the standard HDR-BT treatment
plans, and the dose to the corresponding PSMA-PET targeted treatment
plans. Specifically, we calculated the minimum dose being delivered to
98% and 90% of the cancer, as well as the mean dose that would have
been delivered to each histology annotation.

2.8. Statistics

Prism 5.04 (GraphPad Software, San Diego, CA) was used to perform
all statistical analysis. A threshold of p < 0.05 was used to deem results
significant. Data sets were all subjected to the Shapiro-Wilk test to
determine distribution normality. If the data sets were deemed to be
normally distributed, a paired t-test was used to compare means, while if

Histology D98

Histology D90
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one of the data sets that were being compared was not normally
distributed, the medians were compared using a Wilcoxon matched-
pairs signed rank test.

3. Results

The histologically-defined cancer would have received a signifi-
cantly higher D98 within PSMA-PET targeted treatment plans in com-
parison to the plans optimized for standard whole-gland treatment, with
a median [IQR] D98 of 16.5 [15.0-19.0] Gy compared to 15.2
[13.8-16.4] Gy in the standard plans (p = 0.007, Fig. 1). The median
D90 to the histologic cancer within the PSMA-PET targeted treatment
plans was 19.0 [16.5-21.0] Gy compared to 16.4 [15.0-17.4] Gy for the
standard plans (p = 0.003, Fig. 1).

In terms of mean dose, the histologically-defined cancer received a
significantly higher dose using the PSMA-PET targeted treatment plans.
The PSMA-PET targeted plans would have delivered a median [IQR]
mean dose of 25.6 [23.7-32.9] Gy, and the standard plans delivered a
median mean dose of 21.4 [20.2-22.6] Gy (p < 0.001). The percentage
of focally-targeted plans that delivered a given D98 dose to the histology
is presented in Fig. 2. For example, Fig. 2 demonstrated that the per-
centage of plans that delivered a D98 of 20 Gy was 0% for standard plans
and 20% for PET-targeted plans. Additionally, it was found the

Histology D98 Percentage of Plans
100-

—— PET-Targeted Plans
@ 80 —— Standard Treatment Plans
] p = 0.0062
& 60
o
S 40
e
[}]
o 20-
0 L] L T 1
10 15 20 25 30
D98 (Gy)

Fig. 2. Aline graph displaying the percentage of treatment plans that delivered
a given D98 to the histologic cancer. PET-targeted treatment plans are colored
in blue and standard treatment plans are colored in magenta. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 1. A box-and-whisker plot of the (left) D98, (middle) D90, and (right) mean doses delivered to the digital histology annotations within PSMA-PET targeted
treatment plans and standard treatment plans. The whiskers represent the 10-90th percentiles.
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percentage curves were significantly different with a log-rank test (p =
0.006). A qualitative result of an ideal boost candidate can be found in
Supplementary Fig. II. In terms of dose to the surrounding organs at risk,
we did not exceed dose constraints when targeting the DILs. Specifically,
we achieved a median prostate V150 of 31.4%, a median prostate V200
of 11.7%, a median urethra D10 of 116.2%, a median rectum DO.5 cc of
62.8%, and a median bladder V80 of 1.2 cm®.

4. Discussion

We found that by focally escalating the dose to the PSMA-PET seg-
mentations, we were able to achieve a significantly higher D98, D90 and
mean dose to the corresponding histologically-defined cancer in com-
parison to the standard whole-gland designed treatment plans. Addi-
tionally, we found that by targeting the PET lesions, we were able to
significantly increase the percentage of plans that would have received a
higher D98 dose to histologic disease.

In 2016 Gomez et al. [9] performed a phase II clinical study that dose-
escalated mpMRI DILs using HDR-BT. Using a rigid registration method
from mpMRI to TRUS, Gomez successfully escalated dose to targeted
lesions to a D98 of 18.7 Gy with acceptable tolerance and toxicity pro-
files. More recently, Hrinivich et al. demonstrated that replanning clin-
ical stereotactic ablative radiotherapy plans by escalating dose towards
suspicious PSMA-PET hot spots for oligometastatic prostate cancer
resulted in overall increases to the maximum dose to the PTV and de-
creases to the maximum dose to the OAR [27]. Whereas we used original
previously achieved catheter distributions from past treatment plans to
target the lesion, additional catheters could be inserted to attempt to
further dose escalate the PSMA-PET DILs. In 2019, Wang performed a
study that investigated the effect of adding one additional needle on the
dose to mpMRI-defined lesions. In that study, they found that mpMRI
DILs would receive a V150 of 46.4 + 28.6% through standard whole-
gland planning, while DIL-targeting treatment with the original cathe-
ters would achieve a mpMRI V150 of 87.0 + 15.5%, and targeted plans
with an additional targeted needle added would achieve a V150 of 93.0
+ 14.1%. The work performed by Wang demonstrated that the majority
of targeted dose can be achieved with the original catheters and that the
additional catheter only caused a six percent V150 increase to the
mpMRI-defined DIL [10].

These papers have all demonstrated the feasibility of lesion dose
escalation, and the localization capabilities of PSMA-PET. Our study
adds to these results by not only demonstrating the feasibility of PSMA-
PET lesion-directed focal dose escalation, but also confirming the
effectiveness of doing so by calculating the dose that would have been
delivered to the ground truth histologically-defined cancer. Our PSMA-
PET lesions were created using a thresholding guideline of 81% SUVyax
and a 5.2 mm margin without any user interpretation, and histologic
clinically significant cancer was defined in concordance with Kasivi-
vanthan et al. 2018, as all cancer with a Gleason score of 7 (3 + 4) or
greater [24]. Furthermore, we were able to escalate dose to these targets
while maintaining dose constraints to organs at risk. Our constraints
were 38% for the prostate V150, 14% for the prostate V200, 120% for
the urethra D10, 80% for the rectum DO0.5 cc, and while an explicit dose
constraint was not used for the bladder, we achieved a nearly identical
median V80 to that reported by Morton et al. [25], in which they
concluded there was no relationship between bladder dose and genito-
urinary toxicity.

Since patients undergo salvage prostatectomy after HDR BT very
infrequently, it is rare to obtain post-prostatectomy histology from HDR
BT patients. In the rare cases where salvage prostatectomy is done after
HDR BT, a substantial amount of time lapses between HDR BT and
prostatectomy. Therefore, it is impractical to obtain a PSMA PET/MRI
scan, perform HDR BT, perform prostatectomy, and obtain prostatec-
tomy histology all on the same patient, with a short time frame between
the PET/MRI scan and obtaining histology. This short time frame is
important since the histology must serve as a ground truth for the PSMA
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PET signal. Therefore, to conduct this study with actual HDR BT catheter
implants that capture real spatial inaccuracies and catheter deflections
that occur in the clinical setting, we registered prostates on PET/MRI
scans taken shortly before surgery from a prostatectomy cohort, to
prostates on TRUS containing real HDR-BT catheter implants in a
brachytherapy cohort. This approach allowed for testing of PSMA-PET-
based lesion targeting on realistic HDR BT catheter distributions with
validation against whole-mount prostatectomy histology, which has not
been previously reported in the literature.

Several other PET DIL contouring methods have been reported in the
literature. Spohn et al. reported on a study aiming to segment the DIL
with the [18F]PSMA-1007 PET probe using semi-automatic methods
and comparing it to manual user delineation [28]. The authors found
that a threshold of 20% of SUVmax achieved a median sensitivity and
specificity of 93% and 96%, respectively. The approach the study took is
concordant with the approach taken by Alfano et al. with two major
differences. First, the registration protocol is based on a manual align-
ment of in-vivo pre-treatment CT and multi-parametric MRI, which may
induce some inherent registration error in mapping histology to PET.
The study reported by Alfano et al. used co-registration of histology to
in-vivo PET/MRI, eliminating the intermediate manual registration
component. Second, the authors in this paper interrogated the more
recently-developed [18F]PSMA-1007 radiotracer, compared to [18F]
DCF-PyL radiotracer investigated in Alfano et al. [18F]PSMA-1007 has
many advantages, including higher signal-to-noise ratio and a lack of
urinary excretion of the tracer, meaning that there is no buildup in the
bladder. This was one of the limitations of the [18F]DCF-PyL radiotracer
used in this study; signal from the bladder may leak into the prostate and
may confound uptake in tumor and/or healthy tissue close to the base.
Thus, we hypothesize that a focal boosting study against PET-DILs
defined from PSMA-1007 would allow for more accurate segmenta-
tions to be generated, potentially further improving dose delivery to
underlying disease. Fassbender et al. examined a gastrin-releasing pep-
tide receptor-based radiotracer (GRPR) in comparison to a PSMA based
radiotracer validated on co-registered histology [29]. This is different
than the study performed by Alfano et al. and our study which was only
concerned with examining the expression of radio labeled PSMA.
Overall, the study indicates that certain tumors have greater expression
of GRPR compared to PSMA and vice-versa. Thus, primary prostate
cancer may be able to be more accurately defined if information
regarding the expression of GRPR and PSMA was provided at the time of
imaging. This may be a precursor step in creating DIL contours for focal
dose escalation by informing physicians on the type of radiotracer that
should be administered and may provide added benefit in terms of
increased dose to underlying disease as a result.

The results presented in this paper need to be interpreted in context
of the limitations of our study. First, the TRUS and MRI/PET registration
error was not evaluated. Previous studies have published the error be-
tween TRUS and MRI to between 2.1 mm and 3.5 mm [30,31] for intra-
patient registration. However, we performed inter-patient registration
to simulate realistic spatial distribution of HDR-BT catheters surround-
ing the PSMA-PET defined DILs. The critical registration error of our
work was the error between the histology and MRI, which was metic-
ulously measured and reported by our group [13] to be less than 2 mm.
Also due to our MRI-histology registration algorithm’s optimization for
registration of transverse, mid-gland histology sections, our data set
excluded patients having a DIL in sagittally-sectioned apex and base
regions. Second, lesions in the prostate located near the base may be
confounded by the high tracer uptake in the bladder. Newer PET im-
aging agents, such as ['®F]PSMA-1007, are not excreted through the
urine and might mitigate this interference [32]. Third, our experimen-
tation was also limited to one segmentation algorithm designed to
encompass little to no healthy tissue while maximizing the amount of
cancerous tissue; future work in this area may revolve around opti-
mizing the thresholding and margin expansion criteria to create con-
tours that cover more histologic disease and achieve higher targeted
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doses while maintaining low dose to organs at risk. Fourth, this study
was a single-institution retrospective analysis on a small cohort of men
with lesions predominantly distal to the urethra; our findings need to be
further validated on a larger, multi-institutional data cohort to account
for patient and catheter implant variability.

In conclusion, this study is the first to confirm the potential effec-
tiveness of computer generated PSMA-PET lesion directed focal dose
escalation using HDR-BT for prostate cancer through the utilization of
co-registered digital histology. Our findings suggest that focally esca-
lating dose to PSMA-PET defined mid-gland lesions will lead to signifi-
cantly higher dose to histologically defined disease.
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