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General introduction

Introduction
The prostate. Despite its close relationship to the penis, most males do not know it exists.
Yet, it has a pivotal role in the reproductive system to produce an alkaline solution for
spermatozoa to survive the hostile vaginal environment. Anatomically, it is located in the
pelvic area inferior to the bladder where it surrounds the urethra (Figure 1). In a normal
state it has the size of a walnut. However, lifelong stimulation causing glandular growth
may result in a prostate the size of a bowling ball.1 While this is a world record, most
aging males have benign prostatic hyperplasia and experience (some) voiding problems.
The transition zone - which surrounds the proximal urethra - is particularly prone to
this unwanted growth. However, the prostate has two other zones worth mentioning;
the central zone that encloses the ejaculatory ducts which originates from the seminal
vesicles (located behind the bladder). And, the peripheral zone which is the largest zone
and in urological-oncology the most important area with >70% of prostate carcinomas
originating from here.

1

Prostate cancer
Prostate cancer represents a major health concern. It is the second most common
malignancy in males worldwide with over 1.2 million patients diagnosed every year, and
with estimated economic costs in Europe of € 8.43 billion.2,3 Moreover, both the incidence
and the economic costs are expected to rise with the increasing life expectancyof males.
Although the number of treatments rapidly increased over the last

figure 1 | Simplified illustration of the pelvic anatomy, emphasizing the anatomy of the
prostate.
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decade, it is still the second cause of cancer-related mortality in the Western world.4 In
the Netherlands alone, every year approximately 2,800 patients succumb to prostate
cancer.5
When diagnosed in an early stage, the majority of patients undergo surgery (prostatectomy) or (external beam) radiotherapy with curative intend.6 Unfortunately, 27-53%
of these ‘’cured’’ patients will present with rising prostate-specific antigen (PSA; the
tumor marker for prostate cancer) levels and develop disease recurrence (Figure 2).7-9
Some of these patients are eligible for salvage re-interventions (surgery or external
beam radiotherapy) providing long-term remission in 30-80% of the patients.10-12 The
remainder will (eventually) progress despite all life-saving intentions. These unfortunate
few will now enter a phase in which they depend on systematic therapies (hormones,
cytotoxic agents, immunotherapy, etc), which will result in a median overall survival
of about five years.8,13 Approximately, 5-10% of patients present with an advanced
stage disease at diagnosis, with bone or advanced lymph node metastases, and have
no curative options to date.14 These patients generally follow the same treatment
lines as the prior discussed cohort and have a median overall survival of 42 months.15
However, the recent introduction of novel systemic drugs may have increased life
expectancy of both patient groups. Unfortunately, all these systemic therapies are
generally associated with significant treatment related morbidity. For instance,
cardiovascular disease, osteoporosis, fatigue, loss of libido, depression, hot flashes
and weight gain are the results of the first line systemic treatment which is complete
deprivation of male testosterone by either surgical or chemical castration (androgen
deprivation therapy).16 Thus, innovations are needed that improve the overall survival
and preserve the quality of life in patients with localized and metastatic prostate cancer.

Salvage metastases
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figure 2 | A schematic presentation over time of prostate cancer patients with progressing
disease.
ADT = androgen deprivation therapy; CRPC = castration resistant prostate cancer; NHA = next
generation hormonal agents; PARPi = poly ADP ribose polymerase inhibitors; PSA = prostate
specific antigen
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Prostate cancer imaging
Prostate cancer was originally diagnosed by systematic biopsies using transrectal
ultrasound.6 However, since the last decade, this is now proceeded by multi-parametric
magnetic resonance imaging (MRI) to perform targeted biopsies.17 Multi-parametric MRI
has proven to be a valuable tool to avoid unnecessary prostate biopsies and prevent overtreatment of low-grade prostate cancer.18-20 Multi-parametric MRI comprises anatomical
(i.e. T2-weighted images [T2-WI]) in combination with functional sequences, that is
diffusion weighted Images (DWI) representing cellular density, and dynamic contrastenhanced imaging (DCE-MRI) that depicts vascularity.21 Prostate MRI is evaluated using
the Prostate Imaging-Reporting and Data System (PI-RADS), with its latest version
2.1 reported in 2019.22 Lesions are given a category score, from 1 (prostate cancer is
unlikely) to 5 (probably presence of prostate cancer).23,24 However, multi-parametric
MRI still has room for improvement (e.g. specificity for high-grade prostate cancer
is only 37%), which will be addressed in the present thesis.20,25 Moreover, while multiparametric MRI is respected for its detection of local tumors, it is less accurate to detect
and characterize metastases. For this, most clinicians still rely on bone scintigraphy and
conventional abdominal imaging such as computed tomography (CT) or standard MRI.
Bone scintigraphy generally uses methylene diphosphonate labelled with 99mTc which
binds to the crystalline hydroxyapatite mineral of bone. Bone metastases often have
augmented blood flow with high bone turn-over resulting in an increased osteoblastic
activity and thus higher mineralization of bone. Bone scintigraphy is able to detect bone
metastases with a sensitivity and specificity of 79% (95% CI 73-83%) and 82% (95% CI
78-85%), respectively.26 However, the γ-camera offers poor resolution and can only
detect larger lesions. This also applies to the CT or normal MRI as they can solely assess
the morphology of the regions of interest. In general, only lesions larger than 1 cm can be
described as suspicious for cancer using CT or standard MRI. Bone scintigraphy, CT and
(general) MRI are therefore only useful in advanced stages of prostate cancer.27 These
traditional scans are thus replaced (or complemented) by molecular imaging which will
be addressed in chapter two, three and six.6,28

1

Prostate-specific membrane antigen
Prostate-specific membrane antigen (PSMA) has attracted broad attention as a novel
target in prostate cancer.29-32 PSMA, or glutamate carboxypeptidase II or NAAG
peptidase, is an amino acid type II transmembrane glycoprotein that is encoded by the
folate hydrolase 1 gene and has several functions in humans such as cell migration,
survival and proliferation. Physiologically, it is expressed by cells in the central nervous
system, proximal tubule of the kidney, small intestine, salivary glands and, the prostate.
In prostate cancer, it is particular useful as it is highly overexpressed compared to healthy
cells. Moreover, it is positively correlated to higher grade tumors and advanced stages
of the disease.33-35 Activated endothelial cells and some other cancer types can express
PSMA too, which makes it a potentially interesting target for other malignancies as well
(e.g. renal cell carcinoma, salivary gland cancer, glioblastoma).36,37 However, clinical
translation of PSMA ligands in these cancers is yet awaited and out of the scope of the
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present thesis. In prostate cancer however, PSMA is currently regarded as an ideal target
for theranostic application such as radionuclide imaging and therapy.

Theranostics
The term ‘‘theranostics’’ derived from the Greek words therapeuin and gnosis which can
be translated to treatment and knowledge, respectively. It was first used by US consultant
John Funkhauser in 1988, but the term really found ground in the last decade with
the personalization of oncologic medicine. Theranostics stands for a combination of
molecular diagnostics and therapy, enabling a custom based treatment of a single agent.
As the same target is used for imaging and delivery of the cytotoxic agent, the imaging
can be used to predict proper drug delivery. Thus, individuals are selected for a therapy if
drug delivery is verified in the regions of interest. Thereby, it can increase the likelihood of
successful outcome, prevent treatment toxicity and reduce medical costs by selecting the
right patient for the right drug at the right time.38

PSMA imaging:
Over the last years, numerous PSMA targeting ligands or antibodies have been developed
in search for clinical use in prostate cancer patients. The first real breakthrough came
from [68Ga]Ga-PSMA-11.28,39,40 This β+ (positron) emitting tracer enables the detection of
PSMA expressing prostate tumors of approximately 4-5 mm using positron emission
tomography (PET). A recent study found that [68Ga]Ga-PSMA-11 PET has a sensitivity
and specificity to detect prostate cancer metastases of 85% and 98%, respectively.28 This
led to the introduction of PSMA-PET imaging in the recently updated guidelines of the
European Association of Urology.41 However, continued developments resulted in PSMA
tracers that offer advantages over [68Ga]Ga-PSMA-11, such as [18F]PSMA-1007 that has
a lower renal excretion and therefore theoretically improves the visibility of tumors in
proximity of the bladder or urethra.35 Moreover, the lower positron energy with 18F offers
better PET resolution compared to 68Ga.42 Together with the development of imaging
tracers, PSMA ligands are now also labeled with radionuclides for therapeutic application,
so called radioligand therapy.43

PSMA radioligand therapy
By coupling therapeutic radionuclides with high linear transfer energy to PSMA
targeting molecules, a cytotoxic load can be guided specifically to the tumor. Of all
tested PSMA ligands, the largest body of clinical experience is gathered with the ligands
PSMA-617 and PSMA I&T labeled with lutetium-177 (177Lu). 177Lu is a commercially
available metallic radionuclide with a 6.7 days half-life. Its radioactive decay results
in a low energy β--emission (0.50 MeV with a penetration depth of 1-2mm) and low
abundance (11%) of γ-emission of 208 keV, allowing whole body scintigraphy and SPECT
imaging.44,45 Rahbar et al. published a large retrospective multicenter analysis on [177Lu]
Lu-PSMA-617 showing a response rate in 45% of the 145 end stage prostate cancer
patients. These observations were recently confirmed by prospective studies investigating
[177Lu]Lu-PSMA-617 in end stage castration resistant prostate cancer (CRPC).43,46 The
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promising outcomes have resulted in an international registration study assessing
the use of [177Lu]Lu-PSMA-617 as third or fourth line treatment in CRPC patients
(NCT03511664). This study recently reported positive results for [177Lu]Lu-PSMA-617
with an overall survival of 15.3 months vs. 11.3 months in the standard of care arm
(p < 0.001).47 This radiopharmaceutical drug could also be beneficial in earlier stages of
the disease, such as in the hormone sensitive setting with low volume metastatic disease.
Especially, as these metastases are currently also detected by PSMA-PET imaging. This
will be addressed in the present thesis.

1

In addition to the β--emitting isotopes for radioligand therapy, there is increasing interest
in α-emitters as they are highly ionizing and thus even more cytotoxic to cells (Figure
3). Each α-particle has a large particle mass with two protons and two neutrons (same
as a helium-4 nucleus). Due to their large particle mass, they easily interact with other
materials causing massive damage on a molecular level. Therefore, the penetration
depth of an α-particle is generally very short (few cell layers deep). A popular α-emitting
radionuclide is actinium-225 (225Ac; t1/2 9.9 days). This isotope has a much higher linear
energy transfer compared to 177Lu. It emits four different α particles (5.8-8.4 MeV with
a penetration depth of < 85 µm), two β- (0.6 and 1.6 MeV, range of millimeters) and two
γ (with 218 keV and 440 KeV), till it reaches it stable form as 205Tl.48 In theory and in line
with first clinical results, [225Ac]Ac-PSMA results in higher response rates than [177Lu]LuPSMA. Early studies have shown PSA responses in up to 82% of end stage prostate cancer
patients compared to ~50% with [177Lu]Lu-PSMA.49-51 However, there are also concerns
regarding α-emitting radiopharmaceuticals. The greater cytotoxic effect of 225Ac appears
to increase the toxicity in the healthy organs at risk. For PSMA radioligand therapy,
these are the salivary glands, kidneys and bone marrow.52-59 Moreover, the production
of 225Ac and other α-emitting isotopes needs to be scaled-up significantly before routine
application in the clinics is feasible.60

β⁻
β⁻
β⁻
β⁻
Radionuclide
Ligand
Receptor

β⁻

1 cm

1 mm
αα
α αα
α αα
100 μm

Tumor
cell

figure 3 | A simplified illustration of tumor cells being irradiated by α (e.g. [225Ac]Ac-PSMA)
or β- (e.g. [177Lu]Lu-PSMA) emitting radiopharmaceuticals. β--emitters have a longer trajectory
with a lower ionizing efficiency compared to α-decay.
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Despite the increasing data on PSMA radioligand therapies, it is still poorly understood
why some patients show excellent responses while others are refractory to this treatment
regardless of high PSMA uptake on pre-therapeutic PSMA-PET scans. To date, several
factors have been considered (including PSMA-PET avidity and heterogeneity, FDG-PET
avidity, site of metastases, high vs. low volume disease, ECOG) but the question remains
largely unanswered. Therefore, studies regarding predictive biomarkers are needed to
improve our understanding of treatment outcome.

Dosimetry
An important asset of radionuclide therapy is the possibility of intra-individual
therapeutic assessment of the radiopharmaceutical. The γ release from radionuclides
(e.g. 177Lu) can be visualized and analysed post-injection using γ-cameras for tumor and
healthy organ absorbed dose. These dosimetry calculations can be used to assess if a
sufficient dose was delivered to the tumor(s) while adhering to the threshold doses of the
healthy organs. Therefore, radiopharmaceutical dosimetry could facilitate personalized
dosing schemes which is not possible with most other prostate cancer treatments
available (e.g. chemotherapy, [novel] androgen deprivation therapy, PARP inhibitors). In
addition, individuals with low tumoricidal absorbed doses can be recommended for an
alternative therapeutic strategy.

Thesis outline
PSMA radiopharmaceuticals are gaining increasing importance in urological cancer care.
However, these PSMA ligands for imaging and treatment are only available in specific,
advanced stages of the disease, while it is postulated that earlier stages could also benefit
of PSMA theranostics. Therefore, the aim of the present thesis was to explore new fields
in prostate cancer for PSMA imaging (chapter 2 & 3) and therapy (part 4-9), and increasing
our understanding of this novel treatment.
Chapter two presents the added value of a [18F]PSMA-1007 PET to stage primary prostate
cancer patients. The PET results are retrospectively compared to the outcome of multiparametric MRI and histopathology. In this study, the urinary uptake of [18F]PSMA-1007 is
also assessed and it is determined whether the lower renal excretion helped the imaging
quality of the pelvic area. In chapter three, the first results of a prospective trial are
presented in which patients with suspicion of prostate cancer (e.g. because of elevated
PSA levels) received a [18F]PSMA-1007 PET prior to prostate biopsy. Thereby, this study
investigates the added value of [18F]PSMA-1007 PET next to the multi-parametric MRI for
the detection of localized prostate tumors.
Next to the studies related to PSMA imaging, the following chapters cover the therapeutic
work on PSMA radioligand therapy. Chapter four presents the toxicity and treatment
results of a prospective study using [177Lu]Lu-PSMA-617 in hormone sensitive prostate
cancer patients with low volume metastatic disease. Chapter five displays the full
dosimetry results of the same prospective study. Thereby, it provides detailed information
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regarding the absorbed doses of [177Lu]Lu-PSMA-617 in tumor lesions and the organs at
risk (salivary glands, kidney, liver and bone marrow) in the low volume hormone sensitive
setting. The dosimetry results were also correlated to the clinical outcome. As treatment
efficacy varies between patients, there is a need to improve patient selection, particularly
with the translation of PSMA radioligand therapy in early stages of disease. Therefore,
we have developed a novel pre-therapeutic dosimetry method which is presented in
Chapter six. In this chapter, we also present in-vivo behaviour of this tracer in a mouse
tumor model and first in man. In chapter seven, we try to understand why some patients
do respond to PSMA radioligand therapy while others do not. This study evaluated the
relationship between treatment response to PSMA radioligand therapy and mutations
in tumor DNA. Chapter eight provides the study protocol of an ongoing prospective
randomized multicenter study, which was initiated after the promising result of chapter
four and five. Hence, this chapter provides a short term future perspective of our ongoing
work regarding [177Lu]Lu-PSMA.

1

In chapter nine, the work of this thesis is discussed and provides a future perspective of
radioligand therapy in prostate cancer. Chapter ten provides a summary of the thesis.
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Abstract
Background
PSMA-PET is a novel imaging modality for the staging of prostate cancer (PCa). While
there are several PSMA ligands available, F-18-PSMA-1007 is particularly of interest as
it is not renally excreted and therefore does not impair the imaging of the pelvic area.
Hence, this study aimed to investigate the F-18-PSMA-1007-PET for the primary staging
of PCa and compared it to multiparametric (mp)MRI and histopathology.

Methods
A retrospective study was performed of men with intermediate and high-risk PCa
patients that underwent a F-18-PSMA-1007-PET after mpMRI with subsequent MRguided target biopsy (MRGB). Suspicious mpMRI lesions and F-18-PSMA-1007-PET
were simultaneously reviewed on both a per-patient and per-lesion basis. Results were
subsequently evaluated with histopathological outcome of MRGB, and if performed, the
radical prostatectomy specimen.

Results
A total of 66 suspicious mpMRI lesions were identified in 53 patients and underwent
MRGB. Two lesions had a maximum standardized uptake value (SUVmax) less than the
mean SUVmax of healthy prostate tissue and were considered as non-PSMA-expressing. All
PSMA avid tumors had higher SUVmax than the mean SUV of the bladder/urine, therefore
all lesions were clearly distinguishable in the pelvic area. Twenty-three patients received
a radical prostatectomy of which the histopathology specimens were evaluated. F-18PSMA-1007-PET/CT correctly staged seminal vesicle invasion (i.e. pT3b) more often than
mpMRI (90% vs. 76%) whereas mpMRI more accurately detected extracapsular extension
(i.e. pT3a) compared to F-18-PSMA-1007-PET (90% vs 57%).

Conclusions
The present study of a selected cohort suggest that dual imaging with mpMRI and F-18PSMA-1007-PET may improve staging of primary PCa. F-18-PSMA-1007-PET/CT had low
renal clearance, which could assist the evaluation of tumors in proximity of the bladder.
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Introduction
Prostate cancer (PCa) is the second most common diagnosed malignancy in males
worldwide, with over 1.2 million new patients diagnosed every year.1 Since the
introduction of prostate-specific antigen (PSA) the primary diagnosis consisted of
histologic confirmation by transrectal ultrasound (TRUS) systematic biopsies.2 However,
over the past years this has changed into performing multi-parametric MR imaging
(mpMRI) prior to prostate biopsy.3 MpMRI has proven to be a valuable tool to avoid
unnecessary prostate biopsies and prevents over-treatment of low-grade PCa, while
maintaining equal or higher detection rates of high-grade PCa.4,5 MpMRI comprises of
anatomical (i.e. T2-weighted images [T2-WI]) in combination with functional sequences,
that is diffusion weighted Images (DWI) representing cellular density, and dynamic
contrast-enhanced imaging (DCE-MRI) that depicts vascularity.6 DWI emerged as the
most important functional modality since an inverse relationship between the apparent
diffusion coefficient (ADC) value (derived from the DWI), and PCa aggressiveness was
established.7 Prostate MRI is evaluated using the Prostate Imaging-Reporting and Data
System (PI-RADS).6 Lesions are given a category score, from 1 (high-grade PCa is unlikely
to be present) to 5 (presence of high-grade PCa is highly likely).6 Nonetheless, mpMRI
has some room for improvement as its specificity for high-grade PCa is moderate (37%).
Moreover, locoregional staging is limited with mpMRI, which is important for clinical
decision making and patient counseling.5,8

2

Prostate-specific membrane antigen receptor (PSMA) is highly overexpressed by 95%
of the prostate cancer cells and is positively correlated to aggressiveness of the tumor.9
PSMA-positron emission tomography (PET) uses this feature by visualizing PSMA
expressing prostate tumors.9 Currently, the PSMA-PET/ computed tomography (CT)
is generally used to detect recurrences.10 However, there is an increasing interest for
PSMA-PET/CT scans in patients with a primary diagnosis of intermediate- or high-risk
PCa for staging purposes. The observed metastases could be removed during surgery or
targeted for EBRT, but PSMA-PET/CT also exclude those patients with distant metastases
from receiving an ineffective treatment.11,12 This is important, as 20-40% of patients
have disease recurrence after surgery or EBRT (13). Up to now, few retrospective studies
have investigated the additional value of PSMA-PET/CT for the detection or staging of
the local prostate tumor.14-16 Because of the promising results, several prospective trials
have been initiated to evaluate the PSMA-PET as a diagnostic modality for primary
PCa (NCT03439033, NCT03471650, NCT03362359, NCT03187990, NCT02659527,
NCT03465579, NCT03149861 and NCT03392181).
These retrospective and current prospective studies, however, focus on tracers Ga-68PSMA-11 & F-18-DCFPyL that are excreted renally and, therefore, can obscure cancers
that are in the proximity of the urinary bladder. This particularly hampers imaging of
the prostate bed. A relatively new ligand: F-18-PSMA-1007 offers the advantage of low
excretion via the renal system, and therefore, better visibility of PSMA positive foci in
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the prostate. Furthermore, Fluor-18 labeling offers higher resolution.17 To date, F-18PSMA-1007-PET/CT (F-18-PSMA-PET) has only been investigated in small case series
for the staging of local prostate cancer.18-20 In this study, we aimed to investigate F-18PSMA-PET for the primary T-staging of PCa, compared to mpMRI and histopathology.
The secondary goal was to evaluate the detection rate of F-18-PSMA-PET for nodal and
distant metastases.

Patients and Methods
Study population
This retrospective, single-institution study included patients from July 2018 to July 2019.
All men underwent an mpMRI with MR-guided biopsy (MRGB). As part of standard of
care in our hospital, individuals with intermediate- or high-grade PCa according to the
D’Amico classification received a F-18-PSMA-1007-PET as part of their staging process.21
The study received ethical approval from the Institutional Review Board with a waiver of
informed consent (CMO 2016-3045; project: 19069).
Multi-parametric MRI and biopsy procedure
Patients underwent mpMRI performed in a 3-Tesla MRI scanner (Magnetom Skyra,
Siemens Healthineers, Erlangen, Germany) acquired and interpreted according to
the PI-RADS version 2.6 Men with a suspicious mpMRI scan (PI-RADS 3-5) underwent
transrectal MRGB either by MR-TRUS fusion or MR in-bore biopsies. At least two cores
per suspicious lesion were obtained using 18G needles with a sampling length of 17 mm,
and directed toward the area with lowest ADC-value.
F-18-PSMA-1007-PET
F-18-PSMA-1007 was manufactured in accordance with the Good Manufacturing
Practice by the Radboudumc Translational Medicine facility. The production process has
been described earlier.22 The PET/CT images were acquired with a Siemens Biograph mCT
4-ring, 40-slice TOF PET/CT scanner. Prior to the scan, patients were hydrated with 500ml
saline intravenously. Per protocol, all patients received approximately 250 MBq, with an
incubation time of 90 ±10 minutes. PET acquisition was 4 minutes per bed position for
the pelvic area and 3 minutes for the rest of the body. A low dose CT (slice thickness =
3.0mm) was acquired for attenuation correction and anatomical referencing. All patients
received a full dose (high-resolution) contrast enhanced CT with slices of 1-3.0 mm of
the abdominal- and pelvic area, acquired 40-60 seconds after injection of contrast agent
(Iomeron® ±300mg/l, Bracco imaging).
Image analysis
PET/CT images were reconstructed by Agfa Healthcare Impax (v6.6.1.5003) integrated
with Oasis software (Segami Corporation). F-18-PSMA-1007-PET and mpMRI scans were
reviewed by one board certified nuclear medicine physician (≥ 10 years of PET experience)
and one prostate-radiologists (≥7 years prostate-MRI experience). Biopsy proven
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malignant lesions on mpMRI (PI-RADS 3-5) were reviewed simultaneously with the F-18PSMA-1007-PET. Additional suspicious intra-prostatic lesions on F-18-PSMA-PET were
also assessed. On the PET images, a 10 mm circular Region Of Interest (ROI) was placed in
the malignant regions. From the ROI, a Volume of Interest (VOI) was created by taking all
voxels above 30% of the maximum standard uptake value (SUVmax). For tumor evaluation,
the SUVmax was solely documented since SUVmean and the estimated size depend on the
volume of interest (VOI) drawn by the investigator, while SUVmax is operator independent.
In case of multifocal disease, the two largest and/or highest PI-RADS lesions on mpMRI
were reviewed and documented.

2

To measure the physiological F-18-PSMA-1007 uptake in the urine, a 20 mm ROI was
placed in the bladder-lumen of all patients. Furthermore, uptake of the normal prostate
tissue was evaluated by measuring the SUVmax and SUVmean with a 10 mm ROI in the
healthy prostate lobe of patients with a T2a/b tumor. This particular lobe was evaluated
on MRI for benign diseases potentially interfering with the results (e.g. benign prostate
hypertrophy [BPH] or prostatitis).
If lymph node (LN) or osseous metastases were observed on PET/CT imaging, this was
annotated. The lesion with the highest SUVmax was documented (with a 20 mm ROI).

Histopathology
All acquired histopathologic material from the MRGB and the whole-mount radical
prostatectomy specimens were evaluated by trained uro-pathologists according the
International Society of Urological Pathology (ISUP) criteria.23 Radical prostatectomies
were performed by experienced uro-oncologic surgeons (>500 radical prostatectomies)
who had access to the mpMR- and F-18-PSMA-1007-PET images.
Statistical analysis
Data was managed according to Good Clinical Practice requirements using a CastorEDC
database (https://www.castoredc.com/). Descriptive statistical methods were used to
characterize the patient cohort. Stratified data was compared using the chi-square or
Fisher exact test for categorical variables and the Mann-Whitney U & Kruskal-Wallis test for
continuous variables. Data was analyzed with SPSS software version 25 (SPSS Inc., Chicago,
IL, USA) and Graphpad prism (v5.03). A p-value <0.05 was considered statistically significant.

Results
Results from the mpMRI and F-18-PSMA-1007
A total of 55 patients had a mpMRI and a F-18-PSMA-PET. Two patients were excluded
because they declined consent (supplementary material provides the study flowchart).
A total of 66 PI-RADS 3-5 lesions were identified in 53 patients, and underwent MRGB.
Thirteen patients had multifocal disease. Patient demographics are described in Table 1.
MRI and PSMA characteristics including the PSMA time windows are presented in Table 2.
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table 1 | Demographics
Characteristics
Number of patients, n (%)
Number of lesions on mpMRI, n (%)

53
66

(100%)
(100%)

Median age at biopsy, years (IQR)

67

(62-71)

Biopsy-naïve patients, n (%)

45

(85%)

History of transurethral resection of the prostate, n (%)

3

(5.7%)

DRE, n (%)
Normal
		cT2
		cT3-4

19
18
16

(36%)
(34%)
(30%)

Median PSA, ng/ml (IQR)

12

(7.7-20)

Median prostate volume, ml (IQR)

52

(37-66)

Median PSAd, ng/ml/ml (IQR)

0.25

(0.15-0.46)

D’Amico risk classification
		Intermediate risk
		High risk

11
42

(21%)
(79%)

Biopsy histology, n (%)
ISUP Grade 1
ISUP Grade 2
ISUP Grade 3
ISUP Grade 4
ISUP Grade 5

Per patient
5
(9.4%)
7
(13%)
12 (23%)
12 (23%)
17 (32%)

Per lesion
9
(14%)
7
(11%)
17
(26%)
14
(21%)
19
(29%)

23
15
1
6
7
1

43%
28%
1.9%
11%
13%
1.9%

Radical prostatectomy histology, n (%)
ISUP Grade 1
(Gleason score 3+3=6)
ISUP Grade 2
(Gleason score 3+4=7)
ISUP Grade 3
(Gleason score 4+3=7)
ISUP Grade 4
(Gleason score = 8)
ISUP Grade 5
(Gleason score = 9-10)

1 		
4		
9
5
4

4.3%
17%
39%
22%
17%

Pelvic lymph node dissection, n (%)
Not performed
N0
N1

4
17%
14		 61%
5
22%

(Gleason score 3+3=6)
(Gleason score 3+4=7)
(Gleason score 4+3=7)
(Gleason score = 8)
(Gleason score = 9-10)

Treatment, n (%)
Radical prostatectomy
Curative external beam radiotherapy
Brachytherapy
Palliative radiotherapy*
ADT (with or without chemotherapy)
Unknown
Radical prostatectomy (n=23)

Agreement with biopsy histology, n (%)
Disagreement with biopsy histology, n (%)

13
Upgrade
2
Downgrade 8

56%
8.7%
35%

ADT = androgen deprivation therapy; DRE = digital rectal exam; IQR = interquartile range; ISUP =
International Society of Urological Pathology; mpMRI = multi-parametric MRI; PSA = prostate-specific
antigen; PSAd = PSA density
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combination with ADT. Percentages may not total up to 100 because of rounding.
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table 2 | mpMRI and PSMA-PET characteristics
Characteristics
Median amount of days between
mpMRI and biopsy (IQR)
Biopsy and PSMA-PET (IQR)
mpMRI assessment, n (% )
PI-RADS 3
PI-RADS 4
PI-RADS 5

6
9

(6-22)
(8-16)

Per patient
10
43

(19%)
(81%)

Per lesion
1
(1.5%)
16 (24%)
49 (74%)

Zonal location, n (%)
Peripheral zone
Transition zone

57
9

(86%)
(14%)

Median lesion size, mm (IQR)

19

(14-28)

Median ADC value, (IQR)
PI-RADS 4
PI-RADS 5

733
605

(578-845)
(516-676)

Median lesion SUVmax, (IQR)
Total
PI-RADS 4
PI-RADS 5

16
13
18 (p=0.014)

(11-28)
(9.5-15)
(13-31)

Median benign prostate SUVmean, (IQR)

2.7

(2.0-3.0)

Median bladder SUVmean, (IQR)

2.2

(1.4-3.8)

2

ADC = apparent diffusion coefficient; IQR = interquartile range; mpMRI = multi-parametric MRI;
PET = positron-emission tomography; PI-RADS = Prostate Imaging-Reporting and Data System;
PSMA = prostate-specific membrane antigen; SUV: standardized uptake values

Overall, a mean of 256 MBq (interquartile range [IQR]249-267) F-18-PSMA-1007 was
administered per patient with a median incubation time of 113 minutes (IQR 108-117)
before PET acquisition was initiated. A median SUVmean of 2.2 was observed (IQR 1.4-3.8)
in the urine. Two patients had a SUVmean ≥10 in the urine. These patients did not receive
a higher dosage of F-18-PSMA-1007 or scanned with an altered protocol. None of the
included patients had a higher mean uptake in the urine than the maximum uptake in
the tumor. The median SUVmean and SUVmax of the benign prostate tissue was 2.7 (IQR
2.1-3.0) and 4.8 (IQR 3.5-4.8), respectively. Two patients had an index tumor SUVmax less
than the mean SUVmax of healthy prostate tissue and their cancers were assessed as nonPSMA avid. These patients had a ISUP grade 1 (Gleason score 3+3=6) (SUVmax of 3.9) and
ISUP grade 3 (Gleason score 4+3=7) (SUVmax of 4.1) tumor. Two others had a secondary
lesion with a SUVmax below the healthy prostate tissue uptake, both were ISUP grade 1
(Gleason score 3+3=6) (SUVmax of 2.7 and 3.0). Eight patients had additional lesions that
had PSMA uptake (SUVmax: median 13.8, range 7.8-13.8) but were not visible on mpMRI
and therefore did not undergo MRGB. The radical prostatectomy specimen was available
in three patients with bilateral disease corresponding to the PET findings, which were
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not identified on mpMRI. Overall, higher tumor aggressiveness was associated with
higher F-18-PSMA-1007-PET uptake (SUVmax p= <0.01). Figure 1 shows the boxplots
of the SUVmax and ADC for each ISUP grade. The SUVmax of ISUP grade 1 ,2, 3, 4 and 5
ranged between 2.7-20.7, 5.8-31.8, 4.1-203.4, 10.6-59.7, and 5.73-116.2, respectively.
The median size of the lesions was 19 mm (IQR 14-28mm), therefore no partial volume
correction was performed.

figure 1 | SUVmax and ADC stratified for biopsy ISUP grades.
F-18-PSMA-PET SUVmax and mpMRI-ADC stratified for ISUP grades. Overall, higher tumor grades
had a higher F-18-PSMA-1007-PET uptake (SUVmax p= <0.01).

Histology from radical prostatectomies
Twenty-three patients underwent a radical prostatectomy with 22 having a robot-assisted
and one patient an open radical prostatectomy; 15 patients underwent curative external
beam radiotherapy and six palliative radiotherapy (Table 1). Seven patients were found
ineligible for local radical or palliative treatment, based on the F-18-PSMA-PET outcome
and started with palliative androgen deprivation therapy alone. Figure 2 demonstrates the
local staging on mpMRI and F-18-PSMA-1007 PET compared to the radical prostatectomy
specimens. After reviewing all prostatectomy specimens, F-18-PSMA-PET correctly
staged pT3b (i.e. seminal vesicle invasion) more often than mpMRI (90% vs. 76%). mpMRI
correctly staged pT3a (i.e. extracapsular extension) PCa in 90% versus 57% with F-18PSMA-PET. Figure 3 presents a pT2 and a pT3b tumor on mpMRI and F-18-PSMA-PET.
Nodal and distant metastases
Twenty-five patients (48%) had suspicion for bone or/and lymph node metastases on
F-18-PSMA-1007-PET; seven men had both bone and LN metastases, nine men had only
LN metastases and nine solely bone metastases, although this was not histologically
confirmed. The amount and size of LN with PSMA-uptake ranged from 1 to 12 and from
3.3 to 18 mm, respectively, with a SUVmax ranging from 3.7 to 57.7 (median of 9.7). Three
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2
figure 2 | Concordance of the tumor stage on mpMRI and F-18-PSMA-PET after histopathologic evaluation.
Extra-capsular extension (T3a) and seminal vesicle invasion (T3b) was assessed separately per
radical prostatectomy specimen.

figure 3 | pT2 (A-C) and a pT3b (D-F) tumor on mpMRI and F-18-PSMA-PET.
The upper axial images are from a cT2a/b tumor of the left prostate lobe displayed by mpMRI T2weighted (A), mpMRI T2-weighted fused with the b1400 images, derived from the DWI (B) and
the F-18-PSMA-1007-PET (C). The lower coronal images are from a patient with a tumor in the
right prostate lobe growing into the seminal vesicle (histologic confirmed T3b tumor). This is not
observed on the mpMRI T2-weighted (D) or mpMRI fused with the b1400 images, derived from
the DWI (E). However, it was observed on the F-18-PSMA-1007-PET (F).
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of sixteen patients had lymph nodes that were larger than 10mm and would have been
considered suspicious based on the conventional CT. The number of bone metastases
ranged from 1 to 6 with a median SUVmax of 8.6 (range 3 to 77.5). Of these sixteen
patients with suspicion for bone metastases, nine had underlying osseous sclerosis.
No differences were observed in occurrence of bone and LN metastases stratified for
D’Amico risk classification (p=0.72 and 0.47, respectively).

Discussion
In the last decade, mpMRI has become the leading imaging modality in the primary
detection and localization of PCa. Bone scans and conventional abdominal imaging are
still recommended for staging those diagnosed with intermediate and high risk PCa.3
However, the latter two scans are increasingly being replaced by PSMA-PET imaging.17
Currently, the available literature on PSMA-PET imaging in newly diagnosed as well as in
recurrent PCa mainly refers to Ga-68-PSMA-11, which is worldwide the most commonly
used PSMA-PET-tracer.17 However, there are other ligands available that offer important
advantages over the Ga-68-PSMA-11 ligand.
F-18-PSMA-1007 is one of these ligands as it is excreted by the hepatobiliary tract instead
of the kidneys and therefore provides advantageous characteristics for evaluation
of the prostatic region.24 Our data clearly confirm this as in all our patients the PSMA
avid tumors were easily distinguishable from the bladder and urethra with lower F-18PSMA-1007 uptake in the urinary tract compared to the tumors. Although, randomized
comparative evidence is not yet available, this could be an advantage over the Ga-68PSMA-11 and F-18-DCFPyL ligands, which have a higher urinary tracer uptake that
frequently surpasses that of the tumor, as was shown in several studies.24-26
Accurate pre-therapeutic staging is crucial to decide whether neuro-vascular bundle
sparing radical surgery is possible or to delineate the extent of EBRT.3,8,27 To date only two
small case series investigated F-18-PSMA-1007 for local PCa detection.18,19 Hence, we
report the largest comparison between mpMRI and F-18-PSMA-1007-PET for primary PCa
staging and now include analyses of local, nodal and distant PCa. We observed that both
scans were generally concordant for local detection of PCa which is in line with reports on
Ga-68-PSMA-11 or F-18-DCFPyL.28-33 In the present study, seminal vesicle invasion was
regularly missed on mpMRI, which was also observed in a previous meta-analysis.8 Our
results suggest that F-18-PSMA-1007-PET observed seminal vesicle invasion better than
mpMRI alone, confirmed by histopathology. This observation is comparable with the results
of another study, which evaluated Ga-68-PSMA-11-PET with its high urinary uptake.34
The improved detection of seminal vesicle involvement by PSMA-PET as compared to
mpMRI can easily be explained as healthy seminal vesicles do not express PSMA and
thus, tracer uptake here is highly suspicious.35 In contrast, extracapsular extension was
difficult to determine on PSMA-PET as delineation of the capsule is not reliable by PET or
CT imaging. However, previous research suggested PSMA-PET/MRI assessment could be
most accurate.36 Unfortunately, the availability of PET/MRI is still limited.
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In our study, only one of 53 patients had a high-grade PCa (ISUP grade 3 tumor) that was
missed on PSMA-PET imaging, as the tumor did not show PSMA tracer uptake. Similarly,
mpMRI alone has an overall sensitivity for high-grade PCa detection of 0.91 (CI: 0.830.95).5 Therefore, we assume a combination of mpMRI along with PSMA-PET imaging
(e.g. F-18-PSMA-1007-PET) would improve both tumor detection and the local staging.
Moreover, F-18-PSMA-1007-PET could also contribute to the primary staging process
by the detection of LN and bone metastases. Especially, considering the fact that 3.720% and 8.3% of the intermediate and 15-40% and 17% of high risk PCa patients present
with LN metastases and bone metastasis, respectively.37,38 We observed that 48% of our
patients appeared to have bone and/or LN metastases on F-18-PSMA-1007-PET. Most
metastases would probably not have been detected on conventional abdominal imaging
or bone scans as only nine patients had underlying sclerosis and three patients lymph
nodes larger than 10mm on CT. There is, however, some concern about lower specificity
in detecting bone metastases using F-18-PSMA-1007-PET, which is not investigated
in a proper prospective setting to date.39 Therefore, some patients still choose for a
radical treatment instead of starting androgen deprivation therapy. Hence, it remains a
challenge to translate new information of novel imaging techniques into everyday clinical
decision making. Nevertheless, the present study supports the pursuit for better imaging
and implementation of these newer scans in the guidelines.

2

Our study has limitations concerning the relatively small number of men undergoing
radical prostatectomy and the retrospective nature of the data collection with an inherent
bias among the reporters. Moreover, the nuclear medicine physician was aware patients
had intermediate- or high-risk PCa with a risk for confirmation bias. It would have been
appealing to have had low-risk PCa patients as well as the inclusion of more PI-RADS 3
lesions in this study. However, it is not yet standard of care in our hospital to perform
PSMA-PET imaging in low-risk patients. To evaluate F-18-PSMA-1007-PET in this patient
cohort and all PI-RADS categories, including PIRADS 1-2, we initiated a prospective study
(PICture trial; NCT04487847). In this study, we hope to elucidate on the additional value
of PET imaging next to mpMRI. Hence, prospective studies with blinded readers are
eagerly awaited, such as our prospective trial, but also the recently initiated PRIMARY
study using Ga-68-PSMA-HBED-CC.40

Conclusions
Patients diagnosed with intermediate and high-risk prostate cancer might benefit from
combined imaging with mpMRI and F-18-PSMA-1007-PET for local staging. The present
outcomes suggest that adding F-18-PSMA-1007-PET imaging may improve the detection
of seminal vesicle invasion whereas MRI offers better resolution to evaluate extracapsular
extension. Future prospective studies are warranted to adopt F-18-PSMA-1007 for
detection of PCa in proximity of the bladder.
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Abstract
Introduction
Multi-parametric MRI (mpMRI) of the prostate is an effective tool to discriminate between
healthy and malignant prostate tissue. However, due to the high rate of equivocal lesions
and false positive findings, prostate mpMRI has room for improvement. This could be
provided by positron emission tomography (PET) imaging of prostate-specific membrane
antigen (PSMA). In this setting, [18F]PSMA-1007 is of particular interest as it offers low
renal excretion which improves visualization of lesions in proximity of the urinary tract.
The present study aimed to investigate the role of [18F]PSMA-1007 PET following the
mpMRI to aid in the detection of local prostate tumors.

Materials and Methods
In this prospective study (NCT04487847), men with elevated PSA levels and referred
for prostate mpMRI received additional [18F]PSMA-1007 PET imaging within 30 days
following the mpMRI (and always) prior to biopsy. Targeted biopsies were performed
of prostate imaging-reporting and data system (PIRADS) ≥3 lesions on mpMRI and/or
level of suspicion (LOS) ≥3 on PSMA-PET. PIRADS ≤2 and LOS ≤2 were considered nonsuspicious and did not undergo biopsy, but will be followed-up with PSA testing.

Results
Twenty-five patients with PIRADS 1-2, 11 patients with PIRADS 3, and 25 patients with
PIRADS 4-5 were included. In these 61 patients, 87 lesions were identified of which 58
were PIRADS ≥3 and/or LOS ≥3 and underwent target biopsy. The PSMA-PET and mpMRI
showed comparable efficacy to detect clinically significant prostate cancer International
Society of Urological Pathology [ISUP] ≥ 2) lesions with a sensitivity and specificity of
94%, 69%, 94%, and 54%, respectively. PSMA-PET correctly differentiated nine of 12
(75%) PIRADS 3 lesions. Moreover, the PSMA-PET had a 95% negative predictive value
(NPV) and 54% positive predictive value (PPV) to omit or detect clinically significant
prostate cancer in PIRADS 3-5 lesions. PSMA-PET found one additional clinically
significant tumor (ISUP grade 2) and one insignificant (ISUP grade 1) tumor that would
otherwise remained undetected (PIRADS 1-2).

Conclusion
In this study, [18F]PSMA-1007 PET showed encouraging sensitivity and specificity to
detect clinically significant prostate cancer. In this setting, PSMA-PET may help stratifying
equivocal mpMRI results and improve the specificity of PIRADS 3-5 lesions. A properly
powered randomized multicenter study is awaited.
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Introduction
Males with the suspicion for prostate cancer due to elevated serum prostate specific
antigen (PSA) levels or abnormal digital rectal exam are subjected to diagnostics
biopsies. Annually, >1.2 million males receive the diagnosis prostate cancer, making it the
leading cancer - after skin cancer - in males worldwide.1 In recent years, multi-parametric
magnetic resonance imaging (mpMRI) - consisting of T2-weighted imaging (T2-WI),
dynamic contrast-enhanced MRI (DCE) and diffusion weighted imaging (DWI) - appeared
to be an effective tool to discriminate between healthy and malignant prostate tissue and
to enable target biopsies.2,3 Thereby, mpMRI reduces the number of biopsies in a costeffective manner.4-6 mpMRI is evaluated following the Prostate Imaging Reporting and
Data System (PIRADS), with its latest version reported in 2019.7 Nonetheless, prostate
diagnostics with mpMRI has room for improvement with its sensitivity and specificity to
detect clinically-significant prostate cancer of 91% and 37%, respectively.5,8 In addition,
a highly qualified and dedicated MRI team is pivotal to the mpMRI performance, yet this
is not always available resulting in more equivocal mpMRI results (i.e. PIRADS 3).9 Thus,
there is still a need to further increase the performance of the mpMRI for next generation
prostate imaging.

3

Prostate-specific membrane antigen (PSMA) is a surface antigen highly overexpressed
by prostate cancer cells, with positive correlation to more aggressive subtypes.10,11
Radiolabeled small-molecules that target these surface antigen and subsequent
internalization allow for positron emission tomography (PET) imaging of these cancer
cells. Since recently, PSMA-PET is recognized for its ability to detect metastases, with
increasing data showing that PSMA imaging could also aid in the detection of the
local tumor.12-16 In this setting, [18F]PSMA-1007 - a novel radiolabeled PSMA ligand - is
particularly attractive as it has low renal excretion due to its hepatobiliary metabolism.
This may improve the visibility of PSMA positive foci in proximity of the urinary tract (e.g.
the prostate or pelvic lymph nodes) compared to other the PMSA tracers. Moreover, the
lower positron energy of fluor-18 offers higher resolution compared to the gallium-68
labeled compounds (e.g. [68Ga]Ga-PSMA-11).
The present study aimed to investigate the role of [18F]PSMA-1007 PET following
the mpMRI to aid in the detection of local prostate tumors, with the goal to explore if
[18F]PSMA-1007 PET could function as a novel tumor-specific contrast series for local
prostate diagnostics.

Materials and Methods
Patients were included who had elevated PSA levels and/or abnormal digital rectal
exam and referred for mpMRI of the prostate. These males were allowed to receive
additional [18F]PSMA-1007 PET imaging following mpMRI. Patients with a history of
prostate cancer, in active surveillance or with prostate biopsies in the last six months
were excluded from the study. Those with previous surgery that may impair imaging of
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the pelvic area or prostatic fossa were rejected from study entry. The study was approved
by the Medical Review Ethics Committee Region Arnhem-Nijmegen (NL73559.091.20)
and was registered on clinicaltrials.gov (NCT04487847). All study participants provided
written informed consent before study entry. The trial was done in accordance with the
principles of Good Clinical Practice and the Declaration of Helsinki.

Study procedures
After signing informed consent and screening for eligibility, patients had their PSA and
kidney function tested and underwent mpMRI of the prostate. Prostate mpMRI was
performed in a 3-Tesla MRI scanner (Magnetom Skyra, Siemens Healthineers, Erlangen,
Germany), which included T2-WI, DCE, and DWI sequences.17 The mpMRI was scored
following PIRADS v2.1 by experienced prostate/urogenital radiologists (JB, PZ, ML).18
Within 30 days of the mpMRI and prior to the biopsy, patients underwent [18F]PSMA1007 PET with diagnostic CT. Following prostate MRI, patients were stratified in one of
the three PIRADS cohorts (PIRADS 1-2 [probably benign], 3 [equivocal], and 4-5 [high
suspicion for prostate cancer])
[18F]PSMA-1007 was manufactured in accordance with the Good Manufacturing Practice
by the Radboudumc Translational Medicine.13 All patients received 4 MBq/kg (± 10%) of
[18F]PSMA-1007, with an incubation time of mean 86 minutes (range 75 - 120 minutes).
PET acquisition was 4 minutes per bed position for the pelvic area and 3 minutes for the
rest of the body using a Siemens Biograph mCT 4-ring, 40-slice TOF PET with integrated
CT. A low dose CT with slice thickness of 3.0mm was acquired for attenuation correction
and anatomical referencing. All patients received additional high-resolution contrast
enhanced CT with slices of 1-3.0 mm of the lung, abdominal- and pelvic area, acquired
40 - 60 seconds after injection of contrast agent (Iomeron® ±300mg/l, Bracco imaging).
The PSMA-PET scans were reviewed by board certified nuclear medicine physicians with
>10 years of experience (JN, MJ, MG), and evaluated following PSMA-RADS.19, a 5-point
scale similar to PIRADS; 1 = probably benign, 2 = uncertain benign, 3 = uncertain, 4 = likely
malignant, 5 = probably malignant.
MRI and PET/CT images were reconstructed by Agfa Healthcare Impax (v6.6.1.5003)
integrated with Oasis software (Segami Corporation). Lesions with a level of suspicion
(LOS) score of ≥ 3 or PIRADS 3 or higher on either PSMA-PET or mpMRI were considered
to be suspicious and underwent targeted biopsy, with either MR in-bore or MR-TRUS
fusion biopsy. MR-TRUS fusion was performed on larger lesions that were accessible for
TRUS guided biopsy.20 Lesions with moderate PSMA avidity (LOS 3) and clearly benign
on mpMRI (e.g. benign prostate hyperplasia [BPH] nodules) were not biopsied. At least
two cores per suspicious lesion were obtained using 18G needles with a sampling length
of 17 mm. Corresponding lesions with a score of PIRADS 1-2 and PSMA-RADS 1-2 were
considered non-suspicious and not biopsied. After the PSMA-PET scan, patients were
contacted for adverse events related to the investigational product [18F]PSMA-1007.
Patients without prostate cancer (or those in active surveillance) following prostate
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diagnostics, will be followed for one year with repeat PSA testing, to evaluate if tumors
were missed by mpMRI and/or PSMA-PET. A 25% increase of serum PSA is an indication
for new prostate diagnostic imaging.

Imaging and histopathology analyses
A Volume Of Interest (VOI) was placed in the malignant regions of which the SUVmax,
SUVmean and tumor size was documented. Urinary uptake of [18F]PSMA-1007 was
measured by placing a 20mm VOI in the urine of the bladder. The benign uptake (SUVmax
and SUVmean) of the prostate was evaluated by a >10mm VOI in healthy prostate tissue
(i.e. PIRADS 1-2 & PSMA-RADS 1-2, or the contra-lateral prostate lobe of T2a/b tumors).
Histopathology from the targeted biopsy (and radical prostatectomy specimens if
available) was evaluated by trained uro-pathologists according to the International
Society of Urological Pathology (ISUP) criteria.21 Radical prostatectomies (n= 6) were
performed by a single experienced uro-oncologic surgeon (>500 radical prostatectomies)
who had access to the mpMRI and [18F]PSMA-1007 PET data.

3

Study objectives
The primary objectives were to evaluate if PSMA-PET supports the evaluation of PIRADS
3 lesions and if PSMA-PET could increase the specificity of PIRADS 3-5 classified lesions.
The secondary objectives were the number of additional tumor lesions identified based
on PSMA-PET, the uptake of [18F]PSMA-1007 in healthy prostate tissue and the urine,
the (radiation) toxicity related to the investigational product following the Common
Terminology Criteria for Adverse Events [CTCAE] version 5.0.
Statistical analyses
All data were managed according to good clinical practice requirements using EPIC
software and the case report form CastorEDC (www.castoredc.com). No sample size
calculations were performed due to the explorative nature of this study. Descriptive
statistical methods were used to characterize the patient cohort. Stratified data were
compared using the chi-square or Fisher exact test for categorical variables and the
Mann-Whitney U & Kruskal-Wallis test for continuous variables. Sensitivity and specificity
were studied using cross tables and McNemar’s test. Analyses were performed with SPSS
software version 25 (SPSS Inc., Chicago, IL, USA) and Graphpad prism (v5.03). A p-value
of < 0.05 was considered statistically significant.

Results
Between September 1st 2020 and June 25th 2021, 64 patients were screened of whom
61 patients were found eligible for study inclusion (Figure 1). Two patients retracted
their informed consent prior to the PSMA-PET scan. One patient was excluded as he was
biopsied four days before the PSMA-PET scan was planned. Baseline characteristics and
scan parameters are summarized in table 1.
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table 1 | Baseline demographics
All patients (n= 61)
Age, years, median (range)

67 (52-77)

Weight in kg, median (range)

78 (63-109)

BMI, median (range)

25.4 (20.3-36.8)

IPSS, median (range)

10 (0-30)

Suspicious DRE, yes, n (%)

20 (33)

PSA at inclusion (μg/L), median (range)

7.4 (2.5-24)

Previous mpMRI, yes, n (%)

11 (23)

Previous mpMRI, PIRADS >2, n (%)

3 (4.9)

Months between previous mpMRI and study mpMRI, median (range)

26 (8-93)

Previous biopsy, yes, n (%)

11 (18)

Months between previous biopsy and PSMA-PET, median (range)

41 (7-128)

Days between PSA and PSMA-PET, median (range)

2 (1-23)

Days between mpMRI and PSMA-PET, median (range)

2 (0-23)

Blood creatinine at inclusion (umol/l), median (range)

86 (60-114)

Volume of prostate (mpMRI), median (range)

57 (31-157)

PSA density of prostate (mpMRI), median (range)

0.12 (0.03-0.61)

Minutes between injection and scan, median (range)

87 (75-120)

Injected activity [18F]PSMA-1007, median (range)

332 (224-434)

BMI = Body Mass Index; DRE = Digital Rectal Exam; IPSS = International Prostate Symptom Score;
LUTS = Lower Urinary Tract Symptoms; mpMRI = multi-parametric Magnetic Resonance Imaging;
PET = Positron Emission Tomography; PIRADS = Prostate Imaging Reporting and Data System;
PSA = Prostate Specific Antigen; PSMA = Prostate Specific Membrane Antigen

48

MpMRI and 18F-PSMA-1007 PET to detect prostate cancer

3

figure 1 | Study flowchart MpMRI = multi-parametric Magnetic Resonance Imaging; PET =
Positron Emission Tomography; PIRADS = Prostate Imaging Reporting and Data System; PSA =
Prostate Specific Antigen; PSMA = Prostate Specific Membrane Antigen

The median PSA at study entry was 7.4 µg/l (range 2.5 -2 4 µg/l). The median age at inclusion
was 67 years old (range 52 - 77 years). Eleven patients had prior mpMRI of the prostate
(median time interval of 16 months [range 8 - 60 months]) with three patient having
a PIRADS ≥ 3 and negative prostate biopsy. In total, 11 patients had a previous negative
prostate biopsy with a median time of 41 months (range 7 - 128 months) before study entry.

Imaging results
In total, 61 of 75 patients were scanned to date; 25 patients classified as PIRADS 1-2
(probably benign), 11 patients as PIRADS 3 (equivocal) and 25 patients as PIRADS 4-5
(high suspicion for prostate cancer). PSMA-PET and mpMRI were in concordance in 47
lesions in 42 patients and were either considered both LOS ≥ 3 and PIRADS ≥ 3 (n= 28
lesions) or LOS ≤ 2 and PIRADS ≤ 2 (n= 19 lesions). In total, 58 lesions were identified
with LOS ≥ 3 (n= 47 lesions) or PIRADS ≥ 3 (n = 48 lesions) on PSMA-PET and mpMRI,
respectively (Table 2 and 3). These lesions were all biopsied except for ten LOS 3 lesions,
which were PIRADS 1-2. Six of these lesions were evident BPH nodules. These patients
will be followed per protocol with PSA testing. In another four lesions the biopsy was
omitted as a lesion in proximity was also biopsied with higher suspicion of malignancy.
One patient had a ISUP grade 2 tumor, whereas the other patient were biopsied negative
for prostate cancer. According to the protocol, these patients will also be followed with
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table 2 | Inter-modality agreement of PSMA-PET and mpMRI on a patient and lesion basis
PIRADS 1-2, n (%)

PIRADS 3, n (%)

PIRADS 4-5, n (%)

PSMA-PET LOS 1-2, n

16

6

6

PSMA-PET LOS 3, n

2

1

2

#

PSMA-PET LOS 4-V, n

2

2

20

*PSMA-PET LOS 1-2, n

19

8

12

*PSMA-PET LOS 3, n

12

2

4

*PSMA-PET LOS 4-5, n

8

2

20

#

#

# = on patient basis; * = on a lesion basis; LOS = Level Of Suspicion; mpMRI = multi-parametric
Magnetic Resonance Imaging; PET = Positron Emission Tomography; PIRADS = Prostate Imaging
Reporting and Data System; PSMA = Prostate Specific Membrane Antigen

table 3 | Histopathology with the PSMA-PET and mpMRI results
Total lesion
(n= 87)
No prostate cancer, n

PIRADS
1-2

PSMA LOS
1-2

PIRADS
3

PSMA LOS
3

PIRADS
4-5

PSMA LOS
4-5

37

32

10

15

10

10

ISUP 1, n

1

6

1

2

11

5

ISUP 2, n

1

1

1

1

11

11

ISUP 3, n

0

0

0

0

3

3

ISUP 4, n

0

0

0

0

1

1

ISUP 5, n

0

0

0

0

0

0

ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; mpMRI = multiparametric Magnetic Resonance Imaging; PET = Positron Emission Tomography; PIRADS =
Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane Antigen
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PSA testing. Eighteen patients were not biopsied as no lesion was identified on both
PSMA-PET and mpMRI (LOS ≤ 2 and PIRADS ≤ 2). Twenty-nine patients underwent MR
in-bore biopsy and 14 patients MR-TRUS fusion. A median of 2 biopsy samples were
acquired per lesion (range 1 - 5).
LOS I-II & PIRADS I-II

LOS I-II & PIRADS ≥ III

LOS ≥ III & PIRADS I-II

LOS ≥ III & PIRADS ≥ III

3

OS
I-II&&PIRADS
PIRADS≥I-II
LOS
III
LOS&
III&&PIRADS
PIRADS
& PIRADS
III ≥ III & PIRADS ≥ III
S I-II
IIILOSLOS
I-II &≥I-II
PIRADS
III&&PIRADS
PIRADS
I-II ≥I-II
LOSLOS
I-II
≥≥III
PIRADS
≥ III ≥I-II
IIILOS LOS
≥ III ≥&IIIPIRADS
I-II ≥LOS

no prostate cancer

ISUP grade 1

ISUP grade ≥ 2

figure 2 | PSMA-PET and mpMRI results This figure shows the detected lesions on mpMRI
and PSMA-PET. Black is negative for prostate cancer, orange for clinically insignificant prostate
cancer and red for clinically significant prostate cancer.
ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; mpMRI = multiparametric Magnetic Resonance Imaging; PET = Positron Emission Tomography; PIRADS =
Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane Antigen

The PSMA-PET and mpMRI had a 88% and 92% sensitivity (McNemar’s test p = 1.00),
respectively, and 70% and 62% specificity (McNemar’s test p = 0.61), respectively, to
detect ISUP ≥ 1 tumors on a patient basis (n= 61). For ISUP ≥ 2 tumors, this was 94%,
94%, 62% and 53%, respectively (McNemar’s test p = 1.00 and p = 0.48, respectively).
The sensitivity (McNemar’s test p = 0.18) and specificity (McNemar’s test p = 0.38) of
the PSMA-PET and mpMRI to detect ISUP ≥ 1 tumors on a lesion basis (n=87) were 77%,
74%, 93%, and 65% respectively. The sensitivity (McNemar’s test p = 1.00) and specificity
(McNemar’s test p = 0.09) to detect ISUP ≥ 2 lesions for PSMA-PET and mpMRI were
94%, 69%, 94%, and 54%, respectively. Seven lesions were classified as tumor suspicious
(PIRADS ≥ 3 and LOS ≥ 3) but were negative for prostate cancer on histopathology. The
addition of PSMA-PET to mpMRI found one more clinically significant tumor (ISUP grade
2) and one insignificant (ISUP grade 1) tumor in two different patients that would have
otherwise not been identified with mpMRI alone (i.e. PIRADS 1-2). Figure 2 is a graphical
representation of the mpMRI and PSMA-PET results. Figure 3 present a tumor on the
mpMRI and PSMA-PET.
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A

C

B

D

E

figure 3 | A PIRADS 5 and LOS 5 lesion from a single patient This figure depicts the pre-biopsy
mpMRI and [18F]PSMA-1007 PET axial images and MIP from a patient with a ISUP grade 4 tumor,
located in the right prostate lobe. (A) low-signal lesion on T2-weighted mpMRI. On the DCE
image, this lesion shows early focal enhancement (B). ADC shows a focal “black”area with a low
ADC value (690) (C). The [18F]PSMA-1007 PET showed a hot LOS 5 lesion with SUVmax of 44.8
in the same area (D) and (E). No metastases were deteted on [18F]PSMA-1007 PET. The patient
underwent a radical prostatectomy (T2cN0).
ADC = Apparent Diffusion Coefficient; DCE = Dynamic Contrast Enhanced; ISUP = International
Society of Urological Pathology; LOS = Level Of Suspicion; MIP = Maximum Intensity Projection;
mpMRI = multi-parametric Magnetic Resonance Imaging; PET = Positron Emission Tomography;
PI-RADS = Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane
Antigen; SUVmax = Maximum Standardized Uptake Value

In 12 patients PIRADS 3 lesions were detected and biopsied. Ten lesions (83%) were
correctly upgraded (n= 2) or downgraded (n= 8) by PSMA-PET imaging. There were two
false positive PSMA scans. One PIRADS 3 lesion was LOS 3 on PSMA-PET (SUVmax
8.3) but negative on histopathology. The second PIRADS 3 lesions was LOS 4-5 on PET
(SUVmax 10.4) but no malignancy or even prostate tissue on histopathology. Hence, it
is postulated that this was a sampling error. Per protocol, the patient will be followed up.
These outcomes resulted in a 100% NPV and 25% PPV of the PSMA-PET for PIRADS 3
lesions to detect clinically significant prostate cancer (Table 4). The mpMRI and PSMAPET images of two PIRADS 3 patients are presented in figure 4.
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table 4 | The sensitivity, specificity, positive predictive- and negative predictive value of the
PSMA-PET following mpMRI
PIRADS 1

ISUP ≥ 1 PCa

No Pca

PIRADS I

ISUP ≥ 2 PCa

No Pca

4

$

PSMA-PET LOS 3-5, n

0

0

PSMA-PET LOS 3-5, n

0

4

0$

PSMA-PET LOS 1-2, n

0

4

1&

PSMA-PET LOS 1-2, n

0

4

1&

*

0.5#

*

0.5#

PIRADS 2

ISUP ≥ 1 PCa

No Pca

PIRADS 2

ISUP ≥ 2 PCa

No Pca

PSMA-PET LOS 3-5, n

2

14

0.13

PSMA-PET LOS 3-5, n

1

15

0.06$

PSMA-PET LOS 1-2, n

0

15

1&

PSMA-PET LOS 1-2, n

0

15

1&

1*

0.52#

1*

0.5#

PIRADS 3

ISUP ≥ 1 PCa

No Pca

PIRADS 3

ISUP ≥ 2 PCa

No Pca

PSMA-PET LOS 3-5, n

2

2

0.5$

PSMA-PET LOS 3-5, n

1

3

0.25$

PSMA-PET LOS 1-2, n

0

8

1&

PSMA-PET LOS 1-2, n

0

8

1&

1

0.8#

1*

0.73#

PIRADS 4

ISUP ≥ 1 PCa

No Pca

PSMA-PET LOS 3-5, n

13

PSMA-PET LOS 1-2, n

$

3

PIRADS 4

ISUP ≥ 2 PCa

No Pca

5

$

0.72

PSMA-PET LOS 3-5, n

8

10

0.44$

5

3

0.38&

PSMA-PET LOS 1-2, n

0

8

1&

0.72*

0.38#

1*

0.44#

PIRADS 5

ISUP ≥ 1 PCa

No Pca

PSMA-PET LOS 3-5, n

6

PSMA-PET LOS 1-2, n

PIRADS 5

ISUP ≥ 2 PCa

No Pca

0

$

1

PSMA-PET LOS 3-5, n

6

0

2

2

0.5&

PSMA-PET LOS 1-2, n

0.75*

1#

Total PIRADS 3-5

ISUP ≥ 1 PCa

No Pca

PSMA-PET LOS 3-5, n

21

PSMA-PET LOS 1-2, n

1

3

0.86*

1#

Total PIRADS 3-5

ISUP ≥ 2 PCa

No Pca

7

$

0.75

PSMA-PET LOS 3-5, n

15

13

7

13

0.65&

PSMA-PET LOS 1-2, n

0.75*

0.65#

1

19

0.94*

0.59#

1$

0.54$

= sensitivity; # = specificity; $ = positive predictive value; & = negative predictive value
ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; mpMRI = multiparametric Magnetic Resonance Imaging; PCa = prostate cancer; PET = Positron Emission
Tomography; PIRADS = Prostate Imaging Reporting and Data System; PSMA = Prostate Specific
Membrane Antigen

*
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Pt 6 PIRADS 3

Pt 60 PIRADS 3

B

C

G

E

H

J

figure 4 | Two cases of PIRADS 3 with the results of [18F]PSMA-1007 PET This figure shows the
pre-biopsy images of the mpMRI (A-C) and of the [18F]PSMA-1007 PET (D-E) from a PIRADS 3
patient with an ISUP grade 2 tumor on targeted biopsy. On mpMRI, a small peripheral lesion at 6
six o’clock was observed considered as a PIRADS 3. (A) shows a low intensity T2-weighted image.
ADC shows a small “black”area with a low ADC value (727) (B). The DCE image shows early focal
enhancement (C). The [18F]PSMA-1007 PET showed a LOS 3 lesion with SUVmax of 5.1 in the same
area (D) and (E). (F-H) are the pre-biopsy mpMRI and (I-J) the [18F]PSMA-1007 PET images MIP
from a PIRADS 3 lesion with no tumor according to target biopsy. (F) shows a medium intensity
T2-weighted image. ADC shows a small “black”area with a low ADC value (645) (G). The DCE
image shows early focal enhancement (H). The [18F]PSMA-1007 PET showed a LOS II lesion with
SUVmax of 4.0 in the same area (I) and (J).
ADC = Apparent Diffusion Coefficient; DCE = Dynamic Contrast Enhanced; ISUP = International
Society of Urological Pathology; LOS = Level Of Suspicion; MIP = Maximum Intensity Projection;
mpMRI = multi-parametric Magnetic Resonance Imaging; PET = Positron Emission Tomography;
PI-RADS = Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane
Antigen; SUVmax = Maximum Standardized Uptake Value

As one patient had a PIRADS 5 lesion on mpMRI, which was an ISUP grade 2 tumor on
histopathology, that showed no PSMA expression and was regarded LOS 1-2 on PSMA-PET,
the PSMA-PET had a 95% NPV to detect clinically significant prostate cancer in PIRADS
3-5 lesions. The PPV in this setting was 54%. The NPV and PPV of the PSMA-PET was 65%
and 75%, respectively, if clinically insignificant tumors were included. Table 4 presents the
specificity, sensitivity, PPV and NPV of the PSMA-PET in PIRADS 1, 2, 3, 4 and 5 lesions.
Overall, the urinary uptake of [18F]PSMA-1007 was low with a median SUVmean and
SUVmax in the bladder of 4.5 (range 0.2 - 12.7) and 4.7 (0.4 - 18.4), respectively. While the
scan protocol did not differ in these patients, five LOS > 3 lesions (10%) had a lower PSMA
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uptake than the mean SUV of urine in the bladder. Two of these five lesions were ISUP
grade 1 tumors.

Adverse events and radiation dose:
One patient reported brief grade I pain in his arm due to the [18F]PSMA-1007 PET scan,
regarded as possibly related to the investigational product. Another patient had a grade
IV allergic reaction after injection of iodine contrast for the full dose CT scan, which was
acquired following the PET scan. This was unlikely related to the investigational product
[18F]PSMA-1007. The patient recovered without sequelae. No other adverse events
were reported related to the [18F]PSMA-1007 PET scan. While this was not part of the
per-protocol review of adverse events, one patient had a systemic infection following
prostate biopsy that was acquired due to focal PSMA uptake in a lesion (LOS 4-5) but
PIRADS 2 on the mpMRI. Histopathology confirmed a clinically insignificant ISUP grade I
tumor in this patient.

3

The median radiation dose was 1.7 mSv (0.022 mSv/MBq) for the injection of [18F]PSMA1007, 4.4 mSv for the low-dose CT and 4.5 mSv for the diagnostic CT.

Discussion
We postulated that the detection of prostate tumors may improve by using PET imaging to
visualize the tumor-specific surface antigen PSMA. In this early setting, [18F]PSMA-1007
is particularly useful as the low tracer urinary uptake is less likely to be misinterpreted for
tumor. We observed that the PSMA-PET generally followed the mpMRI outcome, which
resulted in both scans having a comparable sensitivity and specificity to detect clinically
significant tumors. The observed sensitivity and specificity of PSMA-PET imaging
are in line with earlier reports.12,15,16,22,23 However, most of these previous studies are
confounded with patients that had PET imaging following biopsy and cancer diagnosis,
while we only recruited newly referred patients with no history of prostate cancer and no
biopsy within six months of study inclusion.
Radiolabeled PSMA ligands are essentially novel contrast agents with high tumor
sensitivity. The data that PSMA PET provides can be added to the mpMRI results for
local prostate diagnostics. This may be of limited value in PIRADS 5 lesions as the risk for
significant tumor is high and biopsy is warranted despite PSMA-PET outcome.9 However,
PSMA-PET imaging could be an attractive option when radiologists are uncertain whether
a tumor is present (i.e. PIRADS 3 situations). In this setting, PET seemed to correctly
distinguish between tumor tissue and benign disease in ~80% of cases. Since PIRADS
3 lesions are seen in up to 50% of scans (depending on the center and its experience in
prostate imaging), this is clinically relevant.9 Moreover, the present data also suggested
that there may be a benefit in PIRADS 4 lesions as the NPV of PSMA-PET seems to be
high. A recent publication reported similar observations of a high NPV of PSMA-PET in
this early setting.23 Subsequent trials will need to assess if biopsies can be omitted in
(some) patients with PIRADS 3-4 and low PSMA uptake on PET imaging.
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At present, it is difficult to predict which prostate tumor will advance and require
treatment. There is however, increasing data showing that PSMA expression is correlated
to disease aggressiveness and disease outcome.13,24-27 Hence, high PSMA uptake on PET
scans may be a prognostic marker for tumors that will require treatment and thus need
biopsy. Therefore, we also reported on clinically insignificant cancers. A future study will
need to assess whether the PSMA uptake in some ISUP grade 1 tumors is a diagnostic
pitfall of PSMA-PET imaging resulting in overdiagnosis or in fact beneficial for treatment
decision making.
Another novel aspect of the present trial was the inclusion of 25 patients with PIRADS 1-2.
We observed that as a result of the PSMA-PET scan, one additional ISUP grade II tumor
was detected. This may be explained by tumors that are difficult to detect by mpMRI
(e.g. mucinous tumors) which can show uptake of PSMA ligands.28 While one additional
significant cancer diagnosis may seem as a limited additional value, it is important to
know that the study was conducted in a highly specialized prostate MRI referral center
and thus the benefit may be higher in hospitals with less expertise.
With the encouraging outcomes of the present study and that the PSMA-PET is also
recommended for staging of prostate cancer metastases, it may seem relatively
straightforward to introduce PSMA-PET in PIRADS 3-5 lesions.29 However, the present
studies does not justify this early application of the PSMA-PET. We thus await randomized
studies to create stronger evidence for PSMA-PET imaging in the pre-biopsy setting. In the
meanwhile, we suggest that selected patients with ongoing high suspicion for prostate
cancer (e.g. incremental PSA levels, positive urine/blood biomarkers) despite negative
mpMRI outcome, may benefit from PSMA-PET imaging instead of random biopsy.
In the time to come, MR imaging will keep its central role as delineation of the prostatic
capsule is not reliable by PET or CT imaging and thus a combination of PET and MRI
seems most accurate.12,30-33 This will also help with the equivocal uptake of PSMA ligands
in benign prostate hyperplasia, or prostatitis, which can result in false positive PSMA
scans without mpMRI. At present, most PET scans are combined with CT imaging but
with increasing accessibility to PET/MRI in most academic hospitals. The future will need
to rule out whether PET/MRI is better (e.g. cost-effective, time-effective) or that a PET/
CT with fusion software may suffice. A PET/MRI system would also reduce the radiation
burden for patients as the CT (needed for attenuation correction) can be omitted.
Particularly as the radiation dose of [18F]PSMA-1007 itself is relatively low. Withal, more
studies investigating the potential of PSMA-PET imaging prior to biopsy are awaited,
including its cost-effectiveness.
The study has limitations regarding the unpowered sample size. Moreover, the nuclear
medicine physicians were aware of the mpMRI results and thus there was a risk for
confirmation bias. Therefore, the present results primarily support the addition of PSMAPET to mpMRI in this setting and not for PSMA-PET by itself. Since patients that had a

56

MpMRI and 18F-PSMA-1007 PET to detect prostate cancer

negative mpMRI and PSMA-PET were not biopsied because no targetable lesion was
identified on either imaging modality, we still await the (PSA) follow-up data to provide
stronger evidence regarding the number of false-negatives on each scanning modality.
This also applies for potentially missed cancer lesions, which is known to occur with
MR-targeted biopsies.34 These results will be reported in a following study. All in all, the
results suggest a promising efficacy of PSMA-PET to detect or omit local prostate cancer.
A randomized study with blinded readers is eagerly awaited.

Conclusion
In this study, [18F]PSMA-1007 PET showed encouraging sensitivity and specificity
to detect clinically significant prostate cancer. In this setting, PSMA-PET could help
stratifying equivocal mpMRI results and improve the specificity of PIRADS 3-5 lesions.
Thereby, PSMA-PET may help to reduce the number of biopsies. A properly powered
randomized multicenter study is awaited.

3
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Supplementary material
supplementary table 1 | sensitivity and specificity of the PSMA-PET and mpMRI
ISUP ≥ 1
Lesion basis

Lesion basis

Lesion basis

Lesion basis

Patient basis

Patient basis

Patient basis

Patient basis

No prostate cancer

PSMA-PET correct, n (%)

23 (77)

42 (74)

PSMA-PET not correct, n (%)

7 (23)

15 (26)

ISUP ≥ 1

No prostate cancer

mpMRI correct, n (%)

28 (93)

37 (65)

mpMRI not correct, n (%)

2 (7)

20 (35)

ISUP ≥ 2

No prostate cancer

PSMA-PET correct, n (%)

16 (94)

48 (69)

PSMA-PET not correct, n (%)

1 (6)

20 (31)

ISUP ≥ 2

No prostate cancer

mpMRI correct, n (%)

16 (94)

38 (54)

mpMRI not correct, n (%)

1 (6)

32 (46)

ISUP ≥ 1

No prostate cancer

PSMA-PET correct, n (%)

21 (88)

26 (70)

PSMA-PET not correct, n (%)

3 (12)

11 (30)

ISUP ≥ 1

No prostate cancer

mpMRI correct, n (%)

22 (92)

23 (62)

mpMRI not correct, n (%)

2 (8)

14 (38)

ISUP ≥ 2

No prostate cancer

PSMA-PET correct, n (%)

15 (94)

28 (62)

PSMA-PET not correct, n (%)

1 (6)

17 (38)

ISUP ≥ 2

No prostate cancer

mpMRI correct, n (%)

15 (94)

24 (53)

mpMRI not correct, n (%)

1 (6)

21 (47)

ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; mpMRI = multiparametric Magnetic Resonance Imaging; PET = Positron Emission Tomography; PIRADS =
Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane Antigen
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LOS 1-2
17 (61)
15 (39)

Excluding insignificant cancers

mpMRI not correct, n (%)

9 (32)

mpMRI not correct, n (%)

mpMRI correct, n (%)

19 (68)

mpMRI correct, n (%)

6 (25)

PSMA-PET not correct, n (%)
LOS 1-2

18 (75)

PSMA-PET correct, n (%)

Including insignificant cancers

PIRADS 1-2

5 (21)

PSMA-PET not correct, n (%)

Excluding insignificant cancers

PIRADS 1-2
19 (79)

20 (51)

mpMRI not correct, n (%)

Including insignificant cancers

19 (49)

mpMRI correct, n (%)

PSMA-PET correct, n (%)

LOS 1-2

13 (33)

mpMRI not correct, n (%)

Excluding insignificant cancers

LOS 1-2
26 (67)

9 (23)

PSMA-PET not correct, n (%)

Including insignificant cancers

30 (77)

PSMA-PET correct, n (%)

mpMRI correct, n (%)

PIRADS 1-2

2 (40)

3 (60)

LOS 3

2 (40)

3 (60)

LOS 3

3 (33)

6 (67)

PIRADS 3

2 (22)

7 (78)

PIRADS 3

5 (28)

13 (72)

LOS 3

3 (17)

15 (83)

LOS 3

3 (25)

9 (75)

PIRADS 3

2 (17)

8 (20)

PSMA-PET not correct, n (%)

Excluding insignificant cancers

PIRADS 3
10 (83)

PIRADS 1-2
31 (80)

Including insignificant cancers

PSMA-PET correct, n (%)

PIRADS 4-5

9 (32)

19 (68)

LOS 4-5

5 (18)

23 (82)

LOS 4-5

9 (32)

19 (68)

PIRADS 4-5

7 (25)

21 (75)

PIRADS 4-5

9 (30)

21 (70)

LOS 4-5

6 (20)

24 (80)

LOS 4-5

11 (31)

25 (69)

PIRADS 4-5

12 (33)

24 (67)

Patient basis

Patient basis

Patient basis

Patient basis

Lesion basis

Lesion basis

Lesion basis

Lesion basis
2 (17)
10 (83)
PIRADS 3
1 (3)

2 (5)
PIRADS 1-2
38 (97)
1 (3)
LOS 1-2
32 (82)

mpMRI not correct, n (%)
Excluding insignificant cancers
mpMRI correct, n (%)
mpMRI not correct, n (%)
Including insignificant cancers
PSMA-PET correct, n (%)

PIRADS 3
2 (22)
7 (78)
PIRADS 3
1 (11)

1 (3)
PIRADS 1-2
22 (92)
2 (8)
PIRADS 1-2
23 (96)
1 (4)
LOS 1-2
25 (89)
3 (11)
LOS 1-2
27 (96)
1 (4)

PSMA-PET not correct, n (%)
Including insignificant cancers
mpMRI not correct, n (%)
Excluding insignificant cancers
mpMRI correct, n (%)
mpMRI not correct, n (%)
Including insignificant cancers
PSMA-PET correct, n (%)
PSMA-PET not correct, n (%)
Excluding insignificant cancers
PSMA-PET correct, n (%)
PSMA-PET not correct, n (%)

mpMRI correct, n (%)

38 (97)

PSMA-PET correct, n (%)

5 (28)

4 (80)

1 (20)

LOS 3

4 (80)

1 (20)

LOS 3

8 (89)

7 (39)

11 (61)

LOS 3

7 (18)
LOS 1-2

PSMA-PET not correct, n (%)
Excluding insignificant cancers

13 (72)

LOS 3

11 (92)

PIRADS 3

37 (95)

mpMRI correct, n (%)

PIRADS 1-2

Including insignificant cancers

13 (46)

15 (54)

LOS 4-5

7 (25)

21 (75)

LOS 4-5

13 (46)

15 (54)

PIRADS 4-5

7 (25)

21 (75)

PIRADS 4-5

15 (50)

15 (50)

LOS 4-5

10 (33)

20 (67)

LOS 4-5

21 (58)

15 (42)

PIRADS 4-5

10 (28)

26 (72)

PIRADS 4-5

ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; mpMRI = multi-parametric Magnetic Resonance Imaging; PET = Positron Emission Tomography;
PIRADS = Prostate Imaging Reporting and Data System; PSMA = Prostate Specific Membrane Antigen

Patient basis

Patient basis

Patient basis

Patient basis

Lesion basis

Lesion basis

Lesion basis

Lesion basis

supplementary table 2 | PSMA-PET and mpMRI results
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supplementary figure 1 | PSMA-PET standardized uptake values The uptake of [18F]PSMA1007 PET in terms of SUVmean (white) and SUVmax (grey) with 10-90% confidence interval of
healthy prostate, urine in the bladder, and (tumor) lesions.
ISUP = International Society of Urological Pathology; LOS = Level Of Suspicion; PET = Positron
Emission Tomography; PSMA = Prostate Specific Membrane Antigen; SUV = standardized uptake
value

64

Chapter 4
Lutetium-177-PSMA-617 in
low-volume hormone sensitive
metastatic prostate cancer,
a prospective pilot study

Bastiaan M. Privé1, Steffie M.B. Peters1, Constantijn H.J. Muselaers2, Inge M. van Oort2,
Marcel J.R. Janssen1, J.P. Michiel Sedelaar2, Mark W. Konijnenberg1,3, Patrik Zámecnik1,
Maike J.M. Uijen1, Melline G.M. Schilham1, Annemarie Eek1, Tom W.J. Scheenen1, J. Fred
Verzijlbergen1, Winald R. Gerritsen4, Niven Mehra4, Linda G.W. Kerkmeijer5, Robert
J. Smeenk5, Diederik M. Somford6, Jean-Paul A. van Basten6, Sandra Heskamp1, Jelle O.
Barentsz1, Martin Gotthardt1, J. Alfred Witjes2 & James Nagarajah1,7
Dept. of Radiology and Nuclear Medicine, Radboudumc, Nijmegen, The Netherlands
Dept. of Urology, Radboudumc, Nijmegen, The Netherlands
3
Dept. of Radiology and Nuclear Medicine, Erasmus MC, Rotterdam, The Netherlands
4
Dept. of Medical Oncology, Radboudumc, Nijmegen, The Netherlands
5
Dept. of Radiation Oncology, Radboudumc, Nijmegen, The Netherlands
6
Dept. of Urology, Canisius Wilhelmina Hospital, Nijmegen, The Netherlands
7
Dept. of Nuclear Medicine, Technische Universität München, Klinikum rechts der Isar,
München, Germany
1
2

Chapter 4

Abstract
Background
Lu-PSMA-617 radioligand-therapy is a novel treatment for metastatic castrationresistant prostate cancer (mCRPC), which could also be applied to patients with
metastatic hormone-sensitive prostate cancer (mHSPC) with PSMA expression. In this
prospective study (NCT03828838), we analyzed toxicity, radiation doses and treatment
effect of 177Lu-PSMA in low-volume mHSPC patients.

177

Patients and Methods
Ten progressive mHSPC patients following local treatment, with a maximum of ten
metastatic lesions on 68Ga-PSMA-11 PET (PSMA-PET) and serum-PSA doubling time <6
months received two cycles of 177Lu-PSMA. Whole-body SPECT/CT and blood dosimetry
was performed to calculate doses to the tumors and organs at risk (OAR). Adverse events
(AE), laboratory(-toxicity) and quality of life were monitored until week 24 after cycle
two; the end of study (EOS). All patients underwent PSMA-PET at screening, eight weeks
after cycle one, 12 weeks after cycle two and at EOS.

Results
All patients received two cycles of 177Lu-PSMA without complications. No treatment
related grade III-IV adverse events were observed. According to dosimetry, none of the
OAR reached threshold doses for radiation related toxicity. Moreover, all target lesions
received higher radiation dose than the OAR. All ten patients showed altered PSA kinetics,
postponed androgen-deprivation therapy and maintained good quality of life. Half of the
patients showed a PSA response of more than 50%. One patient had a complete response
on PSMA-PET-imaging until EOS and two others had only minimal residual disease.

Conclusions
Lu-PSMA appeared to be a feasible and safe treatment modality in patients with lowvolume metastatic hormone-sensitive prostate cancer patients.
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Introduction
Prostate cancer (PCa) is the most common non-skin cancer in the world with over 1.3
million patients diagnosed every year, of which the majority receives surgery or external
beam radiotherapy (EBRT) as a curative treatment option.1,2 However, 20-40% of these
patients will develop disease recurrence, which is generally revealed by rising serum
prostate-specific antigen (PSA) levels.3 If salvage surgery or EBRT is insufficient to control
disease progression, androgen deprivation therapy (ADT) is generally offered, with early
initiation in patients with high PSA velocity (e.g. PSA doubling time <6 months).3
Despite favorable responses to ADT and novel drug combinations, there is an increasing
interest in metastasis-directed therapies (MDT) for low-volume metastatic (i.e.
oligometastatic) disease. Primarily to postpone relevant ADT related side-effects (e.g.
cardiovascular disease, osteoporosis, fatigue, loss of libido, depression, hot flashes and
weight gain) and thus preserve quality of life for as long as possible.4-9 The STOMP trial
offering stereotactic EBRT to very low-volume metastatic hormone-sensitive prostate
cancer (mHSPC) observed minimal treatment related toxicity. Moreover, Ost et al.
recently reported a five year ADT free survival of 34% in the EBRT group compared to 8%
in the surveillance group (HR 0.57; 80% CI: 0.38-0.84, log-rank p = 0.06).4,10 However, MDT
with surgery or EBRT is limited by previous interventions and to particular anatomical
regions. Thus, there is an unmet need for treatment options in early stage patients to
control recurrent tumor progression while preserving quality of life.

4

In recent years [177Lu]Lu-PSMA-617 radioligand-treatment (177Lu-PSMA) is increasingly
applied to end-stage metastatic castrate-resistant prostate cancer (mCRPC) patients
with encouraging responses and well tolerable side effects.11-13 This has resulted in an
international registration study for use of 177Lu-PSMA in mCRPC patients (NCT03511664).
However, to date there are no prospective studies published on prostate cancer patients
undergoing 177Lu-PSMA in the hormone-sensitive setting or even with low-volume
metastatic disease. While it is anticipated that 177Lu-PSMA could also be effective in lowvolume metastatic disease with high uptake of radioligands in small lesions resulting
in high local radiation doses.14-16 Hence, we aimed to investigate the toxicity, radiation
doses and treatment effect of 177Lu-PSMA in low-volume mHSPC patients.

Materials and Methods
Males (age >50 years) with histological proven PCa and progressive disease after local
therapy (PSA >0.2 μg/l), with a PSA doubling time of <6 months and no curable treatment
options (e.g. surgery or EBRT) left were eligible for this trial. Additionally, only low-volume
disease (≥1 but ≤ 10 positive lesions) on [68Ga]Ga-PSMA-11 PET/diagnostic-CT imaging
(PSMA-PET) with tumor PSMA-uptake higher than liver PSMA-uptake were included.
Temporarily ADT adjuvant to EBRT in the curative setting was allowed, however, this must
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have been discontinued >3 months prior to inclusion. Normal renal and bone marrow
functions were required (MDRD-GFR ≥60 ml/min, white blood cell count >3,5 x 109/l,
platelet count >150 x 109/l and hemoglobin > 6 mmol/l). Patients with visceral metastases
were excluded. All inclusion and exclusion criteria are added to the supplementary.
The study was approved by the Medical Review Ethics Committee Region ArnhemNijmegen (NL62774.091.17) and was registered on clinicaltrials.gov (NCT03828838).
All subjects provided written informed consent before study entry. The trial was done
in accordance to the principles of Good Clinical Practice and the Declaration of Helsinki.

Study procedures
During clinical workup, patients underwent PSMA-PET imaging to evaluate PSMApositive tumor lesions. The PSMA-PET was repeated one week prior to the second cycle
of 177Lu-PSMA and three and six months after the second administration. PSMA-PET was
executed under the protocol as described earlier.17 All images were reviewed by board
certified nuclear medicine physicians with over five years of experience. The radiolabeling
of 177Lu-PSMA-617 is described in the supplementary material.
The first cycle of 177Lu-PSMA consisted of 3 GBq, followed by a second cycle with 3-6
GBq after 7-9 weeks. Thus, the second cycle could be adjusted in case of unfavorable
dosimetry results or toxicity. 177Lu-PSMA was administered by slow intravenous injection
over 2-5 minutes. Patients were advised to have adequate oral fluid intake next to
a NaCl 0,9% infusion of 2 liter per 24 hours. No specific actions were taken to prevent
xerostomia. After each cycle, single photon emission CT/CT (SPECT/CT) were acquired
approximately 1, 24, 48, 72, and 168 hours post injection to perform 3D dosimetry,
according to the MIRD-scheme.18 For SPECT/CT imaging a Siemens Symbia T16 or Intevo
Bold gamma camera was used with a 128 x 128 matrix over 3 bed-positions at each time
point (including head/neck, abdomen and pelvis region). The energy window was set at
20% around 208 keV with a lower scatter window of 20% around 170 keV. The SPECTs
were reconstructed with a 3D-OSEM algorithm (6 iterations and 16 subsets) with CTbased attenuation and scatter correction (Siemens Flash-3D software). Blood was drawn
at 5, 30, 60, 120, 180 minutes and 24, 48, 72, 168 hours post-injection to perform blood
dosimetry.19 During these same time points vital signs were recorded (blood pressure,
heart rate and temperature).
After administration of 177Lu-PSMA, patients were monitored weekly at the outpatient
clinic until 12 weeks after cycle two and at the end of the study (EOS; 24 weeks after
cycle two), to evaluate tolerability, vital signs and adverse events. Blood for hematology,
chemistry and PSA was drawn weekly to monitor toxicity and response. Quality of life
questionnaires (EORTC-QLQ-C30) were filled in before and monthly after the first
177
Lu-PSMA injection, until three months after cycle two. An end of study quality of life
questionnaire was filled in 24 weeks after cycle two. The supplementary material includes
a study flowchart.
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Outcomes
The primary aim of this study was to evaluate the toxicity according to the Common
Terminology Criteria for Adverse Events (CTCAE version 4.03) and radiation doses to the
target lesions and organs at risk. Secondary outcomes were patient reported quality of
life using the European Organisation for Research and Treatment of Cancer Quality of
Life Questionnaire (EORTC-QLQ-C30) (20), ADT free survival, best PSA response from
baseline according to Prostate Cancer Working Group 3 (PCWG3) criteria, and imaging
response following RECIST 1.1 and the consensus statements on PSMA-PET/CT response
assessment criteria in prostate cancer.21,22

Statistical analysis
Because of the explorative nature of this study, no sample size calculations were
performed. All data was managed according to GCP requirements using EPIC Software
and CastorEDC (https://www.castoredc.com/). Dose calculations to tumor and organs at
risk were performed by Hermes Medical Solutions dosimetry software (v2.0), using organ
based dosimetry and cubic or spherical tumor volumes. Data was analyzed by Graphpad
prism version 5.03 and R studio version 1.1.463.

4

Results
Patients
Between September 1st 2018 and September 23rd 2019, 12 patients were screened
of whom ten patients were found eligible. Two patients were found ineligible as they
exceeded the maximum allowed tumor volume (>10 metastases). All ten patients received
two cycles of 177Lu-PSMA. Baseline patient characteristics and administered dose of 177LuPSMA are summarized in figure 1. All patients underwent prior local treatment for their
PCa with either surgery and/or EBRT. None of the patients received ADT within one year
before study inclusion.

Toxicity
All injections of 177Lu-PSMA were well tolerated (see table 1). No significant changes
were observed in temperature, blood pressure or heart rate following injection. Seven
of the ten patients developed grade I-II fatigue (with only one patient grade II fatigue)
after injection which resolved within 2-4 weeks. Two of ten patients (patient #8 and #9)
reported a brief grade I xerostomia after treatment injection. Twelve weeks after cycle
two and at EOS, none of the patients reported xerostomia or lacrimal gland toxicity.
Patient #2 had a minor rash at the injection site which disappeared without interventions
within three days, which was deemed to be most likely related to the adhesive bandaid and not to 177Lu-PSMA. Patient #4, who had pain at baseline originating from bone
metastases, reported brief pain increment following both cycles, with all pain finally
disappearing four weeks after cycle two. At 21 weeks following cycle two he started ADT
due to recurrence of pain progression.
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This figure shows the patient characteristics and applied treatments of all ten patients. Columns from left to right: Age = in years; GS = Gleason score; PSA =
prostate-specific antigen at study inclusion in μg/l; DT = PSA doubling time in months; PET = number of metastases on baseline 68Ga-PSMA-PET/CT scan; Inj. dose
= injected activity of 177Lu-PSMA in giga-becquerel. In the swimmers plot progressive disease (PD) is defined as initiation of any androgen deprivation therapy
(ADT). Those still without ADT are considered having an ongoing response (OR). The black dot indicates study inclusion.

figure 1 | Patient characteristics
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table 1 | Adverse events
Adverse event

Grade I-II attributed to
177
Lu-PSMA*

Grade ≥III attributed to
Lu-PSMA*

177

Fatigue

7 (70%)

0

Nausea

3 (30%)

0

Xerostomia

2 (20%)

0

Rash

1 (10%)

0

Pain

1 (10%)

0

Data are n (%).*Possibly, probably, or definitely according to the CTCAE v4.03. A table with all
adverse events, including those unrelated to 177Lu-PSMA, are given in the supplementary data.

No treatment related laboratory (hematology, kidney or liver function) adverse events
were observed in any of the ten patients during the weekly blood evaluation. No major
changes were observed in the quality of life of the patients pre- and post-treatment
(figure 2). The supplementary provides a detailed table of the completed EORTCQLQ-C30 questionnaires.

4

figure 2 | Global health status during the study.
Global health status of the ten patients during the study (raw scores). Evaluated using the EORTC
QLQ-C30 questionnaire. The supplementary provides a detailed overview of all the EORTC
QLQ-C30 questions. The decrease in global health score of patient #5 was not associated to the
treatment but rather study logistics related.
* 21 weeks after cycle two patient #4 was taken from the study due to disease progression.
EORTC = European Organization for Research and Treatment of Cancer; PSA = prostate-specific
antigen
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figure 3 | PSA response after 177Lu-PSMA (A) and (B) shows the PSA kinetics starting eight
months before baseline to 24 weeks after cycle two of the patients with >50% and a <50%
decrease in PSA, respectively. Note the time axis difference before and after ‘cycle one’ and the
logarithmic Y-axis (PSA scale). The dotted lines are the estimated PSA increase calculated by PSA
doubling time.
* 21 weeks after cycle two patient #4 was taken from the study due to disease progression
(increasing pain from bone metastases). PSA = prostate-specific antigen

Dosimetry
Lu-PSMA was rapidly eliminated from the blood with >90 and >99% excreted within
approximately 24 and 48 hours, respectively. According to the dose calculations, the salivary
glands, kidneys, liver and bone marrow were not at risk with a median total organ dose of 3.4
Gy (range 1.2-5.9 Gy), 4.3 Gy (range 3.1-6.1 Gy), 0.8 Gy (range 0.6-1.1 Gy) and 0.15 Gy (range
0.1-0.2 Gy), respectively. All target lesions had a higher 177Lu-PSMA uptake compared to
the healthy organs with a median dose of 12.7 Gy (range 4.6-48.7 Gy). All doses in Gy/GBq to
the organs at risk and target lesions are specified in the supplementary material.
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table 2 | Radiographic response
Patient #

C1W8

C2W12

C2W24

1

PR

CR

CR

2

PD

PD

PD

3

SD

SD

SD

4

SD

SD

PD*

5

SD

PR

PR

6

SD

PR

PR

7

SD

SD

PD

This table shows the 68Ga-PSMA-11 PET/CT (PSMA-PET) imaging response after two cycles of
177
Lu-PSMA. The supplementary data provides a detailed description of all observed metastases,
including SUVmax and the size of soft tissue metastases. Imaging response was evaluated following
RECIST 1.1 and the consensus statements on PSMA-PET/CT response assessment criteria in
prostate cancer.21,22 A disappearance of all lesions was considered a complete response (CR). A
20% increase of size (or SUVmax for bone) over baseline or the appearance of a new lesion was
found to be progressive disease (PD). 30% decrease in size (or SUVmax for bone) was considered
partial response (PR). Neither sufficient decrease to qualify for PR nor sufficient increase to
qualify for PD was treated as stable disease (SD). *Patient #4 was taken from the study after 21
weeks because of clinical progression.

4

C1W8 = cycle one, week 8; C2W12 = cycle two, week 12; C2W24 = cycle two, week 24; SUVmax =
maximum standardized uptake value.

Response
All ten patients showed altered PSA kinetics as shown in figure 3. At EOS, five patients
had response of serum PSA >50% (patient #1, #3, #5, #8 and #9), of which one patient
had an undetectable PSA (patient #8). Two patients remained stable in PSA (patient #6
and #10) and three patients had PSA progression compared to the baseline measurement
(patient #2, #4 and #7). In three patients, the PSA was still decreasing at EOS (patient
#5, #8 and # 9), whereas in six patients (patient #1, #2, #3, #4, #7, and #10) the PSA had
started rising again. After the first treatment injection, eight patients (patient #1-3, #6,
#7, #9 and #10) had a brief surge in PSA, which declined after a maximum of five weeks.
At the end of the study, six patients still showed a radiological response on PSMA-PET
imaging and had a stable, partial or complete response on PSMA-PET, whereas four
patients had progressive disease (table 2). The PSMA-PET images of the best responding
patients in PSA (patient #1, #8 and #9) are presented in figure 4. Lymph node metastases
appeared to have a better response on 177Lu-PSMA compared to bone metastases.
Hence, patients (#1, #3, #5, #6, #8 and #9) with solely lymph node metastases had a
better response compared to patient #2, #4, #7 and #10 with (also) bone metastases. The
supplementary provides a detailed description of all observed metastases, including
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figure 4 | PSMA-PET before and six months after 177Lu-PSMA of the three best responding
patients.
(A) Axial image and MIP (C) from the baseline 68Ga-PSMA-11 PET/CT (PSMA-PET) of patient #1
showing a 10mm para-rectal lymph node positive in PSMA uptake. (B) and (D) are an axial image
and MIP, respectively, of the PSMA-PET 24 weeks after cycle two, showing a complete response
in patient #1. (E) Axial image and MIP (G) from the baseline PSMA-PET of patient #8 showing two
lymph node metastases (para-aortal [10.9mm] and at the carina of the trachea [11.6mm]) with
high PSMA uptake. An axial image (F) and MIP (H) of the PSMA-PET at EOS of patient #8, showing
a complete response in the lymph node next to the aorta and a partial response of the lymph node
in proximity of the carina of the trachea [4mm]. Axial image (I) and MIP (K) from the baseline
PSMA-PET of patient #9 showing four pelvic lymph node metastases. (J) and (L) shows the results
at EOS, patient #9 had a partial response of the biggest lymph node, while all others were not
visible anymore on PSMA-PET. Note the urinary 68Ga-PSMA uptake in the left ureter.
A red arrow indicates a metastasis. An orange arrow presents a partial response, whereas a
green arrow demonstrates a complete response. A yellow arrow points out urinal uptake of 68GaPSMA-11 in the ureter.
CT = computed tomography; EOS = end of study; MIP = maximum intensity projection; PET
= positron emission tomography; PSA = prostate-specific antigen; PSMA = prostate-specific
membrane antigen.

4

the size of soft tissue metastases and SUVmax of all tumors as well as the SUVmean of the
salivary glands and liver.

Discussion
Asymptomatic patients with low-volume mHSPC are increasingly seeking for alternative
therapies to defer from ADT related side effects with negative impact on quality of life.4,6-9
Hence, a growing number of studies are addressing on treatment related side effects
as important trial outcomes.4,6,23,24 Since the development of novel radioligands for PET
imaging, salvage surgery or EBRT became an optional therapeutic approach in selected
low-volume mHSPC patients.3,25,26 However, not all patients are eligible for these
treatments because of tumor location(s) and/or prior therapies. This raises the question
whether these early stage patients can benefit from therapeutic radioligands such as
177
Lu-PSMA.
The present study prospectively evaluated 177Lu-PSMA for the first time in low-volume
mHSPC and observed safety and tolerability in ten patients. During the study, there were
no grade III-IV treatment related toxicities. Even the observed grade I-II toxicities (e.g.
fatigue) subsided within a few weeks. Importantly, only two patients reported (very) mild
xerostomia which resolved spontaneously within one month after treatment. At the end
of the study, none of the patients reported xerostomia or lacrimal gland toxicity. No liver,
kidney or bone-marrow toxicity was seen during the weekly blood evaluations.
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The present outcomes regarding toxicity and quality of life are in concordance with
the results from recent prospective trials as well as retrospective data from global
compassionate-use programs, considering the poor health of the heavily pre-treated
mCRPC patients in those studies.11-13,27 We administered two cycles containing 3 and
~6GBq 177Lu-PSMA with eight weeks in between. This is a relatively low total amount
of activity compared to the current standard protocol in end-stage patients with 4-6
cycles and 7.4 GBq per administration.11 The minimal observed toxicity may also be
related to the low administered total activity. However, according to the dosimetry
results of the present study, a higher amount of activity should be safe and is therefore
feasible.
After each treatment cycle, a comprehensive 3D-dosimetry protocol was carried out
to calculate the delivered doses to the tumor(s) and the organs at risk, including blood
collections to evaluate bone-marrow dose. This state of the art dosimetry protocol
precluded the need for a dose escalation study. We observed that the tumor target
lesions (median 12.7 Gy; range 4.6-48.7 Gy) received a 4-6 times higher radiation dose
compared to the kidneys and salivary glands, being the critical dose limiting organs. The
salivary glands received a median cumulative dose of 3.4 Gy (range 1.2- 5.9 Gy), which
was well below the reported organ threshold dose of 35 Gy.28 This threshold however,
relates to EBRT because the organ limitations for 177Lu-PSMA are yet unresolved. This
also applies to the kidneys (radiation dose in the present study: median 4.3 Gy, range
3.1-6.1 Gy), which has an organ limitation dose of 40 Gy according the recent 177LuPSMA guideline.28 The dosimetry outcomes in the present study are comparable to the
results in high-volume mCRPC patients implying that the sink-effect with unfavorable
radioligand distribution to the organs at risk in low-volume disease is of less concern than
anticipated.29-31 Nonetheless, long term toxicities, which could develop over time, need
evaluation in following studies.
In accordance to the inclusion criteria, all patients had a PSA-doubling time < 6 months
prior to the study and showed stabilization of the PSA velocity after two cycles as seen in
figure 3. Five of the ten patients showed a PSA decline >50%. At the end of the study, PSA
was still decreasing in three patients, of which one patient had a biochemical complete
response. The PSA response observed in the present study are similar to reported by
Ost et al. after salvage EBRT.4 Eight out of ten patients had a brief surge in PSA after the
first therapeutic injection of 177Lu-PSMA, which may implicate a flare phenomenon after
177
Lu-PSMA. This has also been described after EBRT,223RaCl2, chemo- and novel androgen
deprivation therapies.32-37
There were two imaging findings that were remarkable. One patient (patient #1)
showed a complete response on PSMA-PET. The treated lymph node in this patient
was not detectable on the follow-up PSMA-PET scans (figure 4). The other interesting
observation was that several tumors (patient #5, #6, #8 and patient #9) were in regression
on the PSMA-PET at the end of the study. This may suggest that 177Lu-PSMA could have
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a prolonged genotoxic effect to the tumors with tracer uptake, or that 177Lu-PSMA could
induce an immunogenic cell death.
After two cycles of 177Lu-PSMA therapy, the median ADT-free survival of all ten patients
was 9.5 months (range 6.5-21 months) with six patients still deferring from hormonal
treatments. Thus far, the ADT-free survival is less than reported after salvage EBRT or
surgery (e.g. STOMP trial: median 21 months; 80% C.I. 14-29 months) but can be related
to the shorter follow-up time of our study (10.6 months (range 8.3 - 21 months).4,9,38
Moreover, the present study included a patient cohort with higher tumor volume, higher
Gleason score, and higher PSA velocity compared to those reports. Besides, most patients
were already pre-treated with salvage EBRT or surgery. Therefore, the observation and
comparison to literature has its limitations.
Even though our findings regarding both toxicity and efficacy are performed in a small
cohort of selected patients, the results indicate a potential favorable role for 177Lu-PSMA
in patients with hormone-sensitive PCa with low-volume metastatic disease and good
PSMA uptake on PET imaging. At least six patients had long-lasting PSA responses,
especially considering their initial short PSA doubling time. All patients showed only
minimal low-grade toxicity after two cycles of 177Lu-PSMA, with promising tumor to
organ radiation dose. Therefore, we assume that higher treatment activity dosages or
more treatment cycles are now feasible, with potentially better results. These findings
encourage larger prospective studies to provide stronger evidence for the effect of
177
Lu-PSMA in low-volume mHSPC patients. To investigate this, we recently initiated
a randomized controlled multi-center phase II study in the same patient cohort,
administering two cycles of 7.4 GBq 177Lu-PSMA in a 6 week interval (NCT04443062).39

4

Conclusion
Lu-PSMA appeared to be a feasible and safe treatment modality in ten patients with
low-volume metastatic hormone-sensitive prostate cancer. Although the patients were
treated with a relatively low dose of 177Lu-PSMA, the majority of patients showed a
promising response to this therapy. This supports the need for following trials to further
evaluate the efficacy of 177Lu-PSMA in low-volume metastatic disease as well as in
hormone-sensitive prostate cancer.
177
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Supplementary material
supplementary table 1 | All adverse events
Adverse event

Grade I-II

Grade III-IV

Grade I-II
attributed to
177
Lu-PSMA*

Grade ≥III
attributed to
177
Lu-PSMA*

Fatigue

7 (70%)

0

7 (70%)

0

Nausea

3 (30%)

0

3 (30%)

0

Xerostomia

2 (20%)

0

2 (20%)

0

Rash

2 (20%)

0

1 (10%)

0

Pain

1 (10%)

0

1 (10%)

0

9 (90%)

1

0

0

Fever

2 (20%)

0

0

0

Abdominal pain

2 (20%)

0

0

0

Hypokalemia

1 (10%)

0

0

0

Dyspepsia

1(10%)

0

0

0

Hypotension#

1 (10%)

0

0

0

Rectal hemorrhage#

2 (20%)

0

0

0

Hematuria

1 (10%)

0

0

0

Headache

1 (10%)

0

0

0

Vomiting

1 (10%)

0

0

0

Cough

1 (10%)

0

0

0

Hypertension

#

#

Data are n (%). *Possibly, probably, or definitely according to the CTCAE v4.03. # These toxicities
were already present prior to the study inclusion.
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Global health status

81 (58-100)

100 (100-100)

Emotional functioning

Cognitive functioning

0 (0-0)

Financial difficulties

0 (0-0)

3 (0-33)

3 (0-33)

3 (0-33)

13 (0-33)

3 (0-33)

8 (0-67)

3 (0-17)

17 (0-44)

97 (83-100)

98 (83-100)

89 (67-100)

93 (50-100)

94 (53-100)

78 (42-100)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

7 (0-33)

3 (0-33)

7 (0-50)

3 (0-33)

11 (0-33)

98 (83-100)

100 (100-100)

93 (83-100)

97 (67-100)

96 (60-100)

73 (25-100)

0 (0-0)

7 (0-33)

0 (0-0)

0 (0-0)

15 (0-33)

4 (0-33)

2 (0-17)

0 (0-0)

14 (0-22)

100 (100-100)

98 (83-100)

94 (75-100)

94 (67-100)

96 (60-100)

76 (33-100)

CYCLE 1 WEEK 4 CYCLE 1 WEEK 8 CYCLE 2 WEEK 4

Data are mean scores (range). EORTC = European Organization for Research and Treatment of Cancer

3 (0-33)

Diarrhoea

17 (0-33)

Insomnia

3 (0-33)

3 (0-33)

Dyspnoea

Constipation

5 (0-50)

Pain

0 (0-0)

2 (0-17)

Nausea and vomiting

Appetite loss

13 (0-44)

Fatigue

Symptom scales
and items:

93 (67-100)

93 (67-100)

Role functioning

Social functioning

96 (67-100)

83 (67-100)

Physical functioning

Functional scales:

BASELINE

supplementary table 2 | EORTC-QLQ-C30 questionnaires
CYCLE 2 MONTH 3
78 (33-100)
96 (67-100)
97 (67-100)
95 (83-100)
100 (100-100)
100 (100-100)

4 (0-22)
0 (0-0)
8 (0-67)
0 (0-0)
7 (0-33)
0 (0-0)
0 (0-0)
3 (0-33)
0 (0-0)

CYCLE 2 WEEK 8
76 (25-100)
97 (67-100)
97 (67-100)
94 (75-100)
100 (100-100)
98 (83-100)

8 (0-22)
0 (0-0)
2 (0-17)
0 (0-0)
10 (0-33)
0 (0-0)
0 (0-0)
7 (0-33)
0 (0-0)

0 (0-0)

4 (0-33)

4 (0-33)

0 (0-0)

11 (0-33)

0 (0-0)

2 (0-17)

0 (0-0)

5 (0-33)

98 (83-100)

98 (83-100)

90 (67-100)

100 (100-100)

99 (93-100)

90 (50-100)

CYCLE 2 MONTH 6
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supplementary table 3 | Dosimetry results of target lesions and organs at risk
Patient #

Salivary
glands

Kidneys

Liver

Bone
Marrow

Target lesion Target lesion
cycle one
cycle Two

1

0.41

0.34

0.08

0.01

1.51

*

2

0.23

0.66

0.09

0.02

1.57

0.87

3

0.60

0.61

0.11

0.01

1.14

1.30

4

0.49

0.36

0.07

0.01

0.87

0.65

5

0.34

0.64

0.12

0.02

1.02

2.40

6

0.66

0.36

0.09

0.02

2.96

2.32

7

0.21

0.50

0.09

0.02

1.55

1.82

8

0.44

0.46

0.08

0.02

8.89

3.53

9

0.33

0.53

0.10

0.01

3.91

3.80

10

0.14

0.48

0.09

0.02

1.62

1.12

Mean dose:

0.39 ± 0.17

0.49 ± 0.11

0.09 ± 0.01

0.02 ± 0.00

2.51 ± 2.43

1.78 ± 1.24

Doses to organs and lesions in Gy/GBq from both cycles of 177Lu-PSMA. No organ specific
threshold level was reached. *The target lesion was not visible anymore on the second cycle
SPECT/CT scans.
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supplementary table 4 | PSMA-PET/CT SUV and size of all the lesions during each cycle
Patient #

Location

Baseline

C1W8

C2W12

C2W24

1

Lymph node, SUVmax (mm)

11.5 (10)

4.0 (3.2)

1.3 (0)

1.6 (0)

Liver, SUVmean

2.4

1.7

3.7

4

Salivary glands, SUVmean

15.6

15.2

13.5

18.2

Bone, SUVmax

9.3 (*)

16.2 (*)

19.8 (*)

21.9 (*)

Bone, SUVmax

31.3 (*)

43.7 (*)

28.6 (*)

29.3 (*)

Bone, SUVmax

5.4 (*)

11.5 (*)

7.4 (*)

9.8 (*)

Bone, SUVmax

7.6 (*)

11.6 (*)

9.8 (*)

9 (*)

Liver, SUVmean

4.2

5.5

5.2

6.3

Salivary glands, SUVmean

10.7

12.6

11.1

12

Lymph node, SUVmax (mm)

44.7 (11.3)

34.5 (10.7)

21.4 (9.1)

36.5 (9.5)

Lymph node, SUVmax (mm)

6.8 (7.4)

5.8 (5.1)

3.2 (3.1)

10.9 (4.8)

Lymph node, SUVmax (mm)

14.8 (6.0)

9.2 (5.1)

4.4 (3.7)

1.3 (3.8)

Lymph node, SUVmax (mm)

5.4 (4.3)

4.7 (3.4)

1.4 (2.3)

1.3 (0)

Liver, SUVmean

5.6

4.4

5.2

4.2

Salivary glands, SUVmean

11.3

10.4

14.5

15.4

Lymph node, SUVmax (mm)

12.2 (12.5)

17.5 (12.5)

17.2 (12.5)

.

Bone, SUVmax

36.3 (*)

26.3 (*)

27.5 (*)

.

Lymph node, SUVmax (mm)

7.8 (8)

11.3 (8)

12.7 (6)

.

Bone, SUVmax

14.8 (*)

27.0 (*)

30.5 (*)

.

Bone, SUVmax

20.8 (*)

23.7 (*)

26.3 (*)

.

Bone, SUVmax

17.1 (*)

18.5 (*)

15.5 (*)

.

Bone, SUVmax

21.5 (*)

18 (*)

16 (*)

.

Lymph node, SUVmax (mm)

12.3 (5.2)

7.6 (6.0)

12.3 (6.2)

.

Lymph node, SUVmax (mm)

14 (6.7)

13.0 (7.3)

14 (7.7)

.

Liver, SUVmean

6.4

5.1

5.6

.

Salivary glands, SUVmean

13.8

14

13.1

.

Lymph node, SUVmax (mm)

12.5 (6.8)

17.3 (6.6)

6 (5.3)

6.1 (5.4)

Lymph node, SUVmax (mm)

8.1 (5.9)

8.3 (4.9)

3.7 (4.3)

3.3 (3.8)

Lymph node, SUVmax (mm)

22.8 (10.9)

18 (9.1)

11 (6.9)

7.1 (6.1)

Lymph node, SUVmax (mm)

11.8 (10.4)

11 (7.8)

8 (5.4)

6.7 (4.8)

Lymph node, SUVmax (mm)

9.6 (4.9)

6.5 (5.4)

4.3 (4)

3.1 (3.8)

Liver, SUVmean

5.4

5.6

4.4

5

Salivary glands, SUVmean

4.4

16.8

7.6

8.3

Lymph node, SUVmax (mm)

11.8 (7.9)

20.8 (7.4)

11.8 (5.6)

6.8 (4.2)

Lymph node, SUVmax (mm)

4.5 (6.4)

6.5 (6.1)

3.5 (2.6)

2.7 (2.6)

Lymph node, SUVmax (mm)

5.0 (10.3)

5.4 (9.6)

3.2 (6.0)

3.1 (3.2)

Lymph node, SUVmax (mm)

3.6 (6.4)

9.7 (6.2)

3 (4.7)

2.8 (4.3)

Liver, SUVmean

4.5

3

5.1

4.3

Salivary glands, SUVmean

17.1

13.4

12.1

11.6

Lymph node, SUVmax (mm)

10.7 (11)

5.9 (10.5)

2.6 (9.1)

2.5 (8.6)

Lymph node, SUVmax (mm)

6.5 (5.9)

5.6 (5.5)

4.8 (3.5)

4.7 (2.6)

Lymph node, SUVmax (mm)

3.5 (7)

2.3 (7.2)

1.8 (6.2)

2 (4.9)

Bone, SUVmax

3.5

5.6 (*)

5.2 (*)

9.7 (*)

Bone, SUVmax

2

2.7 (*)

2.2 (*)

10.4 (*)

Liver, SUVmean

4.7

6.3

5.7

4.5

Salivary glands, SUVmean

3.9

6.4

7.6

6.2

2

3

4

5

6

7

4
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Patient #

Location

Baseline

C1W8

C2W12

C2W24

8

Lymph node, SUVmax (mm)

23 (11.6)

24.2 (11.4)

9 (4.7)

6.6 (4)

Lymph node, SUVmax (mm)

33.4 (10.9)

16.9 (10.3)

3.3 (5.4)

3.7 (4.1)

Lymph node, SUVmax (mm)

10.8 (6.4)

8.1 (6)

4.7 (4)

2.6 (0)

Liver, SUVmean

5.4

5.7

4.6

4.6

Salivary glands, SUVmean

11.5

9.8

6.5

8.6

Lymph node, SUVmax (mm)

44.4 (9.8)

33.4 (7.8)

11.3 (5.3)

6.1 (4.4)

Lymph node, SUVmax (mm)

7.4 (5.7)

5.5 (4.6)

2.5 (3.9)

2 (0)

Lymph node, SUVmax (mm)

8.2 (4.2)

4.7 (4.5)

2.4 (3.3)

2.4 (0)

Lymph node, SUVmax (mm)

6.9 (4.2)

7.3 (3.5)

2.1 (2.8)

2.4 (0)

Liver, SUVmean

5.4

4.3

4.3

6

Salivary glands, SUVmean

8.1

8.2

7.8

6.5

Bone, SUVmax

20.3 (*)

29.0 (*)

18.9 (*)

16 (*)

Lymph node, SUVmax (mm)

5.7 (4.6)

6.2 (2.6)

6.5 (2.9)

4.6 (2.9)

Lymph node, SUVmax (mm)

27.2 (6.1)

21.5 (4.6)

18.8 (4.6)

10.2 (4.1)

Bone, SUVmax

3.2 (*)

2.7 (*)

2.7 (*)

22 (*)

Bone, SUVmax

2.6 (*)

2.3 (*)

3.2 (*)

9.7 (*)

Bone, SUVmax

1.7 (*)

2 (*)

2.8 (*)

5.5 (*)

Bone, SUVmax

2.2 (*)

1.6 (*)

1.8 (*)

5.5 (*)

Liver, SUVmean

7.1

7.1

5.1

5.8

Salivary glands, SUVmean

7.4

7

7.4

6.6

9

10

Data are standard uptake values from the 68Ga-PSMA-11-PET/CT scans. The target lesions are
highlighted in bold. In between brackets is the size of soft tissue metastases on diagnostic CT in
mm. The size of bone metastases was not be evaluated (*). A red box indicates radiographic tumor
increment over the baseline scan (e.g. higher SUVmax), while a green box shows a radiographic
response (e.g. smaller tumor size or lower SUVmax). The prior SUVmax of ’new’ metastases on a
subsequent scan are highlighted in yellow.
SUV was recorded with a 30 mm ROI. To measure the average liver and salivary gland uptake, a 30
mm ROI was placed in the upper right section of the liver and right mandibular gland. Patient #4
was removed from the study after 21 weeks because of disease progression.
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supplementary figure 1 | PSMA-PET maximum intensity projections (MIP) before and after
177
Lu-PSMA The left sided MIPs are from the baseline or EOS 68Ga-PSMA-11 PET/CT (PSMA-PET)
scan and the right sided are from the six months post cycle two PSMA-PET. The right sided MIP of
patient #4 is the PSMA-PET of week 12 after cycle two.
MIP = maximum intensity projection; PET = positron emission tomography; PSMA = prostatespecific membrane antigen
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supplementary figure 2 | Study Flowchart
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Labeling and purification of PSMA-617 with 177Lu
LuCl3 was obtained from ITG (Garching, Germany). GMP-grade PSMA-617 was
obtained from ABX (Radeberg, Germany). The radiolabeling of PSMA-617 was performed
on GRP synthesis module (Scintomics, Fürstenfeldbruck, Germany) using sterile and
GMP-grade SC-105 kits. In brief, 4 mg gentisic acid and the PSMA-617 peptide were
dissolved in 500 μL WFI and added to the reaction vessel. After addition of the 177LuCl3
in sodium acetate buffer and ascorbic acid the reaction was incubated at 100 °C for
20 minutes. After cooling down, the product was diluted to 16.5 ml with saline/DTPA
to which 0.9 ml ethanol has been added. The radioactive solution was filtered through
a 0.22 μm filter (Millex GV. Merck, Amsterdam, The Netherlands) and dispensed into a
closed glass type I container. Microbiological monitoring in class C was performed during
synthesis, filtration and dispensing. Assembling of the dispensing and filtration system
was performed in a class A isolator with a class B airlock (in a class C background). The
radiolabeled PSMA-617 was measured for total radioactivity in a calibrated activity dose
calibrator prior to injection and injected within 6 hours after radiolabeling.
177

4

Translational Relevance
Lu-PSMA-617 radioligand therapy is a novel treatment for end-stage metastatic
castration resistant prostate cancer. To date, 177Lu-PSMA is not investigated in either
the hormone sensitive or the low-volume metastatic stage, mainly because of toxicity
concerns. The present prospective pilot study evaluated the toxicity, dosimetry and
treatment effect of 177Lu-PSMA-617 in ten fast-progressing patients with low-volume
metastatic hormone sensitive prostate cancer (mHSPC). Thereby, this trial opened the
door for (salvage) radioligand therapy as metastases directed therapy next to surgery
and external beam radiotherapy. During follow up, no treatment related grade III-IV
adverse events were observed. None of the organs at risk reached threshold doses for
radiation related toxicity while doses to tumors were consistently higher. Moreover, all
ten patients showed altered PSA kinetics, postponed androgen-deprivation therapy and
maintained good quality of life. These results suggest that 177Lu-PSMA-617 is feasible and
safe in patients with low-volume mHSPC patients. Therefore, we initiated a randomized
controlled multi-center phase II study in the same patient cohort (NCT04443062).
177
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Abstract
Introduction
While [177Lu]Lu-PSMA radioligand therapy is currently only applied in end-stage castrateresistant prostate cancer (mCRPC) patients, also low volume hormone-sensitive
metastatic prostate cancer (mHSPC) patients can benefit from it. However, there are
toxicity concerns related to the sink effect in low-volume disease. This prospective study
aims to determine the kinetics of [177Lu]Lu-PSMA in mHSPC patients, analyzing the doses
to organs at risk (salivary glands, kidneys, liver and bone marrow) and tumor lesions <1 cm
diameter.

Methods
Ten mHSPC patients underwent two cycles of [177Lu]Lu-PSMA therapy. Three bed
positions SPECT/CT was performed at 5 time points after each therapy. Organ and
lesion dosimetry was performed using commercial software and a manual approach,
respectively. Correlation between absorbed index lesion dose and treatment response
(PSA drop of >50% at end of study) was calculated and given as Spearman’s r and p-values.

Results
Kinetics of [177Lu]Lu-PSMA in mHSPC patients are comparable to those in mCRPC
patients. Lesion absorbed dose was high (3.25 ± 3.19 Gy/GBq) compared to organ
absorbed dose (salivary glands: 0.39 ± 0.17 Gy/GBq, kidneys: 0.49 ± 0.11 Gy/GBq, liver:
0.09 ± 0.01 Gy/GBq, bone marrow: 0.017 ± 0.008 Gy/GBq). A statistically significant
correlation was found between treatment response and absorbed index lesion dose (p =
0.047).

Conclusions
We successfully performed small lesion dosimetry and showed that the tumor sink
effect in mHSPC patients is of less concern than was expected. Tumor-to-organ ratio
of absorbed dose was high and tumor uptake correlates with PSA response. Additional
treatment cycles are legitimate in terms of organ toxicity and could lead to better tumor
response.

Keywords
[177Lu]Lu-PSMA, dosimetry, radionuclide therapy, prostate cancer, mHSPC
This study was approved by the Medical Review Ethics Committee Region ArnhemNijmegen on January 23, 2018 and was registered on clinicaltrials.gov (NCT03828838).
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Introduction
Prostate cancer is the second most common cancer worldwide, with over 1.3 million
patients diagnosed every year.1,2 While survival is good in patients diagnosed in an
early stage eligible for curative surgery or external beam radiotherapy, the prognosis of
patients in advanced disease is poor.3,4 Prostate-specific membrane antigen (PSMA) is
a trans-membrane protein highly overexpressed in about 90% of prostate cancers, and
is positively correlated with level of expression and aggressiveness of the disease.5-8
Therefore, PSMA is considered an ideal target for molecular imaging and therapy of
prostate cancer.9-13
In recent years, [177Lu]Lu-PSMA-617-radioligand ([177Lu]Lu-PSMA) treatment is
increasingly applied to end-stage metastatic castrate-resistant prostate cancer (mCRPC)
patients with remarkable responses coupled with a favorable toxicity profile.14-22 While
various radionuclides are available for therapeutic application, 177Lu is particularly useful
as the beta emission delivers tumoricidal absorbed doses in a range of 1-2mm, while its
gamma component allows for imaging and quantification with SPECT/CT, providing input
for absorbed dose calculations. These dosimetry studies performed in end-stage disease
found high absorbed doses of [177Lu]Lu-PSMA to tumors and marked the salivary glands,
lacrimal glands, kidneys and bone marrow as organs at risk.16,20,23-26 Currently, [177Lu]LuPSMA is only applied in high-volume mCRPC, but it is anticipated that patients in earlier
stages could also benefit from this therapy. To date, only one prospective clinical trial
was carried out applying [177Lu]Lu-PSMA in low-volume hormone-sensitive metastatic
prostate cancer patients (mHSPC) and revealed it to be a feasible and safe treatment
modality.27 Yet, in contrast to mCRPC patients, mHSPC patients have a longer survival
with several good treatment options available. This warrants more careful assessment
of treatment efficacy and toxicity, which could be assured by dosimetry. Moreover, in
these low-volume disease patients there are concerns regarding the tumor sink effect,
hypothesizing that low tumor volume could lead to unfavorable radioligand distribution
to the organs at risk.28,29 To date, no elaborate dosimetry study was performed in this early
stage patient cohort, so the pharmacokinetics of [177Lu]Lu-PSMA in mHSPC patients
are still unknown. Also, it is still unclear what the efficacy is of [177Lu]Lu-PSMA in small
tumor metastases (<1cm) since it is challenging to perform dosimetry on such small
lesions and the currently available software methods are mainly appropriate to reliably
assess dose to larger lesions. Information from dosimetry studies in end-stage patients
has been less elaborate, either using fewer time points, missing 3D data or focusing on
just one treatment cycle. Hence, this is the first study, embedded in the abovementioned
prospective study27 presenting all dosimetry results including the smallest lesions
detected by PET and organs at risk (salivary glands, kidney, liver and bone marrow),
using a state of the art dosimetry protocol. Moreover, the tumor absorbed doses were
compared between treatment cycles and correlated to the observed clinical responses.
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Methods
Study design and patient population
Ten patients with low-volume mHSPC were enrolled between September 2018 and
October 2019. Inclusion criteria were a prostate-specific antigen (PSA) doubling time
≤6 months and ≤10 metastatic lesions on [68Ga]Ga-PSMA-11 PET/CT ([68Ga]Ga-PSMAPET/CT), with at least one lesion ≥1.0 cm in diameter to enable more precise dosimetry.
Based on the [68Ga]Ga-PSMA-PET/CT signal, an index lesion was defined for each patient
(taking into account SUVmax value as well as suitable lesion size for dosimetry). Patients
were not allowed to have received prior hormonal therapy (except for temporary neoadjuvant androgen deprivation therapy combined with external beam radiotherapy for
localized prostate cancer) or chemotherapy. Patients eligible for local treatments for
oligometastatic diseases (e.g. salvage radiotherapy or surgery) were excluded from the
study. This study was approved by the Medical Review Ethics Committee Region ArnhemNijmegen and was registered on clinicaltrials.gov (NCT03828838). All subjects provided
written informed consent before study entry.
The study flowchart can be found in Online Resource Figure S1. All patients underwent
two cycles of [177Lu]Lu-PSMA therapy. The preparation of [177Lu]Lu-PSMA-617 has been
previously described.27 The activity was administered by slow intravenous injection over
2-5 min. Patients were advised to have adequate oral fluid intake next to a NaCl 0,9%
infusion of 2 liters per 24 h. No specific actions were taken to prevent xerostomia. In
the first cycle, a therapeutic activity of 3 GBq of [177Lu]Lu-PSMA was administered. For
the second cycle, the administered activity was adjusted between 3-6 GBq depending
on the dosimetry results derived from the first cycle for organs at risk and index lesions.
Toxicity (hematology, renal/liver functions, xerostomia) and PSA level were monitored
weekly until 12 weeks after the second cycle and followed up until the end of the study at
week 24 after the second cycle (EOS). Clinical results have been described by Privé et al.27

Image acquisition
[68Ga]Ga-PSMA-PET/CT imaging was performed on a Biograph mCT system (Siemens
Healthineers, Erlangen, Germany) one week prior to each administration of [177Lu]
Lu-PSMA to evaluate PSMA-positive tumor lesions, following local clinical acquisition
protocols.30 Standardized uptake values (SUV) were determined for salivary gland
(SUVmean, spherical volumes of interest (VOI) of 20 mm in diameter) and lesions (SUVmax).
For dosimetry, all patients received SPECT/CT imaging at 1, 24, 48, 72 and 168 h after each
therapy on either a Symbia T16 or Symbia Intevo Bold system (Siemens Healthineers,
Erlangen, Germany). Both systems were cross-calibrated for 177Lu with the in-house dose
calibrator, which undergoes regular quality control according to national guidelines.31
Three bed positions SPECT/CT scans were acquired including the pelvis, abdomen and
head/neck region. The acquisition and reconstruction protocol was followed as described
by Peters et al.32 and was in accordance with MIRD pamphlet No. 26.33 These protocols
take into account scatter, attenuation and dead-time corrections.
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Organ dosimetry
Volumetric organ based dosimetry was performed according to the scheme defined by
the Committee on Medical Internal Radiation Dose (MIRD)34 using Hermes HybridViever/
Dosimetry (Hermes Medical Solutions, Stockholm, Sweden) for salivary glands, kidneys
and liver. Absorbed dose was calculated using the MIRD equation:
D (mGy) = Ã (MBq·h) · S (mGy/MBq·h)
where D is de absorbed dose, Ã is the cumulated activity and S is the common S-value
for physical effects. All scans were co-registered and VOIs were drawn based on CT
contours of organs. For the salivary glands a VOI including the organ plus a ~1 cm margin
was selected to account for partial volume effects. Fitting of data for determination of
the time-activity curve and cumulated activity in Hermes means assuming instantaneous
uptake between t = 0 and the first imaging time point, trapezoidal integration between
the first imaging time point and the first fit time point selected by the user, mono- or
bi-exponential fitting between first fit time point and last imaging time point, and
extrapolation of the curve from the last imaging time point to infinity. Table 1 gives an
overview of the specific fit conditions for each organ and its respective standard mass
used.
Organ absorbed dose D was determined in Olinda 2.1 (Hermes Medical Solutions,
Stockholm, Sweden) using organ weights based on the ICRP Publication 89 adult male
human model35 (without mass scaling) and corresponding S-values.

5

table 1 | Fit conditions per organ structure. For comparison the tumor fit conditions and
S-values are included.
Structure

Type of fit

First fit
point (p.i.)

Organ
weight (g)

S-value
(mGy/MBq·s)

Salivary glands

Bi-exponential

24 h

85

2.78E-4

Kidneys

Mono-exponential

1h

310

7.76E-5

Liver

Mono-exponential

1h

1800

1.37E-5

Bone marrow

Three-exponential

5 min

1170

1.15E-5

Tumor

Mono-exponential

24 h

0.1
0.5
1.0

2.21E-1
4.57E-2
2.31E-2

p.i: post injection
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Bone marrow dosimetry
Bone marrow dosimetry was performed according to the EANM Dosimetry Committee
guidelines for bone-marrow and whole-body dosimetry.36 No active uptake in bone
or bone marrow was assumed since this was also not seen in mCRPC patients,14,20,23-25
therefore the blood sampling method was used. After each therapy, blood draws were
collected at 5, 30, 60, 120 and 180 min and 1, 2, 3 and 7 days post injection. Blood samples
were measured in a scintillation counter (248 WIZARD2, Perkin Elmer, Groningen, The
Netherlands) that was calibrated for 177Lu to translate from counts per minute (CPM) to
megabecquerels (MBq) per volume unit (ml). Time-activity curves were fitted to a threeexponential decay using GraphPad Prism 5.03 (Graphpad Software Inc., CA, USA).

Lesion dosimetry
This study focused on small lesion dosimetry (mostly <1 ml volume on [68Ga]Ga-PSMAPET/CT). Dosimetry of such small structures is challenging and not straightforward due
to limitations in scanner resolution and sensitivity, introducing significant partial volume
effects and high uncertainty in absorbed dose calculations. Therefore the dosimetry
protocol was optimized to minimize the uncertainty as much as possible. First, a slightly
oversized VOI (20-30% larger than the visible structure) was drawn for the lesions on
SPECT/CT in Hermes Dosimetry to account for partial volume effects of small structures.
Background correction was applied by drawing a VOI close to the lesion VOI and subtract
background counts from lesion counts, considering the volumes of lesion and background
VOI.37 To determine the cumulated activity, a combined approach was used: a trapezoid
method between time point 0 and 24 h, and a mono-exponential model without residual
activity thereafter (using GraphPad Prism 5.03). In case the correlation coefficient (R2)
of the fit was below 0.7, the goodness of fit was considered too low and the trapezoid
method was used between all time points. In that case the tail was determined by
extrapolating the effective half-life between the last two acquired data points.
Lesion volumes were determined on the [68Ga]Ga-PSMA-PET/CT acquired one week prior
to therapy. An anatomical slice by slice approach on the (low-dose) CT image was used
if possible. Otherwise, an iterative thresholding method using the PET signal was used
as suggested by Jentzen.38 Lesion dose was determined using the IDAC-Dose 2.1 sphere
model S-values39 for a corresponding sphere volume of water.

Statistical analysis
All dosimetry data are indicated per patient including the uncertainty in the absorbed
dose values following the EANM uncertainty guideline by Gear et al.40 (for more details
see Online Resource Materials S1). For organs, uncertainty in absorbed dose is mainly the
result of the uncertainty in the time-activity curve, therefore it was assumed to be directly
proportional to the cumulated activity and other uncertainties were ignored. For lesions,
also the uncertainty in volume determination was taken into account. For combined
statistics of all patients, data are given in median, range, mean and standard deviation.
Correlations between salivary gland/lesion SUV on [68Ga]Ga-PSMA-PET/CT and absorbed
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dose after therapy were calculated and given as Spearman’s r and p-values, as well as
correlation between lesion volume change and absorbed dose. Difference between
absorbed dose after the first and second cycle was assessed using a Wilcoxon matchedpairs signed ranks test. A Wilcoxon-Mann-Whitney test was used to test for difference
in absorbed dose to soft tissue and bone lesions, as well as for difference in absorbed
dose to tumor in patients achieving a PSA response below or over 50%. A p-value <0.05 is
considered statistically significant. All analyses were performed in GraphPad Prism 5.03.

Results
Patient characteristics, administered activities (GBq) and PSA response at end of study
can be found in Table 2. The administered activity of the second cycle was set to 6 GBq for
all patients to maximize the absorbed dose to the tumors, as none of the organs received
toxic doses in the first cycle. The median administered activity for both cycles was 9.0
GBq (range 8.0 – 9.2 GBq). None of the patients showed kidney, liver or bone marrow
toxicity in their blood measurements after each therapy cycle (Online Resource Figure
S2). Two out of ten patients reported mild xerostomia after two treatment cycles, which
had disappeared at the end of the study.27
table 2 | patient characteristics and administered activities

5

Patient #

Age
(yrs)

Weight
(kg)

PSA response (%)

Activity
cycle 1 (GBq)

Activity
cycle 2 (GBq)

1

61

89

>50

3.0

6.0

2

62

91

<50

3.1

6.1

3

77

77

>50

3.1

6.0

4

66

96

<50

3.1

6.0

5

68

78

>50

3.0

6.0

6

65

86

<50

3.0

6.0

7

71

75

<50

3.1

4.9

8

71

59

>50

3.1

6.0

9

69

90

>50

3.0

6.0

10

62

85

<50

3.0

6.0

Organ dosimetry
The median effective half-life (T1/2,eff ) of [177Lu]Lu-PSMA was 32.5 h for salivary glands
(range: 23.9 – 42.2 h), 28.4 h for kidneys (range: 15.0 – 46.5 h), and 19.0 h for liver (range:
12.4 – 23.2 h). The kinetics per organ for both cycles can be found in Online Resource
Figures S3, S4 and S5. The time integrated activity (MBq·h/MBq) was not significantly
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different between the first and second cycle. Blood clearance kinetics showed a threephase decay with a fast component with a median half-life of 11.1 min, an intermediate
component with a half-life of 2.7 h and a slow component of 12.5 h. Calculated absorbed
doses for each organ and patient can be found in Online Resource Table S1 and are
summarized in Table 3. The standard deviation in absorbed dose between patients
(0.17, 0.11, 0.01 and 0.008 Gy/GBq for salivary glands, kidney, liver and bone marrow,
respectively) was larger than the intra-patient uncertainty (0.06, 0.04 and 0.04 Gy/GBq).
Organs with the highest absorbed dose are salivary glands and kidneys.
table 3 | Absorbed dose in organs at risk (Gy/GBq).
Salivary glands

Kidneys

Liver

Bone Marrow

Mean + SD

0.39 ± 0.17

0.49 ± 0.11

0.09 ± 0.01

0.017 ± 0.008

Median

0.38

0.49

0.09

0.018

Range

0.14 – 0.66

0.34 – 0.66

0.07 – 0.12

0.013 – 0.023

table 4 | Absorbed dose in lesions ((Gy/GBq) or (Gy)).
Type of lesion

Number
of lesions

Parameter

Cycle 1
(Gy/GBq)

Cycle 2
(Gy/GBq)

Total (Gy)

All

26

Median

1.69

2.08

14.66

Range

0.41 – 10.34

0.24 – 15.35

1.74 – 123.48

Lymph node

16

Median

1.84

6.08

25.31

Range

0.52 – 10.34

0.47 – 15.35

1.74 – 123.48

Median

1.48

1.11

11.24

Range

0.41 – 3.67

0.24 – 2.75

2.75 – 28.23

Bone

10

figure 1 | Correlation between SUVmean/max on 68Ga-PSMA-PET/CT and absorbed dose in
salivary glands (a) and lesions (b). Data of treatment cycle 1 and 2 are combined.
CT = computed tomography; PET = positron emission tomography; PSMA = prostate specific
membrane antigen; SUV = standardized uptake value
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figure 2 | The [177Lu]Lu-PSMA kinetics per cycle for index lesions in each patient. Blue lines
represent lymph node lesions, purple lines represent bone lesions. Mono-exponential fits with
R2 < 0.7 were excluded and in these cases a trapezoidal method was used to determine the TIAC. In
these cases the fits are not shown in this figure (n = 5).
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Higher uptake in the salivary glands on pre-therapeutic [68Ga]Ga-PSMA-PET (SUVmean)
correlated with higher absorbed dose per administered activity (r = 0.45, p = 0.02, Figure
1A).

Lesion dosimetry
Patients had between one and seven metastases that were assessed by dosimetry. A total
of 16 lymph node lesions and 10 bone lesions were analyzed. The median clearance halflife was 62 h (range: 13 – 417 h, Figure 2). The median volume was 0.68 ml (range: 0.05
– 42.5 ml) with an average uncertainty of 10%. The absorbed dose per lesion was 2.0 Gy/
GBq for all lesions together (median, range: 0.3-13.7) (Table 4 and Online Resource Table
S2). The lesion absorbed dose per activity after the second cycle was not significantly
different from the lesion absorbed dose after the first cycle (p = 0.25). Absorbed dose in
lymph node lesions (median: 3.1 Gy/GBq, range: 0.6 – 13.7) was significantly higher than
in bone lesions (median: 1.1 Gy/GBq, range: 0.3 – 3.1, p < 0.01) (Figure 3), while lesion
uptake on pre-therapeutic [68Ga]Ga-PSMA-PET (SUVmax) was not significantly different
for lymph node and bone lesions. However, SUVmax correlated with absorbed dose in the
corresponding lesion (r = 0.34, p = 0.01, Figure 1B). The higher absorbed dose in lymph
node lesions corresponded with the observed volume change after the first cycle of
therapy: most lymph node lesions decreased in size (35% mean volume decrease) whereas
most bone lesions increased in size (36% mean volume increase). However, correlation
between absorbed dose and lesion volume change was not significant (r = -0.23, p = 0.23).
The average uncertainty in cumulated activity was 22%. For the absorbed dose, dependent
on lesion volume and cumulated activity, the average uncertainty was 25%.
Treatment response (PSA drop of >50% versus <50% at end of study) correlated with
absorbed index lesion dose (p = 0.047, Figure 4).

 
  

  







  



figure 3 | Absorbed dose in lymph node (LN) lesions was significantly higher than in bone
lesions.
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figure 4 | Absorbed dose to index lesion for patients showing an PSA response of >50% at end
of the study was significantly higher than for patients showing a response of <50%. Blue circles
indicate lymph node lesions, purple diamonds indicate bone lesions.
PSA = prostate specific antigen

Discussion

5

Absorbed dose of [177Lu]Lu-PSMA in organs was comparable to what was reported for
high-volume mCRPC patients,16,20,23-26 indicating that organ kinetics for [177Lu]Lu-PSMA
are more or less equal in both low-volume and high volume metastatic patients. This
confirms the physiologically based pharmacokinetic (PKPB) model finding by Begum et
al.,41 indicating minimal influence of total lesion volume on the absorbed dose to kidneys
and salivary glands by [177Lu]Lu-PSMA. However, Violet and colleagues found a correlation
between tumor volume and absorbed dose in salivary glands in mCRPC patients.23 This
was also observed for [68Ga]Ga-PSMA-11, which showed a decrease in the order of 60%
in SUV of salivary glands and kidneys for patients with high tumor load.29 Thus, a more
elaborative comparative study will be needed to elucidate the differential observations.
Nonetheless, our data clearly showed that the sink effect in low-volume disease is of
less concern than was expected and we were able to show a promising tumor-to-organ
ratio of [177Lu]Lu-PSMA in these early stage patients. We furthermore showed that the
absorbed dose (Gy/GBq) in organs appeared to be similar or lower in the second cycle,
which suggests that the tumor sink effect does not increase in later treatment cycles.
This finding was supported by the result that the organ time integrated activity was not
significantly different between cycle 1 and 2, indicating similar tracer biokinetics. The
absence of organ toxicity27 corresponded well with the absorbed dose found in all organs,
which remained below any threshold dose for radiation induced tissue effects.42-45 Taking
into account the range of absorbed dose (Gy/MBq) for each organ, our data suggest that
a total activity up to at least 38 GBq [177Lu]Lu-PSMA is safe regarding the organs at risk
(Online Resource Table S3). Moreover, these tolerance doses are mostly determined
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and used in external beam radiotherapy, whereas it is known that tissues can tolerate
higher doses at the low dose rates associated with radionuclide therapy. This indicates
that additional treatment cycles and/or higher injected activity per cycle are feasible
to achieve higher tumor dose without risking negative effects to organs. However, no
significant acute organ toxicity was found so correlations with tissue absorbed dose are
not informative, as it falls within the constant (background) level of the sigmoid doseresponse curve. Additionally, to date no information is available on late occurring effects
in for example kidneys, which is relevant in mHSPC patients because of their relatively
long survival.
For bone marrow dosimetry no active uptake in bone and bone marrow was assumed.
Although some patients had bone metastases, these did not involve significant sections
of the bone marrow. However, the blood sampling method might not be suitable if larger
osseous areas are affected by tracer uptake, such as in high-volume (bone) disease.
In this study, we performed SPECT dosimetry of lesions with <1cm in diameter after
[177Lu]Lu-PSMA therapy, which has not been described in literature to date. SPECT/CT
dosimetry of smaller lesions is challenging because the assessment of tumor volume
and cumulated activity is complicated. This introduces uncertainty to the absorbed
dose, especially using protocolized software. Therefore, we optimized the methodology
to determine absorbed dose in small lesions. Cumulated activity was not determined in
commercially available software but using an in-house developed method which enabled
the application of background correction and more freedom in the fitting method,
leading to a more precise estimation. Lesion volume was manually assessed slice by slice
on [68Ga]Ga-PSMA-PET/CT, leading to a more reliable volume estimation than based
on SPECT signal. We also compared our final tumor volumes to volumes determined by
measuring the lesion diameter on CT and calculating the volume assuming a spherical or
cubical model for lymph node or bone metastases, respectively. This resulted in a similar
mean lesion volume (3.45 ml vs. 3.72 ml for our method), but the uncertainty increased
from 10 to 30%. Lack of background correction and less precise methodology for volume
determination lead to an uncertainty in absorbed dose of around 43%, as compared to
25% in the present study. Using commercially available MIRD software may therefore
serve to roughly estimate the absorbed doses in small lesions, as was reported by Privé et
al.,27 but one needs to be aware of the significant increase in uncertainty when using these
methods. This might be especially relevant when the absorbed tumor dose is used for
clinical decision making in terms of further treatment planning. Also, more reliable dose
estimations could potentially help to correlate absorbed lesion dose to clinical outcomes.
While the five different time point whole body SPECT/CT imaging enabled accurate
dosimetry, the clinical translation of the present protocol is unlikely as it is timeconsuming and requires considerable effort and resources from patients and the clinics.
Therefore, there is a need to perform dosimetry using a simplified yet reliable protocol.
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One such option for simplification was provided by assessing index lesions. In high
volume disease with numerous metastases, the absorbed dose of a single index lesion
might not reflect the response accurately due to tumor heterogenicity, as was indeed
found for mCRPC patients. In these patients, a significant correlation between total
lesion volume absorbed dose and PSA response was observed, but not when considering
index lesions only.23 However, in the present study with low-volume mHSPC patients, less
cancer heterogenicity between metastases exists.46-48 This was confirmed by a significant
correlation between index lesion absorbed dose and PSA response in our study. Thus,
single index lesion dosimetry could serve as a good indicator of expected treatment
outcome in low-volume disease and a one-bed position SPECT/CT (per time point) might
suffice for future studies and clinical translation.
Additionally, we compared absorbed dose in organs and lesions between cycles and
found that it might be feasible to limit an elaborate dose estimation to the first cycle.
Additional cycles could then be evaluated by acquiring a SPECT/CT at one time point
and use kinetical information from the first cycle to estimate the absorbed dose using
a simplified approach according to Hänscheid and colleagues49 (Additional Resource
Materials S2). For example, for the salivary glands the 24 or 48 h time point could be
sufficient to get a reliable dose estimation for the second cycle. For the lesions however,
the correlation was less evident and additional time points might be necessary. Further
studies to develop such a protocol are warranted.

5

We observed that soft tissue lesions in this patient cohort responded significantly better
to radioligand therapy than bone lesions, which was also reflected in the corresponding
volume and PSA change. This is in line with what was found in mCRPC patients.50 In early
stage prostate cancer patients, treatment with 177Lu-PSMA is expected to be especially
beneficial in patients that predominantly have soft tissue lesions.
Furthermore, it was confirmed that PSMA-PET SUV can be accurately used for patient
selection, since both salivary glands and lesion SUV correlated with the absorbed dose,
again similar to the findings in mCRPC patients.23 Moreover, we showed that even single
lesion SUVmax (instead of total lesion volume) correlated with the absorbed dose in
the corresponding lesion. This information could be useful for [177Lu]Lu-PSMA patient
selection.
While there is uncertainty in absorbed dose for organs at risk and lesions, the standard
deviation between patients was larger than the intra-patient uncertainty. Especially in
the lesions we found individual differences in [177Lu]Lu-PSMA kinetics (Figure 2). This
suggests that our patient specific dosimetry calculations are reliable enough to use for
a personalized approach in the dosing scheme in this early stage patient cohort, just like
is recommended for patients receiving 177Lu-octreotate peptide receptor therapy for
neuroendocrine tumors.51 Of course our results are based on a small number of patients
and lesions, so further studies on larger patient numbers are warranted to confirm these
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findings. Based on the current results, our perspective is standardization of administered
activity in the first cycle whereas the following cycles are based on the dosimetry results
of the first cycle. This way, therapeutic efficacy can be verified while preventing healthy
organ toxicity, and individuals showing low tumoricidal doses can be recommended for
an alternative therapeutic strategy.

Conclusion
In this prospective dosimetry study in low-volume mHSPC patients, we showed that the
kinetics of [177Lu]Lu-PSMA-617 are comparable to those in high-volume mCRPC patients.
[177Lu]Lu-PSMA showed promising tumor-to-organ ratio in these early stage patients.
None of the organs at risk reached threshold radiation doses whereas tumor absorbed
dose was high, including the smallest metastases detected by PET imaging. Additional
treatment cycles are possible in terms of organ toxicity and could lead to even better
lesion response. Dosimetry can help to individualize the treatment plan in these early
stage patients. Studies that optimize the dosimetry protocol for clinical translation are
warranted.

Abbreviations
CPM: counts per minute; CT: computed tomography; EANM: European Association of
Nuclear Medicine; EOS: end of cycle; LN: lymph node; mCRPC: metastasized castrate
resistant prostate cancer; MIRD: medical internal radiation dose; mHSPC: metastasized
hormonse sensitive prostate cancer; NaCl: natriumchloride; PET: positron emission
tomography; p.i.: post injection; PKPB: physiologically based pharmacokinetic model;
PSA: prostate specific antigen; PSMA: prostate specific membrane antigen; SD: standard
deviation; SPECT: single photon emission computed tomography; SUV: standardized
uptake values; TIA: time integrated activity; TIAC: time integrated activity curve; VOI:
volume of interest
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Uncertainty analysis flowchart:
1	Error in SPECT camera specific calibration factor for 177Lu: 5% [Peters, 2020]
CF = 10.6 ± 0.5 cps/MBq
1 Data collection:
a. Quantitative SPECT at 5 time-points, within 45 minute scan-time
b. Activity concentration in blood samples at 9 time points; error: 5%
2 Drawing of VOIs in SPECT data over organs and tumor lesions to determine counts:
a. Large spherical VOI over lesions with background correction; error: 10%
b. CT based VOI over organs; error 5%
3 Determination of lesion and organ volume:
a. Lesion volume based on PET/CT and diagnostic CT [Jentzen, 2015];
Voxelisation and resolution error volume with lesion diameter d and voxel
size a:

[Gear, 2018]

b. Organ volumes set at fixed ICRP-89 male phantom values; error 10%
4 Fit to Time-Activity Curve
a. Mono-exponential fit SPECT TAC when R2 > 0.7, determine covariance matrix
b. Actual SPECT when R2 < 0.7 with exponential decay from
c. Three-exponential curve fit of blood data, determine covariance matrix
5 Integration over time of the TAC, to determine the time-integrated activity Ã
a. Mono-exponential integration, error in TIA or Ã:

5

b. Trapezoid integration method; error:

c. Three-exponential integration of blood concentration TAC, error in TIA or Ã:

6	Determine volume specific lesion S-factor with power-function on S-values spheres
S=81.7V-0.988; error:

Absorbed dose calculation with MIRD equation D = Ã×S; error:
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0.62 ±
0.12

0.38 ±
0.19

0.60 ±
0.10

0.54 ±
0.08

0.43 ±
0.06

0.84 ±
0.11

0.33 ±
0.03

0.31 ±
0.02

0.31 ±
0.09

0.19 ±
0.02

0.46 ±
0.19

0.41

0.19 –
0.84

2

3

4

5

6

7

8

9

10

Mean +
SD

Median

Range

0.11 –
0.57

0.30

0.32 ±
0.16

0.11 ±
0.02

0.34 ±
0.08

0.51 ±
0.05

0.14 ±
0.05

0.57 ±
0.09

0.30 ±
0.04

0.47 ±
0.09

0.28 ±
0.04

0.16 ±
0.01

0.31 ±
0.04

Cycle 2

Salivary glands

Cycle 1

1

Patient

Total

0.14 –
0.66

0.38

0.39 ±
0.17

0.14 ±
0.02

0.33 ±
0.08

0.44 ±
0.04

0.21 ±
0.05

0.66 ±
0.10

0.34 ±
0.05

0.49 ±
0.08

0.60 ±
0.08

0.23 ±
0.07

0.41 ±
0.07

0.33 –
0.78

0.57

0.57 ±
0.16

0.78 ±
0.06

0.46 ±
0.04

0.59 ±
0.03

0.73 ±
0.06

0.47 ±
0.02

0.56 ±
0.03

0.39 ±
0.03

0.59 ±
0.02

0.78 ±
0.07

0.33 ±
0.02

Cycle 1

0.30 –
0.68

0.37

0.44 ±
0.13

0.33 ±
0.02

0.57 ±
0.03

0.40 ±
0.04

0.35 ±
0.01

0.30 ±
0.01

0.68 ±
0.19

0.35 ±
0.02

0.47 ±
0.03

0.60 ±
0.05

0.35 ±
0.04

Cycle 2

Kidneys
Total

0.34 –
0.66

0.49

0.49 ±
0.11

0.48 ±
0.03

0.53 ±
0.03

0.46 ±
0.03

0.50 ±
0.03

0.36 ±
0.01

0.64 ±
0.14

0.36 ±
0.02

0.61 ±
0.03

0.66 ±
0.06

0.34 ±
0.03

0.07 –
0.14

0.10

0.10 ±
0.02

0.12 ±
0.002

0.10 ±
0.004

0.10 ±
0.003

0.09 ±
0.003

0.10 ±
0.002

0.12 ±
0.003

0.07
0.006

0.12 ±
0.003

0.14 ±
0.003

0.08 ±
0.004

Cycle 1

0.07 ±
0.12

0.08

0.08 ±
0.02

0.08 ±
0.002

0.10 ±
0.004

0.07 ±
0.007

0.08 ±
0.002

0.09 ±
0.002

0.12 ±
0.01

0.07 ±
0.004

0.10 ±
0.002

0.07 ±
0.003

0.07 ±
0.002

Cycle 2

Liver

supplementary table 1 | Organ absorbed dose ((Gy/GBq) ± error) in organs at risk per patient

Total

0.07 –
0.12

0.09

0.09 ±
0.01

0.09 ±
0.002

0.10 ±
0.005

0.08 ±
0.006

0.09 ±
0.003

0.09 ±
0.002

0.12 ±
0.009

0.07 ±
0.005

0.11 ±
0.003

0.09 ±
0.003

0.08 ±
0.003

Cycle 1

0.012 –
0.020

0.016

0.016 ±
0.003

0.016 ±
0.007

0.015 ±
0.011

0.019 ±
0.007

0.018 ±
0.008

0.016 ±
0.002

0.020 ±
0.002

0.012 ±
0.005

0.014 ±
0.004

0.020 ±
0.02

0.012 ±
0.001

0.009 –
0.022

0.016

0.016 ±
0.006

0.018 ±
0.012

0.014 ±
0.003

0.021 ±
0.004

0.018 ±
0.003

0.019 ±
0.002

0.020 ±
0.002

0.014 ±
0.020

0.015 ±
0.004

0.022 ±
0.007

0.015 ±
0.006

Cycle 2

Bone Marrow

0.013 –
0.023

0.018

0.017 ±
0.008

0.017 ±
0.010

0.014 ±
0.010

0.020 ±
0.006

0.018 ±
0.010

0.018 ±
0.002

0.023 ±
0.002

0.013 ±
0.005

0.014 ±
0.004

0.021 ±
0.002

0.014 ±
0.001

Total
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8.1

22.8

11.8

9.6

11.8

4.5

LN
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12.3

12.5

B
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21.5

36.3

B

B

12.2
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4

17.1

44.7
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3

B

5.4

B

14.8

31.3

B

20.8

9.3

B

2

B

11.5

LN

1

B

SUVmax PET

Type of lesion

Patient #

0.68

1.05

0.32

0.44

1.07

0.69

1.85

0.13

20.21

2.98

42.49

0.43

7.52

2.80

1.45

0.61

3.48

0.50

0.27

Tumor
volume (ml)

Cycle 1

1.48 ± 0.24

4.29 ± 1.10

0.52± 0.21

0.71 ± 0.10

2.39 ± 0.37

0.70 ± 0.12

1.01 ± 0.26

0.75 ± 0.28

0.93 ± 0.15

1.05 ± 0.34

1.90 ± 0.23

3.00 ± 0.58

0.95 ± 0.12

1.27 ± 0.50

3.20 ± 0.58

0.41 ± 0.13

3.67 ± 0.74

1.97 ± 0.61

2.21 ± 1.49

Absorbed dose
(Gy/GBq)

0.51
0.58
0.49
0.13

6.5
20.8
6.5

0.72

18.0
11.0

0.43

8.3

2.05 ± 0.78

0.34
0.66

7.6
17.3

1.20 ± 0.11

14.95 ± 7.59

7.75 ± 3.55

1.52 ± 0.25

3.41 ± 0.74

6.51 ± 0.84

2.08 ± 1.08

7.93 ± 1.20

0.83 ± 0.23

1.86 ± 0.23

2.38 ± 1.21

0.65 ± 0.38

20.34

10.61

26.3

1.12 ± 0.27

18

3.03

17.5

3.02 ± 2.04

1.52

1.21

34.5

0.24 ± 0.07

2.75 ± 0.50

18.5

0.56

11.5

0.43

2.99

43.7

0.58 ± 0.23

41.72

1.22

16.2

not visible

27.0

Not visible

4.0

Absorbed dose
(Gy/GBq)

23.7

Tumor
volume (ml)

SUVmax
PET

Cycle 2

93.78 ± 46.07

59.31 ± 24.51

10.68 ± 2.09

22.54 ± 4.76

46.14 ± 6.15

14.52 ± 6.78

50.46 ± 7.97

14.66 ± 5.57

10.11 ± 1.13

8.23 ± 2.45

17.09 ± 2.08

23.55 ± 9.09

6.84 ± 2.64

10.67 ± 3.13

28.08 ± 14.10

2.75 ± 0.87

28.23 ± 5.35

9.79 ± 3.29

6.66 ± 4.50

Total (Gy)

supplementary table 2 | Overview of SUVmax, tumor volumes and absorbed dose in lesions ((Gy/GBq) or (Gy) ± error). Values in bold are for target lesions.
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11.7

6.5

33.4

44.4

7.4

22.3

27.2

LN

LN

LN

LN

LN

B

LN

7

8

9

0.88
0.13 – 42.49

Median

Range

LN: lymph node. B: Bone.

3.73 ± 8.86

0.55

2.00

0.21

0.70

1.61

2.68

0.19

Tumor
volume (ml)

Mean + SD

10

SUVmax PET

Type of lesion

Patient #

Cycle 1

0.41 – 10.34

1.69

2.22 ± 2.06

1.43 ± 0.51

2.04 ± 0.26

3.04 ± 1.23

10.34 ± 2.74

4.30 ± 0.45

0.57 ± 0.15

4.03 ± 1.13

Absorbed dose
(Gy/GBq)

21.5

29.0

5.5

33.4

24.2

5.6

5.9

SUVmax
PET

0.05 – 41.72

0.56

3.71 ± 9.05

0.35

3.76

0.005

0.33

0.39

0.06

0.30

Tumor
volume (ml)

Cycle 2

0.24 – 15.35

2.08

3.99 ± 4.43

6.08 ± 2.12

1.02 ± 0.11

not visible

15.35 ± 5.15

8.06 ± 2.52

not visible

0.47 ± 0.18

Absorbed dose
(Gy/GBq)

1.74 – 123.48

14.66

28.02 ± 29.50

41.08 ± 14.33

12.37 ± 1.45

9.24 ± 3.75

123.48 ± 39.19

61.97 ± 16.62

1.74 ± 0.45

14.65 ± 4.33

Total (Gy)
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supplementary table 3 | Comparison between the threshold dose for each organ and

the absorbed dose found in this study. Based on these two parameters it is possible to
make a prediction on a safe activity to administer without risking healthy organ damage.
Organ

Salivary glands
Kidneys

Threshold Dose
(Gy)

Absorbed dose found in
this study (Gy/GBq)

Activity at which
threshold dose will be
reached (GBq)

251

Min: 0.14

178

Max 0.66

38

40

2

Min: 0.34

118

Max: 0.66

61

Liver

30

Min: 0.07

429

Max: 0.12

250

Bone Marrow

23

Min: 0.013

154

Max: 0.023

87

3

Deasy et al. 2010 [42]; 2 Bergsma et al. 2016 [44] and Wessels et al. 2008 [45]; 3 Stewart
et al. 2012 [43].
1

5
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supplementary figure 2 | Blood measurements for organ toxicity. Dotted vertical lines

indicate the first and second therapeutic cycle with 177Lu-PSMA-617. (a-c): hemoglobin,
white blood cells and thrombocytes, indicators for blood and bone marrow toxicity; (d):
creatinine, indicator for kidney toxicity; (e-f): ALAT and ASAT, indicators for liver toxicity.
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Lu-PSMA-617 kinetics in the salivary glands. The time
integrated activity curve (MBq·h/MBq) was lower after the second treatment for all
patients.
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supplementary figure 4 | 177Lu-PSMA-617 kinetics in the kidneys. The time integrated

activity curve (MBq·h/MBq) was lower after the second treatment for most patients.
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Lu-PSMA-617 kinetics in the liver. The time integrated
activity curve (MBq·h/MBq) was lower after the second treatment for most patients.
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Abstract
Rationale
Prolonged in vivo evaluation of PSMA tracers could improve tumor imaging and
patient selection for 177Lu-PSMA-617 and 177Lu-PSMA-I&T. In this study, we present the
radiolabeling method of PSMA-617 and PSMA-I&T with the long-lived positron emitter
89
Zr to enable PET imaging up to 7d post-injection. We compared the biodistribution
of 89Zr-PSMA-617 and 89Zr-PSMA-I&T to those of 177Lu-PSMA-617 and 177Lu-PSMAI&T, respectively, in a PSMA+ xenograft model. Moreover, we provide the first human
89
Zr-PSMA-617 images.

Materials and Methods
PSMA ligands were labeled with 50-55MBq [89Zr]ZrCl4 using a two-step labeling protocol.
For biodistribution, BALB/c nude mice bearing PSMA+ and PSMA- xenografts received
0.6µg (0.6–1MBq) of 89Zr-PSMA-617, 89Zr-PSMA-I&T, 177Lu-PSMA-617 or 177Lu-PSMAI&T intravenously. Ex vivo biodistribution and PET/SPECT imaging were performed up to
168h post-injection. Dosimetry was performed from the biodistribution data. The patient
received 90.5MBq 89Zr-PSMA-617 followed by PET/CT imaging.

Results
Zr-labeled PSMA ligands showed a comparable ex vivo biodistribution to its respective
Lu-labeled counterparts with high tumor accumulation in the PSMA+ xenografts.
However, using a dose estimation model for 177Lu, absorbed radiation dose in bone and
kidneys differed among the 177Lu-PSMA and 89Zr-PSMA tracers. 89Zr-PSMA-617 PET in the
first human patient showed high contrast of PSMA expressing tissues up to 48h postinjection.
89

177

Conclusion
PSMA-617 and PSMA-I&T were successfully labeled with 89Zr and demonstrated
high uptake in PSMA+ xenografts, which enabled PET up to 168h post-injection. The
biodistribution of 89Zr-PSMA-I&T and 89Zr-PSMA-617 resembled that of 177Lu-PSMA-I&T
and 177Lu-PSMA-617, respectively. The first patient 89Zr-PSMA-617 PET images were of
high quality warranting further clinical investigation.
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Introduction
Prostate cancer (PCa) is the world’s second most common malignancy in males with over
1.4 million new patients diagnosed every year. While patients in early stages of PCa show
high response rates to radical treatments, the prognosis of metastasized prostate cancer
(mPCa) is poor.1, 2 Recently, prostate specific membrane antigen (PSMA) has emerged as
an ideal target for prostate cancer imaging.3, 4 Positron emission tomography (PET) using
PSMA ligands labeled with short-living positron emitters (e.g. 68Ga/18F) is the current
imaging method of choice to detect mPCa.5 Moreover, due to the low expression of PSMA
in healthy tissues, it is considered as an ideal target for therapeutic applications.
In recent years, radioligand therapy with lutetium-177 (177Lu; a 0.5 MeV beta-emitter
with a half-life of 6.7 days), targeting PSMA became a promising new treatment for mPCa
patients.6-9 Previous studies have demonstrated that both 177Lu-PSMA-617 and 177LuPSMA-I&T are effective in approximately 60% of end-stage mPCa patients, while ~40% of
patients did not respond despite high PSMA uptake on PET scans.6-10 Therefore, it remains
challenging to select patients that will best benefit from this treatment, which was also
recently addressed by the authors of the pivotal trial of 177Lu-PSMA-617 (VISION).11
This is even more relevant considering the current trend of applying PSMA radioligand
therapy for smaller tumors or earlier disease stages, such as hormone-sensitive PCa
(NCT03828838, NCT04720157, NCT04297410, NCT04343885).10, 12 To date, several
disease-related or patient-specific factors that could affect treatment response have
been considered such as ECOG score, laboratory results, PSMA heterogenicity, [18F]FDG
uptake, tumor localization (bone/lymph node/visceral), high versus low volume disease,
and DNA-damage repair mutations.6, 8, 10, 13-20 Yet, the heterogenous responses to this
treatment remain poorly understood.

6

A vital aspect of systemic treatments is sufficient uptake of the cytotoxic drug into
the tumorous tissue. Here, radioligand therapy has a particular advantage over other
systemic therapies because of the ability to perform intra-therapeutic dose calculations
using the gamma-decay of the 177Lu-ligands. This SPECT-based dosimetry could elucidate
on the differential response between patients.14 However, for 177Lu this is only feasible
intra-therapeutically and challenging for smaller and heterogenous tumors because of
the limited resolution and sensitivity of SPECT. Thus, there is a need for new approaches
to predict efficacy prior to therapy initiation and to select the most appropriate treatment
dose. PET is preferred over SPECT because of its higher spatial resolution, better
sensitivity and more accurate quantification of small tumor lesions. Radionuclides such
as 68Ga or 18F cannot be used because their short half-lifes do not allow to study the tumor
retention of the radiotracer over a period of several days. The positron emitter 89Zr, with
a half-life of 3.2 days, is a promising alternative frequently used for antibody imaging,
including 89Zr-pembroluzimab, 89Zr-nivolumab and 89Zr-trastuzumab.21 These antibodies
were conjugated with desferrioxamine (DFO) as chelator, not with DOTA or DOTAGA
used in PSMA-617 and PSMA-I&T. However, DOTA labeling of 89Zr has recently been
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reported.22 In addition to the dosimetric evaluation of PSMA tracers, we hypothesize
that the later time point 89Zr-PSMA PET imaging could also aid in visualizing metastases
that require more time for internalization of the tracer (e.g. smaller size, lower PSMA
expression, low PSA values or metastases with impaired blood supply) or tumors that
are obscured by the high urinary uptake of PSMA tracers in the first hours (e.g. bladder
uptake of [68Ga]Ga-PSMA-11 or [18F]DCFPyL).
In the present study, we describe a novel strategy to label both a DOTA-conjugated
(PSMA-617) and a DOTAGA-conjugated ligand (PSMA-I&T) with 89Zr. We compared the
biodistribution of 89Zr-PSMA-617 and 89Zr-PSMA-I&T to those of 177Lu-PSMA-617 and
177
Lu-PSMA-I&T, respectively, in PSMA+ tumor-bearing mice. A secondary study objective
was to compare the dosimetry of 177Lu-PSMA-617 versus 177Lu-PSMA-I&T. Moreover, we
present first patient images.

Materials and Methods
Cell culture
Colon carcinoma cell line LS174T was purchased from the American Type Culture
Collection. LS174T is a radiosensitive cell line with an alpha of 0.26/Gy at a low-doserate (LDR) that has a better in vivo growth pattern compared to prostate cancer cell line
LNCaP.23 LS174T cells were stably transfected with human PSMA using the plasmid
pcDNA3.1-hPSMA (PSMA+) and cells were tested for target expression and mycoplasma as
was previously described.24 LS174T wildtype (PSMA-) and PSMA+ cells were cultured at 5%
CO2, 37 °C in RPMI 1640 medium supplemented with 2 mM glutamine and 10% FCS (Life
technologies). PSMA+ cells were cultured in the presence of 0.3 mg/ml G418 (geneticin).24

Radiolabeling PSMA-617 and PSMA I&T with [89Zr]ZrCl4
First, [89Zr]Zr-chloride ([89Zr]ZrCl4) was produced from [89Zr]Zr-oxalate ([89Zr]Zr(ox)2)
(PerkinElmer) according the method described by Pandya et al. with some minor
modifications.22, 25 A strong cation exchange cartridge (QMA, Waters) was activated with
acetonitrile and washed with 10 mL 0.9% NaCl, 1M HCl, and water, respectively. [89Zr]
Zr(ox)2 was loaded on the activated QMA cartridge and subsequently the cartridge was
washed with > 50 mL metal-free water. Trapped [89Zr]Zr(ox)2 was eluted with 0.1M HCl in
10 fractions, 3 drops/fraction (circa 90-100 µL), with a total volume of 1 mL. All fractions
were measured in a dose calibrator and the fractions with the highest [89Zr]ZrCl4 activity
(fractions 7 and 8) were used for radiolabeling.
Labeling of PSMA-617 (DOTA, ABX) and PSMA I&T (DOTAGA, piCHEM) was performed
in Lobind vials (Eppendorf). For the biodistribution study, 18 µg PSMA ligand (15 nmol
PSMA-617, 12 nmol PSMA-I&T) was dissolved in 0.5 M MES buffer, pH 5.5 and 25 MBq
[89Zr]ZrCl4 (specific activity 1.4 MBq/µg) was added. After 45 min incubation at 95 °C,
the labeling reaction was stopped by adding 50 mM EDTA to complex the unlabeled [89Zr]
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Zr4+. To obtain a radiochemical purity of >95% and <3% 89Zr colloid content, radiolabeled
ligands were purified using C18 light cartridges (Waters), eluted with 100% ethanol. The
eluate was evaporated under a gentle stream of nitrogen at 95 °C and dissolved in PBS
resulting in a final ethanol content < 10%.
For the PET imaging part, 10 µg PSMA ligand (8.2 nmol PSMA-617, 6.7 nmol PSMA-I&T)
was dissolved in 0.5 M MES buffer, pH 5.5. Ligands were labeled with 52 MBq and 27 MBq
[89Zr]ZrCl4 respectively (specific activity 5 MBq/µg for PSMA-617 and 5.1 MBq/µg for
PSMA-I&T). Reactions were incubated in a two-step labeling protocol: first incubation at
pH 3-4, 95 °C for 30 min, followed by addition of an extra amount of 0.5 M MES buffer
(17.5 µl MES, pH 5.5) and subsequent incubation at pH 4-5 for another 30 min at 95
°C. Similar to labeling for the biodistribution study described above, labeling reaction
was terminated by adding EDTA and radiolabeled ligands were purified using C18 light
cartridges and dissolved in PBS.
Labeling efficiency and radiochemical purity were determined by ITLC and RP-HPLC
analysis. ITLC-SG paper with 0.25M NH4OAc pH 5.5/EDTA buffer as a mobile phase was
used. For the determination of the 89Zr-colloid content, ITLC was performed on TLCSG gel 60 RP-18 F254 aluminum sheets with 80% acetonitrile in 0.1% TFA in water as
a mobile phase. HPLC analysis was performed using an Alltima C18 column (5µm C18,
250 x 4.6 mm) at a flow rate of 1 mL/min, using 0.1% TFA in water as buffer A and 0.1%
TFA in acetonitrile as buffer B in a linear gradient from 3 to 100 % in 10 min. Results were
quantified using GINA star software (Elysia-Raytest).

Radiolabeling PSMA-617 and PSMA I&T with [177Lu]LuCl3

6

Non-carrier-added [177Lu]Lu-chloride ([177Lu]LuCl3) was purchased from Isotope
Technologies Garching (ITG) and ready for use. For the biodistribution study, 18 µg PSMA
ligand (15 nmol PSMA-617, 12 nmol PSMA-I&T) was added to 0.5 M MES buffer, pH 5.5 and
33 MBq [177Lu]LuCl3 (specific activity 177Lu-PSMA: 1.8 MBq/µg). After 30 min incubation
at 95 °C the labeling reaction was terminated by adding 50 mM EDTA to complex the
free [177Lu]Lu3+. Labeling efficiency and radiochemical purity were determined by ITLC
and RP-HPLC, similarly as used for the 89Zr labeled ligands (without the ITLC for colloid
determination).
For the SPECT imaging study, 5 µg PSMA ligand (4.1 nmol PSMA-617, 3.3 nmol PSMAI&T) was added to 0.5 M MES buffer, pH 5.5 and 155 MBq [177Lu]LuCl3 (specific activity
177
Lu-PSMA: 31 MBq/µg). After 30 min incubation at 95 °C the labeling reaction was
terminated by adding 50 mM EDTA.

In vitro stability
The stability of the 89Zr- and 177Lu-labeled ligands was analyzed in PBS and human serum.
The radiolabeled ligands were incubated in PBS (RT) or in human serum (37 °C) for 24 h.
Aliquots were analyzed by RP-HPLC at 1, 4 and 24 h, using the HPLC protocol described
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above. Before analysis of the serum aliquots, serum proteins were precipitated by dilution
in acetonitrile 1:1 (v/v), followed by extensive vortexing and centrifugation at 15,300 x g
for 10 min. Supernatant of aliquots was collected and analyzed using RP-HPLC. Stability
is expressed in percentage of labeled ligand.

Animal studies
All experiments were approved by the institutional Animal Welfare Committee of the
Radboud University Medical Center and were conducted in accordance to the guidelines
of the Revised Dutch Act on Animal Experimentation. BALB/c nude male mice (Janvier)
were housed in individually ventilated cages (Blue line IVC, 3-5 mice per cage) under
nonsterile standard conditions with cage enrichment present and free access to animal
chow (Sniff GmbH) and water. At 6-8 weeks of age, mice were inoculated subcutaneously
with 3.0 x 106 PSMA+ cells in the left flank and 1.5 x 106 PSMA- cells in the right flank,
diluted in 200 μL of complete RPMI 1640 medium. Radiotracers were injected
intravenously 10-14 days after tumor cell inoculation when average PSMA+ xenograft
size was 27.6 ± 17.9 mm3, as determined by caliper measurements. The researchers were
not blinded for the experimental groups and tumor-bearing mice were block-randomized
into groups based on tumor size.

Pharmacokinetics 89Zr- and 177Lu-PSMA
Sixteen groups of six mice bearing subcutaneous xenografts received an intravenous
injection (0.6 µg ligand/mouse) of either 89Zr-PSMA-617 (specific activity 1.4 MBq/µg),
89
Zr-PSMA-I&T (specific activity 1.4 MBq/µg), 177Lu-PSMA-617 (specific activity 1.8 MBq/
µg) or 177Lu-PSMA-I&T (specific activity 1.8 MBq/µg) in vehicle (PBS/ 0.5% BSA) in the
tail vein. To study the biodistribution after dissection of the four tracers over time, mice
were sacrificed using CO2/O2-asphyxiation at 2 h, 1, 3, and 7 days post injection. Tumors,
blood, and relevant organs and tissues were dissected, weighed, and radioactivity in
each sample as well as three corresponding activity standards (1% injection fluid) were
quantified using a well-type γ-counter. The results were expressed as percentage of
injected dose per gram of tissue (%ID/g).

Biodistribution-based dosimetry
Biodistribution data obtained in the pharmacokinetic study were used to estimate the
absorbed radiation doses to the organs and tumor using the 25g mouse model in OLINDA
version 2.1, with the 89Zr decay functioning as a dosimetry estimation model [DEM] for
177
Lu. A one phase exponential decay function was fitted to the activity concentration
data at 2, 24, 72 and 168 h, and the cumulative activity concentration in each organ
and tumor was calculated by analytic integration of the fitted expression. Absorbed
radiation doses to the organs were calculated according to the MIRD-scheme with the
following equation: D(rT) = ∑(rS)[Ã(rS)] × mS × S(rT
rS), with D(rT) the absorbed dose
to a target organ rT, [Ã(rs)] the time-integrated activity concentration or total number of
decays per mass in a source organ rS and S(rT rS) the S-value or absorbed dose rate to
rT per unit activity of 177Lu/89Zr in rS with mass mS. The S-values and source organ masses
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were obtained for a standardized 25 g mouse from the RADAR realistic animal models.26
Uncertainties in the absorbed dose values were estimated according to the EANM
Uncertainty Guideline for molecular radiotherapy.27

PET/CT and SPECT/CT imaging
With the sole purpose to visualize the in vivo distribution of the tracers, four groups of
three mice bearing subcutaneous xenografts were injected intravenously (1 µg ligand/
mouse) with 89Zr-PSMA-617 (specific activity 5 MBq/µg), 89Zr-PSMA-I&T (specific activity
5 MBq/µg), 177Lu-PSMA-617 (specific activity 22 MBq/µg) or 177Lu-PSMA-I&T (specific
activity 22 MBq/µg) in PBS/0.5% BSA in the tail vein. Mice were scanned under general
anesthesia (2-3% isoflurane/O2) 2 h, 1, 3 and 7 d post injection. SPECT images (U-SPECT
II, MILabs) were acquired using a 1.0 mm diameter pinhole rat collimator.28 Mice were
scanned for 20 (2 h p.i.), 30 (1 d, 3 d p.i.) or 60 (7 d p.i.) min. SPECT scans were reconstructed
with MILabs reconstruction software, using an ordered-subset expectation maximization
algorithm, energy windows 104.5 – 121.5 keV and 176.8 – 239.2 keV, 1 iteration, 16
subsets, voxel size of 0.75 mm.
PET images were acquired using an Inveon animal PET scanner (Siemens Preclinical
Solutions). Mice were scanned for 20 (2 h, 1d p.i.), 30 (3 d p.i.) or 60 (7 d p.i.) min. Scans
were reconstructed using Inveon Acquisition Workplace software (version 4.1, Siemens
Preclinical Solutions) with iterative three-dimensional ordered subsets expectation
maximization using a maximum a priori algorithm with shifted Poisson distribution, with
the following parameters: matrix 256 × 256 × 161, pixel size 0.4 × 0.4 × 0.8 mm, with a
corresponding beta of 0.05 mm. All mice received a CT scan (spatial resolution 160 μm,
65 kV, 615 μA) for anatomical reference. Maximum intensity projections (MIPs) of the
SPECT and PET images were created using the Inveon Research Workplace software
version 4.1 (Siemens Preclinical Solutions).

6

First human imaging:
The labelling strategy of 89Zr-PSMA-617 and 89Zr-PSMA I&T was optimized warranting
imaging of a prostate cancer patient. One patient with biochemical recurrence in serum
prostate specific antigen following previous radical surgery was allowed to receive PET/
CT imaging with 89Zr-PSMA-617. In accordance with the Declaration of Helsinki, the
patient provided informed consent before study entry. The patient received 90.5 MBq
(corresponding 1.1 MBq/kg) of 89Zr-PSMA-617 followed by PET/CT imaging at 1h, 3h,
24h and 48h post injection. PET/CT scans were performed using an EANM-accredited
Biograph 40 mCT (Siemens Medical Solutions, Knoxville, TN, USA). PET data were
acquired from vertex to mid-femur (4 min per bed position) and reconstructed using
an iterative 3-dimensional ordered subset expectation maximization algorithm (3
iterations; 24 subsets; slice thickness 5 mm). Random correction, decay correction,
scatter correction, and attenuation correction were applied. CT was performed with a
low-dose technique using an X-ray tube voltage of 120 keV and tube current modulated
by CARE Dose4D with a maximal tube current-time product of 30 mAs.
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Statistical analysis
Statistical analyses were performed with Graphpad Prism, version 5.03. Results are
presented as mean ± SD. Differences in tumor uptake were tested for significance using
a one-way ANOVA with a Bonferroni’s multiple comparison post-test. Differences were
considered significant at P < 0.05, two-sided. Fitting of the time-activity curves was
performed by least squares regression without weighting. The covariance matrix and the
standard errors of the fit results were used for error analysis of the dosimetry result.

Results
Labeling of PSMA-617 and PSMA-I&T with 89Zr and 177Lu
PSMA-ligands were labeled with [89Zr]ZrCl4, produced from [89Zr]Zr(ox)2 using a strong
anion exchanger, resulting in a QMA yield of 90%.25 Fractions 7 and 8 (containing 60%
of [89Zr]ZrCl4) were used to radiolabel the PSMA ligands. Use of other fractions resulted
in lower labeling efficiency (data not shown), most probably due to presence of residual
oxalate anion.29
Labeling with 89Zr resulted in a radiochemical yield of 90% for PSMA-617 and 93% for
PSMA-I&T and a specific activity of 1.2 MBq/µg. To achieve a higher specific activity,
the 89Zr-labeling was further optimized using a two-step procedure. PSMA ligand was
incubated with [89Zr]ZrCl4 at pH 3-4 and subsequently at pH 4-5 (both 30 min, 95 °C)
which resulted in a radiochemical yield of 95% and a specific activity of 5.0 MBq/µg for
PSMA-617, and a radiochemical yield of 96% and a specific activity of 5.1 MBq/µg for
PSMA-I&T. All 89Zr-labeled ligands could be purified using a C18 cartridge, resulting in
a RCP of > 97% (biodistribution studies) or > 99% (PET imaging studies). 89Zr-labelling of
both ligands was stable in PBS and human serum up to 24 h (37°C), radiochemical purity
remained above 98% for all timepoints measured (Table 1).
table 1 | Stability of 89Zr-PSMA ligands in PBS and human serum
Time
(hours)

[89Zr]Zr-PSMA-617
PBS (RT)

0

Serum (37 °C)

[89Zr]Zr-PSMA-I&T
PBS (RT)

99.7%*

Serum (37 °C)
99.5%*

1

98.8%

98%

99.8%

98.9%

4

98.8%

98%

99.7%

98.3%

24

98.5%

98.7%

99.7%

99.3%

*Stability expressed in percentage of labeled ligand, as determined by RP-HPLC
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figure 1 | Example structures of PSMA-617 and PSMA-I&T, complexed with [177Lu]Lu3+

or [89Zr]Zr4+.

6

Radiolabeling of PSMA-617 and PSMA-I&T with [177Lu]LuCl3 resulted in radiochemical
yield of > 98%, a specific activity of 1.8 MBq/µg (biodistribution) and 31 MBq/µg
(imaging), and a RCP > 98%.

Biodistribution of 89Zr-PSMA and 177Lu-PSMA ligands
To evaluate whether 89Zr-PSMA PET-based dosimetry was similar to 177Lu-PSMA
dosimetry, the biodistribution and pharmacokinetics of 89Zr- and 177Lu-labeled PSMA
ligands were compared. Four radiotracers were assessed: 89Zr-PSMA-617, 177LuPSMA-617, 89Zr-PSMA-I&T and 177Lu-PSMA-I&T (Figure 1). All tracers showed a high
and specific accumulation in the PSMA+ tumors, which decreased over time (Figure 2).
Minimal tracer uptake was measured in the PSMA- wildtype tumor (< 0.2 %ID/g) and other
organs including the spleen, salivary gland and prostate (Supplementary table 1 and 2).
First, a comparison was made between PSMA-617 labeled with either 177Lu or 89Zr
(Figure 2A). A similar and rapid blood clearance was observed for both tracers (Figure
2A, Supplementary table 1). 177Lu-PSMA-617 and 89Zr-PSMA-617 showed a mean tumor
uptake of 10.2 ± 1.0 vs 11.6 ± 1.4 %ID/g (2 h p.i., P > 0.05), respectively, which decreased
at later timepoints. Kidney accumulation was low for PSMA-617 labeled with either

129

Chapter 6

Lu or 89Zr at all time points (< 5 %ID/g). Despite the low uptake, differences in bone
accumulation were observed; 0.06 ± 0.04 vs 0.24 ± 0.19 %ID/g for 177Lu-PSMA-617 and
89
Zr PSMA-617, respectively (2 h p.i., Supplementary table 1).
177

figure 2 | Tissue uptake of [89Zr]Zr-PSMA and [177Lu]Lu-PSMA ligands. (A) Biodistribution of
0.6 µg [177Lu]Lu-PSMA-617 and [89Zr]Zr-PSMA-617 or (B) 0.6 µg [177Lu]Lu-PSMA-I&T and [89Zr]
Zr-PSMA-I&T in mice bearing subcutaneous PSMA+ and PSMA-. Biodistribution was determined
after dissection at 2h, 1 day, 3 days and 7 days p.i.. Data was corrected for decay.

Second, a comparison was made between 177Lu-labeled and 89Zr-labeled PSMA-I&T
(Figure 2B). A comparable rapid blood clearance was observed for both tracers (< 0.09
%ID/g, 2 h p.i., Supplementary table 2). No significant differences in tumor uptake were
observed between 177Lu- and 89Zr-labeled PSMA-I&T (Figure 2B). For example, tumor
uptake of 177Lu-PSMA-I&T compared to 89Zr-PSMA-I&T was 10.9 ± 1.8 vs 8.8 ± 1.6 %ID/g
(2 h p.i., P > 0.5), respectively. Two hours p.i. kidney accumulation of 177Lu-PSMA-I&T was
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35.6 ± 5.7 %ID/g. This was significantly higher compared to 89Zr-PSMA-I&T, which showed
a kidney accumulation of 15.7 ± 4.2 %ID/g (p < 0.001). Bone accumulation of 177Lu-PSMAI&T (0.08 ± 0.04 %ID/g, 2 h p.i.) was slightly lower compared with 89Zr-PSMA-I&T (0.17 ±
0.15 %ID/g, Supplementary table 2).
We also compared 177Lu-labeled PSMA-617 and PSMA-I&T (Supplementary table 1 and
2). Over time, no differences in tumor uptake were observed between 177Lu-PSMA-617
and 177Lu-PSMA-I&T. Yet, kidney accumulation differed significantly between the tracers.
Two hours p.i., 177Lu-PSMA-I&T showed a more than ten-fold higher kidney accumulation
of 35.6 ± 5.7 %ID/g compared with 2.7 ± 0.8 %ID/g for 177Lu-PSMA-617 (p < 0.001). This
remained higher at all following timepoints.

PET/CT and SPECT/CT imaging
The in vivo biodistribution of 89Zr- and 177Lu-labeled ligands was visualized using PET/CT
or SPECT/CT imaging (Figure 3). Mice were scanned 2 hours, 1 day, 3 days and 7 days post
injection. Conform the biodistribution data after dissection, high PSMA-617 and PSMAI&T tracer accumulation was observed in the PSMA+ xenografts (left flank) with both
imaging modalities. While the PSMA+ tumors were clearly visible, the PSMA- wildtype
tumors (right flank) could not be detected. Visual assessment of the scans showed that
89
Zr-PET scans offered similar or even higher quality imaging of the PSMA+ xenografts
compared to the 177Lu-SPECT scans at all later timepoints (Figure 3).

Dosimetry of 177Lu-PSMA and 89Zr-PSMA ligands
A one phase decay function was fitted to the biodistribution data of 177Lu-PSMA and
89
Zr-PSMA at 2, 24, 72 and 168 hours, to estimate absorbed radiation doses to the tumor
and organs (Figure 4A). The animal-derived dose estimations predicted that the highest
absorbed radiation dose was received by the PSMA+ tumor followed by the kidneys
(Figure 4B). The absorbed radiation dose in the PSMA+ tumors for 177Lu-PSMA-617
was 309 ± 64 mGy/MBq, while the 89Zr-PSMA-617 dosimetry estimation model (DEM)
predicted a 177Lu-PSMA-617 dose of 382 ± 96 mGy/MBq. Tumor absorbed radiation doses
for 177Lu-PSMA-I&T and the 89Zr-PSMA-I&T DEM were 248 ± 69 and 143 ± 57 mGy/MBq,
respectively. In accordance with the ex vivo biodistribution data, the absorbed radiation
doses in the tumor did not significantly differ between 177Lu-PSMA and 89Zr-PSMA for all
four tracers tested.

6

The absorbed radiation doses in the kidney were 37 ± 29 vs 94 ± 65 mGy/MBq for 177LuPSMA-617 and 89Zr-PSMA-617 DEM, respectively (p = 0.07). 177Lu-PSMA-I&T showed
the highest kidney dose of 358 ± 194 mGy/MBq, which significantly differed from the
89
Zr-PSMA-I&T DEM absorbed dose of 133 ± 68 mGy/MBq (p < 0.05). We calculated a
higher absorbed radiation dose of 89Zr-PSMA-617 DEM (14 mGy/MBq) and 89Zr-PSMAI&T DEM (44 mGy/MBq) by the bone as compared to that of the 177Lu-labeled ligands (<
5 mGy/MBq). In the other organs tested, which include spleen, liver and salivary gland,
the absorbed doses per injected activity were below 20 mGy/MBq. In addition, total body
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dose was below 6 mGy/MBq and absorbed radiation doses in the PSMA-negative tumor
were around 5 mGy/MBq. Figure 4B provides all dosimetry results.

figure 3 | 89Zr-PSMA PET/CT imaging and 177Lu-PSMA µSPECT/CT imaging of PSMA+ tumors.
With the sole purpose to visualize the in vivo distribution of the tracers, three mice per tracer
were imaged. (A) PET/CT of 89Zr-labeled PSMA-617 and (B) μSPECT/CT of 177Lu-labeled PSMA617, (C) PET/CT scan of 89Zr-labeled PSMA-I&T and (D) μSPECT/CT scan of 177Lu-labeled PSMAI&T. Mice with s.c. PSMA+ (left flank) and wildtype PSMA- (right flank) tumors were scanned 2 hrs,
1 day, 3 days and 7 days p.i.
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6
figure 4 | Dosimetry of 177Lu-labeled and 89Zr-labeled PSMA-617 or PSMA-I&T, based on ex
vivo biodistribution. (A) Time-activity curves of 177Lu-labeled and 89Zr-labeled PSMA-617 or
PSMA-I&T in the PSMA+ tumor (B) Absorbed radiation doses (in mGy/MBq) of tumor and other
organs were extrapolated from biodistribution data of [177Lu]Lu-PSMA-617, [89Zr]Zr-PSMA-617,
[177Lu]Lu-PSMA-I&T and [89Zr]Zr-PSMA-I&T. The 89Zr decay functioned as a model for 177Lu. Data
was corrected for decay.

Discussion
Improved pre-treatment assessment of PSMA tracer pharmacokinetics is clinically
relevant to further personalize radioligand therapy and improve patient selection (i.e. by
doing pre-treatment dosimetry). Moreover, late time point PSMA PET imaging may aid
in the detection of difficult to detect prostate cancer metastases (i.e. smaller size, lower
PSMA expression, low PSA values or metastases with impaired blood supply).30 Due to
their short half-lives, the currently available PET radiotracers (e.g. [68Ga]Ga-PSMA-11 or
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figure 5 | 89Zr-PSMA-617 PET/CT images of a patient with biochemical recurrence of prostate
cancer.
A 64 year old male presented with a PSA recurrence of 0.22 µg/ml and underwent PET/CT imaging
after injection of 1.1 MBq/kg (total 90.5 MBq) of 89Zr-PSMA-617. Two years prior to the present
investigational scan, he received a radical prostatectomy due to high grade (ISUP grade 4)
prostate cancer. (A) Maximum-intensity projection (MIP) after 1h, 3h, 24h and 48h post injection
of 89Zr-PSMA-617 (B) After 48h post injection, a small focal lesion in the prostate bed (green
arrow) was identified, which suggested a local recurrence. No other suspicious uptake was noted.
The lesion could not be confirmed by histopathology due to its limited size, but was confirmed
by PSA response to subsequent target external beam radiotherapy. Physiological uptake was
observed in kidney, bladder, liver, spleen, intestine and in the salivary glands.
CT = computed tomography; ISUP = international society of urological pathology; PET = positron
emission tomography; PSA = prostate-specific antigen
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[18F]PSMA-1007) are not suitable for this purpose as they only resemble the uptake at a
very early time point but not the retention time of the ligand-receptor complex within
the tumor cell.31 The latter is crucial to reliably calculate the local radiation dose within
the target lesion. To overcome this limitation, we have developed a radiolabeling method
of PSMA-617 and PSMA-I&T with the long-lived positron emitter 89Zr, which enables
reliable dose calculations using PET imaging. We showed that the distribution of 89Zrlabeled PSMA-617 and PSMA-I&T could be monitored with PET imaging and determined
the potential of 89Zr-labeled PSMA ligands to predict the tumor and normal tissue dose of
their 177Lu-labeled counterpart using the biodistribution data. Following these preclinical
results and presented feasibility in a human patient (Figure 5), this new compound can be
readily translated into a larger clinical phase I/II study.
[89Zr]ZrCl4 production and the high-stability labeling of 89Zr in DOTA were previously
described by Pandya et al.22, 25 In the current study, we further optimized this strategy
for 89Zr-labeling of DOTA-conjugated PSMA-617 and DOTAGA-conjugated PSMA-I&T,
being the optimal matching pair for PSMA-targeted diagnostics, dosimetry, and therapy.
Recently, two other studies reported 89Zr-labeled PSMA ligands for later time point
PET in prostate cancer patients.30, 32 However, these studies used a PSMA ligand with a
DFO chelator, while for 177Lu-PSMA-617 and 177Lu-PSMA-I&T a DOTA(GA) chelator is
used. Alterations in the structure of the PSMA ligand, such as exchanging the chelator,
can lead to changes in affinity, pharmacokinetics and tumor uptake of these small
ligands.33, 34 Therefore, 89Zr-DFO-PSMA scans may not accurately reflect the biodistribution of 177Lu-DOTA-PSMA-617 and 177Lu-DOTAGA-PSMA-I&T. Furthermore,
these studies did not determine how well 89Zr-labeled PSMA ligands could predict 177LuPSMA dosimetry for RLT. Using the two-step strategy as described in the present study,
therapeutic ligands (e.g. PSMA-617 and PSMA-I&T) can be directly labeled with 89ZrCl4
with a labeling efficiency of > 95% and a specific activity of 5.0 MBq/µg and <3% colloid.
In line with our results, Imura et al. recently issued a preprint of a method to label PSMA617 with 89ZrCl4 by using a solvent mixture of HEPES buffer and DMSO. They presented
PET images at 24 hours post injection of 89Zr-PSMA-617 of PSMA+ tumor in a LNCaP
xenograft model.35

6

The detailed biodistribution data of the present study showed that all radiolabeled PSMA
ligands rapidly accumulated in the PSMA+ xenografts resulting in similar tumor uptake
for 177Lu-PSMA-617 vs 89Zr-PSMA-617 and 177Lu-PSMA-I&T vs 89Zr-PSMA-I&T. Thus, in line
with other studies investigating 89Zr-labeled antibodies, this indicates that 89Zr-PSMA
PET is suitable for pre-therapeutic selection of tumors that will receive a high absorbed
radiation dose from 177Lu-labeled PSMA.36-38 Moreover, the first patient that received 89ZrPSMA-617 PET imaging revealed a small focal lesion suggesting local recurrence on the 24
and 48 hour post injection PET scan. Hence, (very) small lesions with less receptor density
may need more time to internalize sufficient amounts of tracer. Therefore, 89Zr-PSMA PET
on later time-points may expose lesions that would otherwise remain unnoticed. This was
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also described by a recent report using 89Zr-DFO-PSMA.30 Yet these observations need
further evaluation in follow-up studies with histopathology as golden standard.
Ligand uptake and radiation dose of 89Zr and 177Lu-labeled PSMA was also evaluated in
healthy organs. Kidney uptake of the 177Lu-PSMA-I&T ligand was significantly higher
compared with 89Zr-PSMA-I&T. This means that the kidney dose using pre-therapeutic
89
Zr-PSMA-I&T might underestimate the kidney absorbed dose for 177Lu-PSMA-I&T. Based
on these preclinical data, 89Zr-PSMA-617 followed by 177Lu-PSMA-617 therapy would be
preferred over PSMA-I&T. However, a patient study will need to elucidate whether this
difference in kidney uptake is reproducible in humans or even relevant because of the
high thresholds dose (40 Gy biologically effective dose) and nephrotoxicity seldomly
being observed.39
We observed a higher uptake of 89Zr-PSMA-617 and 89Zr-PSMA-I&T in the bone as
compared to that of the 177Lu-labeled ligands. Bone uptake has been described for
several 89Zr-labeled compounds in mice, including the radiolabeled PSMA antibody
89
Zr-DFO-J591.37, 40 In these studies, the elevated bone uptake is most likely caused by
instability of 89Zr in DFO, resulting in the release of 89Zr from the chelator and subsequent
redistribution of weakly bound 89Zr to bone and cartilage (epiphysis) due to a strong
affinity for phosphate.41 However, the 89Zr-DOTA/DOTAGA complexation used in the
present study has a superior stability.21, 22 Still, we calculated higher doses in the bone
based on 89Zr biodistribution data as compared with 177Lu biodistribution data. Bone
uptake could be avoided by using a different radionuclide with less affiliation to bone,
such a 64Cu, 44Sc or 124I. Yet, with their half-lives of 12.7 and 4.4 hours, respectively,
64
Cu and 44Sc are ill-suited to determine tumor retention over the course of several
days. However, successful labeling of 64Cu-PSMA-617 and 64Cu-PSMA-I&T has been
described with good in vivo stability of the labeled ligand. 64Cu-PSMA showed high
tumor uptake, but also had a predilection to the liver.42, 43 In addition, it does not allow
for later time points imaging (e.g. 5-7 days) which is crucial for reliable dosimetry as we
did show earlier.18, 31 A study is awaited that compares the biodistribution and dosimetry
estimates of 64Cu-PSMA for 177Lu-PSMA-RLT. While 124I has a good T1/2 of 100.2 hours it
has non-residualizing properties whereas 177Lu and 89Zr remain trapped in the cell upon
internalization.44 Therefore, 89Zr labeling is preferred over 124I. Also, in contrast to the
mouse models in which high bone uptake is observed, none of the above-mentioned
clinical studies regarding 89Zr-labeled antibodies reported elevated bone uptake nor did
the previous reports on 89Zr-DFO-PSMA.30, 32 We also did not observe high bone uptake in
the first clinical patient that received 89Zr-PSMA PET imaging. Thus, a clinical study in a
larger cohort will need to elucidate if this impairs the imaging and dosimetry outcome of
89
Zr-PSMA in prostate cancer (e.g. in bone metastases or bone marrow).
In addition to the comparison between 89Zr and 177Lu, we observed differences in the
biodistribution of 177Lu-labeled PSMA-617 and PSMA-I&T. Although each group received
a similar peptide and activity, we found a higher absorbed radiation dose of 177Lu-PSMA-
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I&T to the kidneys and spleen compared to 177Lu-PSMA-617. Recently, a preclinical
comparative study of PSMA-I&T and PSMA-617 also found relatively high uptake of
PSMA-I&T in the kidneys compared to the tumor, particularly in the first 8 hours, similar
to our study.45 In contrast to the preclinical findings, several clinical dosimetry studies
found a comparable mean absorbed radiation dose for 177Lu-PSMA-617 and 177Lu-PSMAI&T in the kidneys.14, 46-49
Market authorization of 177Lu-PSMA-617 is pending in the 3rd or 4th line castration
resistant disease with the VISION trial meeting its primary endpoints (NCT03511664).11
Furthermore, PSMA radioligand therapy is being evaluated in early stage PCa patients,
such as in patients with smaller lesions or (oligo)metastatic disease (NCT04343885,
NCT04297410, NCT04430192, NCT04443062).10, 12 Especially the application in early
stage PCa patients warrants accurate pre-therapeutic PET dosimetry to improve patient
selection, as these patients have a long life-expectancy with several alternative treatment
strategies available. Moreover, the increasing use of alpha emitters (e.g. 225Ac-PSMA) with
their complex decay schemes, low abundance of gamma’s and higher toxicity levels may
also benefit from a more reliable pre-therapeutic selection model (i.e. dosimetry) than a
one timepoint PET scan.50, 51 While 89Zr-PSMA PET imaging will result in some additional
radiation exposure, the extra radiation dose is of negligible amount compared to the
therapy itself. Hence, the present study with 89Zr-labeling of the two most used PSMAligands for prediction of 177Lu radioligand therapy showed promising results and can be
readily translated to clinical application as was shown in the first in human case (Figure 5).
We hypothesize that there are several clinical indications such as pre-PSMA radioligand
therapy dosimetry and detection of difficult to detect metastases, that may benefit from
89
Zr-PSMA imaging. This will be evaluated in following studies.

6

Conclusions
In this translational study, we present a successful labeling strategy of DOTA-PSMA-617
and DOTAGA-PSMA-I&T with 89Zr, the biodistribution of these novel tracers in a PSMA+
xenografts model and its first clinical application in a human patient. The tumor uptake
and blood clearance of 89Zr-PSMA-I&T and 89Zr-PSMA-617 resembled that of 177Lu-PSMAI&T and 177Lu-PSMA-617, respectively. The first 89Zr-PSMA PET images in a patient showed
high contrast of PSMA expressing tissues, also at the later timepoints. A patient study is
planned to investigate its clinical potential.
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[177Lu]LuPSMA-I&T

0.003±0.003

0.003±0.002

0.03±0.06

0.76±0.24

0.004±0.003

0.01±0.002

0.003±0.001

0.03±0.008

0.03±0.003

0.004±0.002

0.97±0.29

0.02±0.02

0.002±0.002

0.001±0.001

3 days

[177Lu]LuPSMA-I&T

0.09±0.02
0.07±0.05
0.17±0.04
8.84±1.58
0.06±0.01
0.27±0.05
0.94±0.34
0.12±0.02
0.07±0.01
0.14±0.03
15.67±4.18
1.68±0.37
0.09±0.01
0.48±0.53

0.001±0.001
0.003±0.002
0.31±0.17
0.002±0.001
0.02±0.001
0.02±0.006
0.001±0.001
0.01±0.005
0.002±0.001
0.22±0.06
0.04±0.04
0.004±0.004
0.005±0.008

2 hrs

7 days
0.001±0.001

[89Zr]ZrPSMA-I&T

[177Lu]LuPSMA-I&T

0.04±0.02

0.02±0.002

0.23±0.09

0.72±0.38

0.02±0.006

0.03±0.005

0.01±0.001

0.05±0.008

0.04±0.01

0.01±0.002

3.01±0.67

0.06±0.03

0.01±0.001

0.01±0.002

1 day

[89Zr]ZrPSMA-I&T

supplementary table 2| Biodistribution of 177Lu-labeled and 89Zr-labeled PSMA-I&T (%ID/g Mean ± SD)

0.03±0.01

0.01±0.005

0.16±0.09

0.24±0.06

0.01±0.003

0.03±0.003

0.01±0.002

0.04±0.009

0.03±0.007

0.01±0.001

0.37±0.13

0.02±0.01

0.01±0.002

0.002±0.001

3 days

[89Zr]ZrPSMA-I&T

0.02±0.01

0.01±0.005

0.06±0.02

0.07±0.007

0.01±0.004

0.02±0.003

0.006±0.002

0.02±0.005

0.01±0.003

0.008±0.001

0.11±0.06

0.01±0.009

0.005±0.001

0.001±0.001

7 days

[89Zr]ZrPSMA-I&T
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0.24±0.09

0.08±0.04

Bone marrow

Bone

5.2±2.4

0.31±0.07

Tumor to
spleen

Tumor to
kidney

Data was corrected for decay

49±8.5

Tumor to salivary gland

Ratio’s

0.22±0.02

0.59±0.16

10.4±4.0

78.5±12.4

0.02±0.01

0.14±0.08

0.03±0.006

1 day

2 hrs

Salivary
glands

Biodistribution

[177Lu]LuPSMA-I&T

[177Lu]LuPSMA-I&T

1.14±0.21

47.7±10.6

133.8±26.3

0.006±0.004

0.06±0.07

0.01±0.003

3 days

[177Lu]Lu-PSMA-I&T

3.06±1.14

38.7±11.6

103±28.5

0.004±0.005

0.01±0.03

0.006±0.003

7 days

[177Lu]Lu-PSMA-I&T

1.30±0.32

32.8±13.9

87.7±16.6

0.17±0.15

0.35±0.19

0.12±0.03

2 hrs

[89Zr]Zr-PSMA-I&T

1.55±0.60

10.2±2.8

24.2±9.9

0.14±0.02

0.34±0.18

0.02±0.003

1 day

[89Zr]Zr-PSMA-I&T

1.44±0.78

23.9±12.1

45.8±25.1

0.14±0.04

0.65±0.67

0.02±0.004

3 days

[89Zr]Zr-PSMA-I&T

1.58±0.91

7.5±5.3

13±89.5

0.13±0.02

0.10±0.03

0.009±0.003

7 days

[89Zr]Zr-PSMA-I&T
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Abstract
Purpose
Prostate-specific membrane antigen radioligand therapy (PSMA-RLT) is a novel treatment
for castration-resistant prostate cancer (mCRPC). While the majority of patients
responds to PSMA-RLT, with 10-15% having an exceptional response, approximately 30%
of patients is unresponsive to PSMA-RLT. The molecular underpinning may in part explain
these varying responses. This study investigated alterations in DNA damage repair (DDR)
genes in tumour biopsies and their association with response to PSMA-RLT.

Methods
A predefined retrospective cohort study was performed in mCRPC patients of whom the
tumours had undergone next-generation sequencing of 40 DDR genes and received Lu177-PSMA and/or Ac-225-PSMA-RLT. The primary outcome of this study was to compare
the progression free survival (PFS) after PSMA-RLT for patients with and without
pathogenic DDR aberrations in their tumour. Secondary outcomes were prostate-specific
antigen (PSA) response and overall survival (OS).

Results
A total of 40 patients were included of which seventeen had a tumour with a pathogenic
DDR aberration (DDR+), of which eight had defects in BRCA1/2. DDR+ patients had
an equal varying response to PSMA-RLT compared to those without pathological DDR
anomalies (DDR-) in terms of PFS (5.9 vs. 6.4 months, respectively; HR 1.14; 95% CI 0.582.25; p= 0.71), ≥50% PSA response (59% vs. 65%, respectively; p=0.75) or OS (11.1 vs.
10.7 months, respectively; HR 1.40; 95% CI: 0.68-2.91; p= 0.36).

Conclusion
In this study of a selected cohort, pathogenic DDR aberrations were not associated with
exceptional responsiveness to PSMA-RLT. Translational studies in larger prospective
cohorts are warranted to associate DDR gene defects with differential responses to
PSMA-RLT.

Key words
DNA repair, Lutetium-177/Actinium-225, next-generation sequencing, prostate cancer,
PSMA radioligand therapy.
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Introduction
Prostate cancer (PCa) is the second leading cause of cancer deaths in men.1 Particular
for patients with metastatic castration-resistant prostate cancer (mCRPC) the prognosis
is poor.2 Recently, prostate-specific membrane antigen (PSMA) has attracted broad
attention as a novel target in PCa. PSMA is highly overexpressed by >90% of PCa
cells.3-6 By coupling radionuclides such as Lutetium-177 (Lu-177, β-emitter, 0.5 meV) or
Actinium-225 (Ac-225, α-emitter, 5-7 MeV) to PSMA targeting molecules, a cytotoxic
load can be specifically delivered to the tumour, so called PSMA radioligand-therapy
(PSMA-RLT). PSMA-RLT is capable of inducing severe damage to the tumour genome,
frequently resulting in DNA single- or double-strand breaks (SSB and DSB, respectively).
According to the published data so far, response rates vary greatly with a near complete
response in 10-15% of patients, while approximately 25-50% of patients do not respond
to PSMA-RLT.7-11 Even α-emitters, having a much higher linear energy transmission
that often result in a better treatment effect, show a heterogeneous response between
patients.12-14 The reason for this heterogenicity is still largely unclear. A defective tumour
DNA-damage repair (DDR) has been associated with a sensitivity to genotoxic agents,
such as radiotherapy and Radium-223.15-17
The DDR machinery functions by detecting and repairing DNA-damage and thus
protecting its genomic architecture.18 DSBs can result from two-ended chromosome
breakage, DNA-replication in the presence of SSBs, and through dysfunctional replication
fork processing. They are repaired through two major pathways mediated preferably by
error-free repair through homologous recombination (HR), or through error-prone nonhomologous end-joining.15 If the DSB-repair apparatus malfunctions due to mutations in
key HR genes (e.g. BRCA1, BRCA2, PALB2, RAD51B), this creates an instable genome with
increased rate of somatic single nucleotide variants, small indels, tandem duplications
and large-scale deletions. Such genetic anomalies are commonly detected throughout
numerous cancers.15 Also, up to 30% of advanced PCa patients harbour pathologic
aberrations in key DDR genes, involved in base excision, SSB- and DSB repair, and some
of these appear to perform as predictive sensitizers to DNA alkylating agents and
genotoxic stressors.19-21 Radium-223, a radionuclide therapy indirectly targeting PCa
cells, has shown improved outcomes in patients with DDR-defective PCa compared
to proficient patients (median overall survival (OS) of 36.9 vs. 19.0 months following
Radium-223 in DDR deficient and proficient patients, respectively).17,22 Yet, for external
radiation therapy, conflicting studies have been published with regard to susceptibility
to radiotherapy in BRCA1/2 mutated breast cancer patients.16,23 But this could be related
to the worse disease outcome BRCA1/2 mutated tumours generally have, independent
of other prognostic variables, which has also been reported for prostate cancer patients
undergoing curative external beam radiotherapy.24 Thus, conflicting study results may
exist on the relation between DDR alterations and survival, due to poor prognostic
characteristics of (germline) mutations, but predictive aspects with regard to platinumchemotherapy and PARP inhibitors. Considering that, we hypothesised that pathogenic
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DDR-defects would be associated with a more beneficial response and outcome after
PSMA-RLT in mCRPC patients. Therefore, the present study evaluated the therapeutic
response of patients who received PSMA-RLT and had next-generation sequencing (NGS)
results from metastatic tissue biopsies taken in the castration-resistant state.

Materials and Methods
Study design and patient selection
Between February 2016 and April 2021 mCRPC patients from the Radboudumc who
received PSMA-RLT were evaluated in an observational cohort study.25 To be included
for this predefined study, patients underwent whole-genome or comprehensive targeted
NGS of a new tissue biopsy acquired in the mCRPC setting, and either received PSMA-I&T
or PSMA-617 labelled with Lu-177 or Ac-225. To evaluate tumour PSMA uptake, a PSMA
positron-emission tomography (PET) was acquired prior to PSMA-RLT. Furthermore, to
have a legitimate treatment evaluation, a minimum of 6 weeks of follow up was required.
All consecutive RLT cycles were included if no new cancer therapeutic agent was initiated.
No exclusion was made on the time between the biopsy, PSMA-PET and PSMA-RLT.
This study was approved by the Medical Review Ethics Committee Arnhem-Nijmegen,
The Netherlands, and all study subjects provided written informed consent. Demographic
data, histopathology, diagnostic parameters, (prior-)treatments, follow up and NGS
results were collected and recorded in a Castor electronic case report form (https://www.
castoredc.com/). Data was stratified based on the presence of pathogenic somatic or
germline aberrations in DDR genes (DDR+) and a mutation-negative group (DDR-).

Genetic testing
All biopsied tumour material was evaluated by pathologists from Radboudumc, Nijmegen.
Samples were then sequenced by non-profit institutes (Center for Personalized Cancer
Treatment), service providers (Foundation Medicine) or by a custom in-house NGS
platform.26,27 Afterwards, clinical molecular biologists from the Radboudumc molecular
tumour board reviewed and scored the pathogenicity of the found mutations. Mutations
that were unlikely pathogenic or unclear were considered DDR proficient (DDR-). The
DDR+ panel consisted of: ATM, BAP1, BARD1, BRCA1, BRCA2, BRIP1, CDK12, CHD1,
CHEK1, CHEK2, ERCC2, ERCC4, FANCA, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI,
FANCL, MRE11A, MUTYH, NBN, NUDT1, PALB2, PARP1, PARP2, PARP3, PPP2R2A, RAD51,
RAD51B, RAD51C, RAD51D, RAD52, RAD54L, RPA1, TP53BP1, XRCC2, and XRCC3. A
DDR+ sub-analysis was performed on the HR genes BRCA1 & BRCA2.

PSMA-PET and radioligand therapy
Ga-68-PSMA, F-18-PSMA, Lu-177-PSMA and Ac-225-PSMA were manufactured locally.
The production processes of all radioligands have been described earlier.28-31 PSMARLT was offered as a salvage therapy in accordance with paragraph 37, “Unproven
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Interventions in Clinical Practice,” of the updated Declaration of Helsinki and in
accordance with the local regulations. Patients were treated in academic hospitals
in either the Netherlands (Radboudumc Nijmegen and University Medical Center
Utrecht) or Germany (Saarland University Hospital and Heidelberg University Hospital).
All patients were monitored at the outpatient clinic prior and after each therapeutic
application and received regular blood draws including haematology, chemistry and
PSA. Treatment eligibility and discontinuation was decided by weekly tumour board
discussion, attended by an oncologist, urologist and nuclear medicine physician.

Study outcomes
The primary outcome of this study was to compare the clinical and biochemical (PSA)
progression free survival (PFS) after PSMA-RLT for patients with and without DDR
mutations. Clinical progression was defined as the first moment a treating physician
recorded disease progression in the electronic patient record (e.g. as a result of increasing
pain), progressive disease on imaging, first date of a new treatment or death during
follow up. According to Prostate Cancer Working Group 3 criteria, PSA progression was
defined as the first date a 25% PSA increase occurred from nadir with confirmed rising
trend.32 If no decrease of PSA was observed, the first date of 25% increase from baseline
was recorded. Secondary outcomes were best PSA response from baseline and OS since
initiation of PSMA-RLT.

Statistical analysis
Descriptive statistical methods were used to characterize the patient cohort. Stratified
data was compared using the chi-square or Fisher exact test for categorical variables
and the Mann-Whitney U and Kruskal-Wallis test for continuous variables. The time to
event data was analysed by the Kaplan-Meier function. Univariate Cox proportional
hazards models were used to compare the survival distributions between subgroups, by
calculating hazard ratios and 95% confidence intervals. A p-value of <0.05 was considered
statistically significant. Statistical analyses were performed with SPSS software (v25),
Graphpad Prism (v5.03) and R-Studio (v1.1.456).

7

Results
Patient cohort
Forty-one patients were considered for study inclusion as they received PSMA-RLT
and had results from NGS with comprehensive evaluation of predefined DDR genes
(see materials and methods). Of these patients, one patient was excluded due the lack
of adequate follow-up. Of the 40 evaluable patients in this study, 17 had a tumour with
a detected DDR defect (17/40) of which eight had a pathogenic inactivating BRCA1/2
alteration (8/17). Twenty-three patients were proficient in DNA repair. The supplemental
data provides a table with all observed alterations in the predefined genes with their
pathogenicity and zygosity, which also includes the biopsy location. Thirty patients
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table 1 | Baseline demographics and response to PSMA-RLT
DDR mutation
(n=17)

No DDR mutation (n=23)

Age at diagnosis, years, median (IQR)

61 (55-68)

59 (55-64)

Months between diagnosis and RLT, median (IQR)

78 (40-108)

68 (42-127)

Months between LHRH and RLT, median
(IQR)

58 (39-83)

67 (39-92)

Months between CRPC and RLT, median
(IQR)

39 (28-54)

25 (19-44)

p-value

Previous treatments for mCRPC:
Androgen-deprivation therapy, n (%)

17 (100)

23 (100)

Chemotherapy docetaxel, n (%)

16 (94)

20 (87)

Chemotherapy cabazitaxel, n (%)

8 (47)

12 (52)

Abiraterone, n (%)

11 (65)

13 (57)

Enzalutamide, n (%)

13 (87)

16 (70)

Radium-223, n (%)

9 (53)

5 (23)

0.09
<0.01

PARPi (olaparib, talazoparib), n (%)

6 (35)

0 (0)

Immunotherapy (pembrolizumab,
nivolumab)

2 (12)

3 (13)

5 (30)

8 (35)

PSMA PET before PSMA RLT in days,
median (IQR)

35 (14-61)

35 (21-67)

< 10 metastases on PSMA-PET, n (%)

0 (0)

3 (13)

Visceral metastases, n (%)
PSMA-PET imaging:

10-25 metastases on PSMA-PET, n (%)

9 (53)

8 (35)

>25 metastases on PSMA-PET, n (%)

8 (47)

12 (52)

Bone only on PSMA-PET, n (%)

2 (12)

7 (30)

Lymph node only on PSMA-PET, n (%)

1 (6)

1 (4)

Bone and lymph node on PSMA-PET,
n (%)

12 (71)

9 (39)

Bone, lymph node and visceral
metastases on PSMA-PET, n (%)

2 (12)

6 (26)

Highest SUVmax on PSMA-PET,
median (IQR)

72 (56-78)

61 (53-97)

Biopsy taken prior to RLT

15 (88)

15 (65)

Biopsy before PSMA RLT in days,
median (IQR)

119 (42-267)

77 (19-285)

Biopsies for next-generation sequencing:
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DDR mutation
(n=17)

No DDR mutation (n=23)

Lu-177-PSMA, n (%)

11 (65)

11 (48)

Ac-225-PSMA, n (%)

2 (12)

5 (22)

Combination PSMA-RLT (Lu-177
+ Ac-225), n (%)

4(24)

7 (30)

Amount of cycles (IQR)

3 (2-4)

3 (2-4)

Administered activity Lu-177, GBq,
median (IQR)

22.3 (14-24.4)

15.0 (12-21.8)

Administered activity Ac-225, MBq,
median (IQR)

13 (2.2-19.1)

16 (8-25.5)

p-value

PSMA radioligand therapy:

Response to PSMA-RLT:
Patients with PSA response, n (%)

14 (82)

18 (78)

1

≥50% drop in PSA, n (%)

10 (59)

15 (65)

0.75

≥90% drop in PSA, n (%)

4 (24%

6 (26)

1

Clinical progression, n (%)

15 (88)

21 (91)

1

PFS in months, median (IQR)

6.4 (3.9-11.9)

6.4 (3.5-11.0)

0.87

PSA progression, n (%)

16 (94)

22 (96)

1

PSA PFS in months, median (IQR)

4.4 (3.3-8.0)

5.1 (2.2-10.1)

0.89

Death during follow up, n (%)

14 (82)

16 (70)

0.47

Months between RLT and death,
median (IQR)

11.3 (6.4-16.0)

8.0 (4.9-13.2)

0.28

DDR = DNA-damage repair; GBq = GigaBecquerel; IQR = interquartile range; MBq =
MegaBecquerel; mCRPC = metastatic castration-resistant prostate cancer; PARPi = poly ADP
ribose polymerase inhibitor; PET = positron emission tomography; PFS = progression free survival;
PSA = prostate-specific antigen; PSMA = prostate-specific membrane antigen; RLT = radioligand
therapy; SUVmax = maximum standardised uptake value

7

had their fresh tissue biopsy taken prior to PSMA-RLT and ten afterwards. In these ten
patients, the biopsy was taken after initiation of PSMA-RLT at a median of 255 (IQR 286143) days following their first cycle. In eight patients, this was done following disease
progression to assess trial eligibility for the precision oncology trial Drug Rediscovery
Protocol (DRUP)33 and poly ADP ribose polymerase inhibitor (PARPi) trials. Of these
eight patients, two patients were DDR+ with one patient homozygous PPP2R2A loss
and another with a mutation in CDK12 & CHEK2. Two patients received an on-treatment
biopsy while still responding to PSMA-RLT. Both were proficient in DDR.
Thirty-two patients underwent baseline Ga-68-PSMA and eight patients F-18-PSMA PET
imaging. Good tumour PSMA uptake was observed in all patients, which was higher than the
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liver or spleen, respectively. Median maximum standardised uptake value (SUVmax) was 71.9
and 61.2 for DDR deficient (DDR+) and DDR proficient (DDR-), respectively. Subsequently,
all patients received either Lu-177-PSMA or Ac-225-PSMA (or a combination of both) in
a median of 32 (IQR 17-60) days after PET imaging. The choice of radionuclide was based
on the availability and patient and/or physician preference, and not on tumour biological
characteristics or radiographic pattern. All patients received their first cycle of PSMA-RLT
between February 2016 and February 2021. Baseline demographics, the administered
radionuclide activity dose and different radionuclides were comparable between the
DDR+ and DDR- groups (Table 1). Figure 1 and 2 presents the individual treatment history
including presence or absence of a pathogenic genomic DDR aberration.

Outcomes
Following PSMA-RLT, 63% of patients had a PSA decline of at least 50% from baseline,
with ten patients (25%) having PSA reduction ≥90% (Figure 3). At time of data analyses,
36 (90%) and 38 patients (95%) demonstrated clinical and PSA progression after a median
of 6.2 (IQR 3.6-11.8) and 5.1 (IQR 2.7-9.4) months, respectively. Clinical progression was
due to pain increment in fifteen patients (42%), thirteen patients (36%) started with a
new therapy (e.g. chemotherapy or a PARPi), six (17%) because of disease progression
on imaging, and two patients (6%) died during treatment follow up. Patients with DDR
deficient tumours did not show a longer clinical and biochemical PFS compared to DDR
proficient patients (HR 1.14; 95% CI 0.58-2.25; p= 0.71 and HR 1.31; 95% CI 0.67-2.57;
p= 0.42, respectively). When evaluating patients with a BRCA1/2-deficiency, also no
difference in the duration of response was found compared to the proficient patients.
Supplementary tables 1 and 2 present baseline demographics and therapeutic response
of patients with a BRCA1/2-alteration tumour. DDR+ patients more often received PARPi
and Radium-223 prior to PSMA-RLT. These prior treatments did not appear to influence
the clinical PFS in a univariate analysis (HR 1.88; 95% CI: 0.71-5.0; p=0.20 and HR 1.16;
95% CI: 0.58-2.35; p=0.67, respectively). Nor was there an effect on a univariate analysis
in clinical PFS for the different radionuclides: Lu-177-PSMA (HR 1.0; 95% CI: -; p=0.37),
Ac-225-PSMA (HR 0.88; 95% CI: 0.37-2.09; p=0.77) or a combination of both (HR 0.53;
95% CI: 0.22-1.29; p=0.16).
The only predictor for a longer clinical PFS was a PSA response ≥50% (HR 0.24; 95% CI:
0.11-0.51; p<0.01). No association with DDR gene defects and PSA response was identified
(Figure 3). In addition, 60% and 44% of patients with DDR+ and DDR- respectively, had an
increased alkaline phosphatase level (>115 U/l) at baseline. Respectively, 63% and 80% of
patients showed a decline in this tumour marker (p= 0.61).
Patients were often heavily pre-treated and PSMA-RLT was regarded as their last resort.
Median follow-up for patients after RLT therapy was 10.9 months (IQR 6.5-22.4 months).
During this time, 30 patients died. No OS benefit was seen in DDR+ patients compared to
DDR- patients (median OS 11.1 vs. 10.7 months, respectively; HR 1.40; 95% CI: 0.68-2.91;
p=0.36) (Figure 4).
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225Ac = total administered activity of Ac-225-PSMA; 177Lu = total administered activity of Lu-177-PSMA; ADT = androgen deprivation therapy; CR = continuing
response; DDR = DNA-damage repair; PD = progressive disease; PSMA = prostate specific membrane antigen; RLT = radioligand therapy.

figure 1 | (A) This swimmerplot presents the study cohorts previous treatment history and includes presence of DNA-damage repair mutations. All systemic prostate
cancer treatments are coloured distinctly. The black dot represents timing of tumour biopsy for next-generation sequencing. (B) Presents the time on PSMA-RLT in
detail, including the amount of cycles (inside the PSMA-RLT box) and total administered activity of Ac-225-PSMA and Lu-177-PSMA.
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figure 2 | This oncoplot shows the pathogenic alterations in the predefined DNA damage
repair (DDR) genes. The color of the boxes represents the mutation effect. Split boxes indicate
two mutations with a different effect in the same gene of one patient. Germline mutations are
accentuated and the zygosity is indicated by the bar beneath the plot. The zygosity of the ATM
mutation of subject 34 is unknown, the BRCA2 deletion is homozygous. For patient 38, the
zygosity of the CHEK2 mutation is unknown, the mutation in CDK12 is heterozygous.

PSMA-RLT is a promising and novel treatment with potential applicability in all stages of
prostate cancer but with present focus on patients with advanced mCRPC. Recently, the
registration trial of Lu-177-PSMA-617 (NCT03511664) in heavily pre-treated patients,
reported positive study outcomes with an OS of 15.3 months in the Lu-177-PSMA-617
arm vs. 11.3 months in the standard of care arm (p < 0.001).34 While the outcomes of this
study were highly anticipated, substantial data on PSMA-RLT was already published over
the past few years.7,10,11 At this moment, it is still poorly understood why some patients
have a near complete response while others are refractory to this new treatment. Several
factors have been considered (including pre-therapy PSMA expression, PSMA-PET avidity
and heterogeneity, FDG-PET avidity, site of metastases, high vs. low volume disease and
ECOG performance status) but the question remains largely unanswered.8-11,13,35-38 The
tumour genome contains fundamental information that may be used to assess prognosis,
through profiling of recurrent altered genes in prostate cancer. In prostate cancer most
DDR genes, such as those involved in HR, have tumour suppressive functions and lead to
more aggressive cancers. Select alterations leading to HR deficiency may also sensitize
to different therapies, such as PARPi, or genotoxic stressors such as alkylating agents
and radioligand therapy. This is due to inability to efficiently and error-free repair DNA
damages,15,18,39 whereas overactive (or proficient) DDR repair is associated with cancers
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figure 3 | Waterfall plot of the best prostate-specific antigen response. Those with and without
DNA-damage repair aberrations are coloured separately. There is a heterogenous response
between the two cohorts. The tumour of patient 34 had a BRCA2 and a ATM mutation, the tumour
of patient 38 harboured a CHEK2 and a CDK12 mutation.
A = Ac-225-PSMA; C = combination of Ac-225-PSMA and Lu-177-PSMA; L = Lu-177-PSMA

refractory to radiotherapy or alkylating agents (e.g. glioblastoma).15,39,40 DDR defects,
particular those resulting in HR deficiency, could be exploited by generation of excess
SSBs and DSBs through radioligand therapy. Ionizing radiation creates approximately
1,000 SSBs and 40 DSBs per cell per gray.41,42

7

Almost one in three mCRPC patients harbours DDR aberrations.19 In our cohort, 43% of
mCRPC patients had a tumour with a DDR defect of which 8 patients had an alteration
in the BRCA genes. We could not confirm our hypothesis in this small cohort study, as
a beneficial response in our 17 patients harbouring tumours with pathogenic DDR
deficiencies was not observed; i.e. a comparable PFS and >50% PSA response was seen
following PSMA-RLT in patients with tumours proficient or deficient in DDR or HR. This is
in contrast with a single patient case report with biallelic inactivation of BRCA2 (germline
carrier), with exceptional response to PSMA-RLT.43 Whereas a recent study in nonresponding patients to Ac-225-PSMA-617, observed a high incidence of DDR mutations
in biopsies of patients refractory to PSMA-RLT.44 Yet no clear conclusion could be drawn
from these studies as no comparative data is presented while the present study offers
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figure 4 | Kaplan-Meier curves with the percentage free from clinical progression (A) and
overall survival (B) of the study cohort stratified for DNA-damage repair mutations. (C)
presents the clinical progression free survival of all patients with and without a >50% decline
in PSA after treatment. In figure (D), the clinical progression free survival is plotted of patients
with a PSA decline >50% (n=25), but now stratified for DNA-damage repair. The supplements
provides Kaplan-Meier curves for PSA progression and overall survival, now left out because of its
similarity to (A), (C) and (D), respectively.

both responding and non-responding patients, DDR proficient and deficient. The present
study provides the largest cohort to date and suggest no strong relationship between
pathogenic DDR mutations and PSMA-RLT responsiveness, we still await prospective
data to draw more definitive conclusions as this cohort is still of limited size and heavily
pre-treated.
In our study, seven patients were treated with PARPi or platinum agents prior to PSMA-RLT;
acquired resistance could have possibly resulted in activation of non-HR mediated DNA
DSB repair, or through previously published BRCA2 reversion mutations with subsequent
restoration of HR function.45 We cannot exclude that prior sequencing of PARPi and
platinum chemotherapy, and cross-resistance mechanisms could have distorted outcome
of this study with regard to our hypothesis. Nevertheless, our study may reflect the
treatment landscape in the next few years. Approval was recently provided for olaparib in
mCRPC patients harbouring defects in 14 key DDR genes by the FDA for the US market,
and for BRCA1/2 by the EMA in Europe, onwards of second line therapy in CRPC setting.
It is therefore expected for olaparib to be sequenced prior to PSMA-RLT, with registration
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of Lu-177-PSMA aimed for patients in fourth and latter lines. More evidence on crossresistance will have to be acquired from real-world population registries coupling clinical
data with tumour and germline molecular data (NCT03151629).
While both β- and α-emitters are used in PSMA-RLT, they have different radio-biologic
effects.46 This can explain why better response rates are observed after Ac-225-PSMA
compared with Lu-177-PSMA and why patients resistant to Lu-177-PSMA can respond
to Ac-225-PSMA.12-14,47,48 Patients who received Ac-225-PSMA tended to have a longer
PFS, especially when the two radionuclides were combined (see supplementary data).
However, this was not significant and did not show an effect in a univariate analysis
regarding DDR. This is possibly related to the small number of patients in each treatment
arm. Nonetheless, even patients with alterations in genes directly or indirectly involved
in HR (BRCA2 and ATM) did not show differential response to Ac-225-PSMA, which is
known to generate an excessive amount of DSBs. Therefore, despite of being DDR+ or
BRCA1/2-mutated and receiving either Lu-177-PSMA, Ac-225-PSMA or a combination,
the therapeutic response in a real-life setting can vary.
Maximum PSMA-PET uptake in metastatic lesions (SUVmax) did not differ in our cohort
of patients with tumours proficient or deficient in DDR, while previously it was observed
in tumours harbouring ATM, CDK12 and BRCA2 alterations to have a higher PSMA
expression to their wildtype counterparts.49 This may be explained by recording the
SUVmax of the hottest lesion. Hence, this does not offer a reliable representation of the
PSMA uptake of all metastases. Besides, scan protocols differed between the patients,
therefore this observation has its restrictions.
Other limitations are the retrospective setting and heterogenous patient population,
including unbalanced prior use of targeted agents in patients with DDR alterations.
Even though we managed to acquire fresh metastatic tissue biopsies for NGS in the
metastatic state, not all biopsies were taken directly prior to RLT. As we did no store
plasma for circulating tumour DNA studies in this cohort, we were therefore unable to
assess tumour evolutionary mechanisms of resistance, present at baseline of PSMARLT. Most of the patients referred to our tertiary referral center are younger and noncomparable to the general population of mCRPC patients. This may also be reflected in an
uncommon distribution of types of DDR alterations, and also the prevalence which is also
higher than commonly reported in mCRPC. Given the heterogeneity in patients, in biopsy
timing for NGS, but also in type of PSMA-RLT in this relatively small cohort of patients,
our results are prone to a variety of biases. Following our results, we should await trials
that are planning to evaluate the molecular underpinning prospectively (ANZUP 1603,
NCT04443062, NCT03874884 and NCT03805594). Withal, we recommend future
studies to address to prior treatment lines (PARP inhibitors, platina based chemotherapy
and Radium-223) and to factor in other determinants such as treatment dosimetry,
evaluation of signaling pathways and cellular processes (e.g. tumor hypoxia) to elucidate
the differential responses to PSMA-RLT between patients.

7
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Conclusion
Metastatic CRPC patients harbouring pathogenic DDR alterations, did not show an
enhanced response or outcome to PSMA-RLT in this observational study of 40 patients.
While cross-resistance mechanisms after PARPi or platinum based therapy could
have influenced the present study outcomes, this does reflect the current treatment
landscape with PARPi applied prior to PSMA-RLT. Therefore, new studies on PSMA RLT
and mutations in DNA-damage repair are still warranted. However, more comprehensive
testing may be needed to dissect the differential responses to PSMA-RLT.
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supplementary figure 1 | Kaplan-Meier curves with: (A) PSA progression free survival
stratified for DNA-damage response mutations. (B) Clinical progression free survival stratified
per radionuclide. (C) presents the overall survival of all patients with and without a >50% decline
in PSA after treatment. In figure (D), the overall survival is plotted for all patients with a PSA
decline >50% (n=25), but now stratified for DNA-damage repair.
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supplementary table 1 | Baseline demographics of the subgroups having HR (BRCA 1 or 2)
mutations.
BRCA1/2 (n=8)
Age at diagnosis, years, median (IQR)

64 (58-74)

Months between diagnosis and RLT, median (IQR)

67 (41-89)

Months between LHRH and RLT, median (IQR)

50 (39-77)

Months between CRPC and RLT, median (IQR)

33 (30-44)

Previous treatments for mCRPC:
Androgen-deprivation therapy

100

Chemotherapy docetaxel, n (%)

7 (88)

Chemotherapy cabazitaxel, n (%)

3 (38)

Abiraterone, n (%)

7 (88)

Enzalutamide, n (%)

4 (50)

Radium-223, n (%)

5 (63)

PARPi (olaparib, talazoparib), n (%)

3 (38)

Immunotherapy (pembrolizumab, nivolumab)

1 (13)

PSMA-PET imaging:
PSMA PET before PSMA RLT in days, median (IQR)
< 10 metastases on PSMA-PET, n (%)

46 (16-64)
0

10-25 metastases on PSMA-PET, n (%)

4 (50)

>25 metastases on PSMA-PET, n (%)

4 (50)

Bone only on PSMA-PET, n (%)

1 (13)

Lymph node only on PSMA-PET, n (%)
Bone and lymph node on PSMA-PET, n (%)
Bone, lymph node and visceral metastases on PSMA-PET, n (%)
Highest SUVmax on PSMA-PET, median (IQR)

0
6 (75)
1 (13)
75 (54-87)

Biopsies for next-generation sequencing:
Biopsy taken prior to PSMA-RLT

7

8 (100)

Biopsy before PSMA-RLT in days, median (IQR)

96 (35-518)

PSMA radioligand therapy:
Lu-PSMA, n (%)

4 (50)

177

Ac-PSMA, n (%)

2 (25)

225

Combination PSMA-RLT ( Lu +
177

Ac), n (%)

225

Amount of cycles (IQR)

2 (25)
3 (2-4)

Administered activity 177Lu, GBq, median (IQR)

15.6 (13.6-24.4)

Administered activity 225Ac, MBq, median (IQR)

16.6 (5.1-20)

DDR = DNA-damage response mutations; GBq = GigaBecquerel; HR = homologous recombination
IQR = interquartile range; MBq = MegaBecquerel; mCRPC = metastatic castration-resistant
prostate cancer; PARPi = poly ADP ribose polymerase inhibitor; PET = positron emission
tomography; PSA = prostate-specific antigen; PSMA = prostate-specific membrane antigen; RLT =
radioligand therapy; SUVmax = maximum standardized uptake value.
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supplementary table 2 | Response on PSMA RLT
BRCA1/2 (n=8)
Patients with PSA response, n (%)

6 (75)

≥50% drop in PSA, n (%)

3 (38)

≥90% drop in PSA, n (%)

3 (38)

Disease progression:
Clinical progression, n (%)
PFS in months, median (IQR)

6 (75)
9 (5-15)

PSA progression, n (%)

7 (88)

PSA PFS in months, median (IQR)

4 (2-9)

Death during follow up, n (%)
Months between RLT and death, median (IQR)

6 (75)
13 (9-21)

PFS = progression free survival; PSA = prostate-specific antigen; RLT = radioligand therapy

170

DDR mutations and PSMA-RLT

supplementary table 3 | Pathogenicity of the found mutations according the guidelines for
sequence variants
ID

Location

DDR
gene

NM

c.

1

Lymph
node

-

2

Lymph
node

RAD51B

3

Bone

-

4

Lymph
node

-

5

Prostate

RAD51B

6

Bone

-

7

Bone

-

8

Bone

-

9

Bone

-

10

Bone

-

11

Visceral

-

12

Bone

-

13

Bone

-

14

Visceral

ATR

15

Bone

-

16

Bone

-

17

Bone

-

18

Lymph
node

-

19

Bone

-

20

Prostate

21

Lymph
node

22

Bone

23

Bone

24

Bone

ATM

NM_000051.3

c.3174G>A

p.W1058*

Nonsense

5

Somatic

Monoallelic

25

Bone

ATM

NM_000051.3

c.6679C>T

p.R2227C

Missense

4

Somatic

Biallelic

26

Lymph
node

BRCA2
BRIP1

NM_000059.3

unspecified

p.D252fs

Frameshift
Gene
disruption
BND

5
3

Germline
Somatic

Biallelic

unspecified

p.

p.I1114del

Effect

PA

Origin

Gene
disruptions
(INV/DUP)

3

Somatic

Gene
disruption
(DEL)

3

Somatic

In frame
deletion

3

N/A

Zygosity

N/A
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ID

Location

DDR
gene

NM

c.

27

Bone

BRCA1

NM_007294.3

(?_-232-1)_
(-20+1_-19-1)
del

28

Lymph
node

PPP2R2A

29

Prostate

BRCA2

30

Lymph
node

PPP2R2A
FANCL

NM_000059.3

unspecified

p.

p.K1289fs

BRIP1

Effect

PA

Origin

Zygosity

Deletion

4

Somatic

Monoallelic

CNV - deletion

5

Somatic

Biallelic

Frameshift

5

N/A

N/A

CNV - deletion
Gene disruption (DEL)
Gene disruptions (DEL/
INV/BND)

5
3

Somatic
Somatic

Biallelic

3

Somatic

31

Bone

BRCA1

NM_007294.3

c.604C>T

p.Q202*

Nonsense

5

Somatic

Monoallelic

32

Lymph
node

BRCA2
BRCA2
BRCA2

NM_000059.3
NM_000059.3
NM_000059.3

c.6634_6637del
c.4674T>A
c.6628G>C

p.C2212fs
p.S1558R
p.E2210Q

Frameshift
Missense
Missense

5
3
3

Germline
Somatic
Somatic

N/A

CNV - deletion
Gene disruption (DEL)

5
3

Somatic
Somatic

Biallelic

Biallelic

33

Lymph
node

CDK12
CDK12

34

Bone

ATM
BRCA2

NM_000051.3

unspecified

p.E343fs

Frameshift
CNV - deletion

5
5

N/A
Somatic

N/A
Biallelic

35

Lymph
node

ATM
ATM

NM_000051.3
NM_000051.3

c.2693T>G
c.3310del

p.L898*
c.S1104fs

Nonsense
Frameshift

5
5

Somatic
Somatic

Biallelic

36

Lymph
node

CHEK2

NM_007194.4

unspecified

p.T367fs

Frameshift

5

Germline

N/A

37

Bone

CHEK2

NM_007194.4

c.1100delC

p.T367fs

Frameshift

5

Germline

Biallelic

38

Prostate

CHECK2
CDK12
BRCA1

NM_007194.4
NM_016507.3
NM_007294.3

c.1005delT
c.931C>T

p.T367fs
p.F336fs
p.P311S

Frameshift
Frameshift
Missense
Gene disruption (DUP)
Gene disruption (DUP)

5
5
3

N/A
Somatic
Somatic

N/A
Monoallelic
Monoallelic

3

Somatic

3

Somatic

Frameshift
Frameshift

5
5

Somatic
Somatic

Biallelic

CNV – deletion
Gene disruptions (DEL/
INV/BND)

5
3

Somatic
Somatic

Biallelic

RAD51B
BRIP1
39

Prostate

BRCA2
BRCA2

40

Lymph
node

BRCA2
PALB2

NM_000059.3
NM_000059.3

c.1964del
c.9396del

p.P655fs
p.K3132fs

Mutations that were unlikely pathogenic (pathogenicity 1-2) or variant of unknown significance (pathogenicity 3) were
considered DDR proficient, while mutations that were likely pathogenic (pathogenicity 4-5) were seen as DDR deficient.
CNV = copy-number variation; PA = pathogenicity
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Abstract
Background
In recent years, there is increasing evidence showing a beneficial outcome (e.g.
progression free survival; PFS) after metastases-directed therapy (MDT) with external
beam radiotherapy (EBRT) or targeted surgery for oligometastatic hormone sensitive
prostate cancer (oHSPC). However, many patients do not qualify for these treatments
due to prior interventions or tumor location. Such oligometastatic patients could benefit
from radioligand therapy (RLT) with 177Lu-PSMA; a novel tumor targeting therapy for endstage metastatic castration-resistant prostate cancer (mCRPC). Especially because RLT
could be more effective in low volume disease, such as the oligometastatic status, due
to high uptake of radioligands in smaller lesions. To test the hypothesis that 177Lu-PSMA
is an effective treatment in oHSPC to prolong PFS and postpone the need for androgen
deprivation therapy (ADT), we initiated a multicenter randomized clinical trial. This is
globally, the first prospective study using 177Lu-PSMA-I&T in a randomized multicenter
setting.

Methods & design
This study compares 177Lu-PSMA-I&T MDT to the current standard of care (SOC); deferred
ADT. 58 patients with oHSPC (≤5 metastases on PSMA PET) and high PSMA uptake
(SUVmax >15, partial volume corrected) on 18F-PSMA PET after prior surgery and/or EBRT
and a PSA doubling time of < 6 months, will be randomized in a 1:1 ratio. The patients
randomized to the interventional arm will be eligible for two cycles of 7.4GBq 177LuPSMA-I&T at a 6-week interval. After both cycles, patients are monitored every three
weeks (including adverse events, QoL- and xerostomia questionnaires and laboratory
testing) at the outpatient clinic. 24 weeks after cycle two an end of study evaluation is
planned together with another 18F-PSMA PET and (whole body) MRI. Patients in the SOC
arm are eligible to receive 177Lu-PSMA-I&T after meeting the primary study objective,
which is the fraction of patients who show disease progression during the study follow
up. A second primary objective is the time to disease progression. Disease progression is
defined as a 100% increase in PSA from baseline or clinical progression.

Discussion
This is the first prospective randomized clinical study assessing the therapeutic efficacy
and toxicity of 177Lu-PSMA-I&T for patients with oHSPC.

Trial registration
Clinicaltrials.gov identifier: NCT04443062
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Background
Prostate cancer (PC) is the most common non-skin cancer in males.1 Despite surgery or
external beam radiotherapy (EBRT), approximately 20-40% of patients will eventually
have a detectable prostate-specific antigen (PSA) and present with disease recurrence.2,3
If there are no curative options, patients with a short PSA doubling time (e.g. <6 months)
have a poorer prognosis and early androgen deprivation therapy (ADT) is the treatment
of choice.4-6 While ADT delays disease progression of patients, it is associated with
significant side effects and frequently impairs the quality of life.7 Therefore, there is an
increasing interest in treatments to postpone ADT while maintaining good quality of life.
In recent years, metastases directed therapy (MDT) (e.g. targeted surgery or EBRT)
attracted much attention to postpone ADT or even with potential cure for selected
patients. Particularly, patients with a limited number of metastases (≤5 metastases),
so called ‘oligometastatic’ PC, seem to benefit from MDT. Here, EBRT offers an ADT
free survival of 14 to 29 months with solely low-grade treatment related side effects.8-12
Therefore, several clinical trials are currently investigating MDT in this hormone sensitive
oligometastatic setting (clinicaltrials.gov: NCT03569241, NCT04075305, NCT02170181,
NCT04302454, NCT02192788, NCT02685397, NCT04115007, NCT02264379,
NCT02680587, NCT03630666, NCT02274779, NCT03795207, NCT03525288,
NCT03784755).
Oligometastases was first described in 1995 by Hellman and Weichselbaum.13 This
disease status became relevant when novel imaging modalities, such as prostate specific
membrane antigen positron emission tomography (PSMA-PET), were introduced with
better tumor detection rates compared to the conventional scans (e.g. CT or bone
scans).14,15 Consequently, all the above-mentioned studies utilizes PET to detect and
target the tumor(metastases).14 The current favored PET tracers in PC are Gallium-68
(68Ga) or Fluor-18 (18F) labeled prostate-specific membrane antigen (PSMA) ligands.
PSMA is highly overexpressed in >90% of PC cells and seem to increase with the
aggressiveness of the tumor.16,17 Several prospective studies have shown that 68Ga-PSMA
PET has an excellent sensitivity and specificity (>85% and 98%, respectively) to detect
PC.15,18,19 However, PSMA ligands, such as PSMA-617 & PSMA-I&T, can also be labeled
with beta emitters like Lutetium-177 (177Lu) for radioligand therapy to deliver high local
radiation doses to tumors directly.20-22

8

Lu is a beta (β-) radiation emitter with a maximum energy of 0.50 MeV with maximum
penetration depth of 2mm and a 6.7-days half-life. 177Lu labelled PSMA is a promising new
therapeutic approach and frequently used in compassionate use programs worldwide.22-26
To date, only one prospective trial of 177Lu-PSMA-617 has been published, showing
efficacy in 57% of end-stage PC patients and 177Lu-PSMA was generally well tolerated.20
These observations were recently confirmed at ASCO, with the presentation of the initial
results of the TheraP trial comparing 177Lu-PSMA-617 to cabazitaxel in mCRPC
177
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figure 1 | A scheme of the trial with the randomization and study EOT stages.
EOT = End of Treatment; PSMA = prostate specific membrane antigen

patients (NCT03392428).26 The pivotal trial of 177Lu-PSMA-617 in end-stage PC, called
the VISION study (clinicaltrial.gov identifier: NCT03511664), is currently being finalized.
However, based on the mode of action and in concordance to results from our pilot
study (clinicaltrials.gov identifier: NCT03828838), 177Lu-PSMA is also highly effective
in low volume disease because of high tumor uptake of PSMA targeted radioligands in
small lesions, such as oHSPC.27-29 Moreover, the favorable toxicity profile of 177Lu-PSMA
seen in our pilot study supports this new treatment in this setting. Hence, we initiated a
prospective randomized multicenter study analyzing the efficacy of 177Lu-PSMA in oHSPC
to postpone disease progression and averting the need for ADT.

Methods and design
The study protocol was approved by the Medical Review Ethics Committee ArnhemNijmegen, The Netherlands and is registered on clinicaltrials.gov (NCT04443062).
This is a two-arm randomized open label multicenter phase II study performed in
Radboudumc Nijmegen, Netherlands Cancer Institute Antoni van Leeuwenhoek
Hospital Amsterdam, Amsterdam University Medical Center and University Medical
Center Groningen. This study will compare 177Lu-PSMA-I&T MDT in oligometastatic
(≤5 metastases on 18F-PSMA PET/CT) PC to the current standard of care (SOC), which
is watchful waiting till initiation of ADT.6 This study will include 58 patients with a
PSA doubling time of < 6 months, a patient cohort prone to initiate ADT.30 However,
all patients, including the SOC arm, will have access to 177Lu-PSMA-I&T (including the
follow up schedule), but only if the primary endpoint is reached and disease progression
has occurred (EOT 1) and the patients are willing to undergo 177Lu-PSMA RLT (figure 1).
This design enables not only a comparison of 177Lu-PSMA-I&T with SOC in a randomized
setting but also analyze the efficacy of 177Lu-PSMA-I&T in progressing PC patients, which
may violate the inclusion criteria of “oligometastatic”. Moreover, with this strategy,
we anticipate to prevent drop-offs in the SOC arm what the VISION study frequently
encountered.31 The therapeutic arm patients (and SOC patients after EOT 1) will receive
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two cycles of 7.4GBq 177Lu-PSMA-I&T each. This is less than the current recommended
schedule for end-stage PC patients with 4-6 cycles of 7.4GBq 177Lu-PSMA each.20,23 This
schedule is based on the dosimetry results from our pilot study.28 In the present study,
the ligand PSMA-I&T will be used, which was to date not yet investigated in a prospective
randomized study world-wide. Nevertheless, 177Lu-PSMA-I&T has shown to be efficient in
retrospective setting in end-stage PC patients.22

Objectives
The primary objective is:
-	To study the effect of 177Lu-PSMA-I&T in patients with oHSPC, by comparing the
fraction of patients that have disease progression and meet EOT 1 criteria within
6 months after cycle two in a group of patients that are treated with 177Lu-PSMAI&T and a group that follows the current SOC (deferred ADT).
-	A second primary objective is to compare the two arms for the time to disease
progression and meeting EOT 1 criteria.
Secondary Objectives are:
-	To evaluate the clinical efficacy of multiple doses 177Lu-PSMA-I&T in patients with
oHSPC by:
-	The change in PSA after 177Lu-PSMA-I&T and proportion of achieving a
≥ 50% decrease in PSA from baseline.
-	The changes in uptake (SUV) of 18F-PSMA PET/CT before and 6 months after
177
Lu-PSMA-I&T.
-	The changes in number and size of (soft) tissue metastases on 18F-PSMA
PET/CT and (whole body) MRI after 177Lu-PSMA-I&T.
-	To evaluate the PFS, which is defined as the time from ‘cycle one, day one’ to date of
evidence of: clinical progression, PSA progression, or radiographic progression and
death from any cause.
-	Clinical progression is defined by the treating physician (e.g. increasing
pain from metastases).
-	PSA progression is defined as a ≥ 25% increase in PSA from nadir, with a
minimum PSA of >0,5 µg/l and which is confirmed by a second value ≥ 3
weeks later (i.e. confirmed rising trend). Within the first 12 weeks after
treatment administration PSA increases will be ignored in the absence of
other evidence of disease progression due to possible flare phenomenon. If
no decline occurs, initial date of ≥ 25% increase will be recorded.32
-	Radiographic progression is defined by the amount and size of the lesions.
Where applicable Prostate Cancer Working Group 3 (PCWG3) and
Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 criteria will be
followed

8
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-	To assess ADT free survival in patients receiving 177Lu-PSMA-I&T. ADT free survival
is defined by the date any ADT (e.g. bicalutamide, luteinizing hormone-releasing
hormone drugs, enzalutamide, abiraterone, etc.) is started or death related to PC.
-	To evaluate the tolerability and toxicity of 177Lu-PSMA-I&T defined by NCI Common
Terminology Criteria for Adverse Events (CTCAE) v5.0.
-	To evaluate the quality of life before and up to 6 months after 177Lu-PSMA-I&T
using the following questionnaires: EORTC QLQ-C30, QLQ-PR25 and xerostomia
inventory.

Study endpoints:
When patients have disease progression and meet EOT 1 criteria during study follow up,
the primary study objective can be elucidated. EOT 1 is defined by:
-	A 100% increase in PSA from ‘cycle one, day one’ blood draw (BASELINE) during
study. Exception: PSA increase in the first 12 weeks after the first treatment
injection as was defined by the PCWG3 criteria.32
-	Clinical progression determined by the treating physician (e.g. increasing pain from
metastases)
After answering the primary research question (EOT 1), patients randomized to the
SOC arm are eligible to receive 177Lu-PSMA-I&T, if both the treating physician and the
patient agree to continue with the trial. These study results will be analyzed separately
for secondary study objectives. Although the cohorts might not be completely similar
(e.g. higher tumor volume, no PSA doubling time of < 6 months), we can include intraindividual analyses in a group that has clearly progressing PC. When these SOC patients
continue to have progressive PC (defined as EOT 2) despite of 177Lu-PSMA-I&T, an end of
study visit should be arranged within 4 weeks, but prior to starting ADT. EOT 2 is defined
by:
-	A 100% increase in PSA from ‘EOT 1, cycle one, day one’ blood draw (NEW
BASELINE) during the study follow up. Exception: PSA increase in the first 12 weeks
after the first treatment injection as was defined by the PCWG3 criteria.32
-	Clinical progression determined by the treating physician (e.g. increasing pain from
metastases)

Inclusion criteria:
In order to participate in this study, a subject must meet all of the following criteria:
-	Histological proven adenocarcinoma of the prostate with sufficient archived tumor
material. This material has to be archived till study closure.
- Biochemical recurrence (PSA > 1.0 µg/l).
-	PSA-doubling time < 6 months. Serum PSA progression is defined as 2 consecutive
rising PSA values measured at least 1 week apart. The minimal start value is 0.2
µg/l.
18
-	
F-PSMA-PET/CT positive metastases in bones and/or lymph nodes (N1/M1ab):
≥1, maximally 5 metastases.
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-	Local treatment for oligometastases with radiotherapy or surgery appears to be no
option anymore (due to prior treatment or the location of the metastatic lesions or
if the patient refuses these treatments).
-	No prior hormonal therapy (including any androgen directed treatment such as
finasteride, dutasteride, bicalutamide, apalutamide, abiraterone or enzalutamide)
or taxane based chemotherapy (docetaxel or cabazitaxel); testosterone > 1.7
nmol/l.
Exception: local PC treated with local radiotherapy plus adjuvant ADT; these patients
need to be stopped with ADT at least 6 months.
-	A detectable lesion on the 18F-PSMA PET/CT with significant PSMA avidity, defined
by a SUVmax > 15 (partial volume corrected).
- Eastern Cooperative Oncology Group (ECOG): 0-1
- Patients must have a life expectancy >6 months.
- Laboratory values:
		 • White blood cells > 3.0 x 109/l
		 • Platelet count > 75 x 109/l
		 • Hemoglobin > 6.2 mmol/l
		 • Aspartate aminotransferase (AST) & alanine aminotransferase (ALT) < 3 x ULN
		 • Glomerular filtration rate (MDRD GFR) ≥ 50 ml/min
- Signed informed consent.

Exclusion criteria:
A potential subject who meets any of the following criteria will be excluded from
participation in this study in case of:
- A known subtype other than prostate adenocarcinoma.
- Previous PSMA based radioligand treatment.
- Visceral or brain metastases.
-	Any medical condition present that in the opinion of the investigator will affect
patients’ clinical status when participating in this trial.
-	Prior hip replacement surgery potentially influencing performance of PSMA PET/
CT.
- Sjogren’s syndrome
- A second active malignancy other than prostate cancer.
-	Patients who are sexually active and not willing/able to use medically acceptable
forms of barrier contraception.

8

Evaluation and randomization:
All patients will have a screening visit that will include a blood draw to evaluate adequate
organ functioning (Hb, leucocytes and white blood cell differentiation, thrombocytes,
creatinine, sodium, potassium, ALT, AST, LDH, alkaline phosphatase, bilirubin,
gamma-glutamyl transferase, amylase, albumin, PSA and testosterone) and quality
of life questionnaires (EORTC QLQ-C30, QLQ-PR25 and the xerostomia inventory).
Furthermore, 18F-PSMA PET and (whole body) MR imaging will be acquired to assess
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tumor PSMA uptake and heterogeneity. After reviewing all in- and exclusion criteria and
study inclusion, patients will be randomized by a central reader in either the treatment
or the SOC arm (1:1 ratio) using the randomization software of CastorEDC (https://www.
castoredc.com/). See figure 2: study flowchart.

N=58
Screening

•
•
•
•
•
•

Eligibility criteria
Medical history
Physical examination + vital signs
Clinical laboratory tests including testosterone
Quality of life questionnaires
Baseline 18F-PSMA PET/ CT & (whole body) MRI (maximum 6
weeks prior to first therapeutic injection)

29 patients in the 177Lu-PSMA-I&T & 29 patients in the SOC arm
Start of first cycle

•

Cycle 1 Week 1 - Day 1-2

•
•

Physical examination + toxicity monitoring & laboratory tests for
baseline blood (hematology, chemistry and PSA)
Administration of 177Lu-PSMA-I&T (therapy arm only)
Planar imaging & discharge (therapy arm only)

Cycle 1 Week 2 - Day 1

•

Adverse event evaluation (therapy arm only)

Cycle 1 - Week 4 & 6

•

Physical examination, toxicity monitoring and laboratory testing
(hematology, chemistry and PSA)

Cycle 2 Week 1 - Day 1-2

•
•
•

Quality of life questionnaires
Administration of 177Lu-PSMA-I&T (therapy arm only)
Planar imaging & discharge (therapy arm only)

Cycle 2 Week 2 - Day 1

•

Adverse event evaluation (therapy arm only)

Cycle 2 Week 4 & 6

•

Physical examination, toxicity monitoring and laboratory testing
(hematology, chemistry and PSA)
Week 6: quality of life questionnaires

Completion of the first cycle - Start cycle 2

•

Post cycle 2 Week 12 & 18

•
•
•

Physical examination, toxicity monitoring and laboratory testing
(hematology, chemistry and PSA)
Consultation by physician (+ research nurse)
Quality of life questionnaires

Completion of the second cycle
•

Cycle 2 Week 24 - End of Treatment 1 (or 2)

•
•
•

Physical examination, toxicity monitoring and laboratory testing
(hematology, chemistry and PSA)
Quality of life questionnaires
18
F-PSMA PET/CT + (whole body) MRI
Patients meeting EOT 1 definition can start with 177Lu-PSMA-I&T;
these patients start again at ‘cycle 1, week 1’ (SOC arm only)

figure 2 | Study flowchart
CT = computed tomography; EOT = end of treatment; MRI = Magnetic resonance imaging; PET
= positron emission tomography; PSA = Prostate-specific antigen; PSMA = prostate specific
membrane antigen; SOC = standard of care
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Interventions:
Once all screening or baseline procedures are performed, the next procedures will be
followed within 6 weeks:
-	Blood testing prior (<7 days) to ‘cycle one, day one’ (for the interventional arm
injection with 177Lu-PSMA-I&T) for baseline assessment (Hb, leucocytes and white
blood cell differentiation, thrombocytes, creatinine, sodium, potassium, ALT,
AST, LDH, alkaline phosphatase, bilirubin, gamma-glutamyl transferase, amylase,
albumin, and PSA).
-	Only for 177Lu-PSMA-I&T patients: the day of treatment injection (‘cycle one, day
one’) pre-infusion measurement of vital signs (respiratory rate, blood pressure
and heart rate). Subsequently, an intravenous (IV) dose of PSMA-I&T labeled with
approximately 7.4 GBq of 177Lu will be slowly administered in approximately 5
minutes through the indwelling catheter. Following completion of the injection,
a normal saline flush (approximately 10 mL) will ensure that all 177Lu-PSMA-I&T
remaining in the infusion line is injected. The estimated radioactive dose will
be determined by measuring the amount of radioactivity in the syringe pre and
post injection, using a calibrated radioisotope dose calibrator. 30-60 minutes
after injection vital signs (respiratory rate, heart rate and blood pressure) will be
re-measured. Approximately 1-24 hours after therapeutic injection, whole body
imaging will be acquired using a gamma camera to exclude extravasation.
Follow up:
Once ‘cycle one, week one’ has been completed for the SOC or 177Lu-PSMA-I&T arm, the
next procedures will be followed:
-	One week after both treatment injections, patients that received 177Lu-PSMA-I&T
will be evaluated for adverse events (by phone or physical consultation). Adverse
events will be scored as defined by CTCAE v5.0.
-	Both the SOC and 177Lu-PSMA-I&T arm, will be monitored at the outpatient clinic
for adverse events, EOT 1 or 2 criteria and toxicity (including laboratory testing:
Hb, leucocytes and white blood cell differentiation, thrombocytes, creatinine,
sodium, potassium, ALT, AST, LDH, alkaline phosphatase, bilirubin, gammaglutamyl transferase, amylase, albumin and PSA) every third week after ‘cycle one,
day one’ (177Lu-PSMA-I&T application) and the week prior to the second cycle. After
the second cycle, all patients will be monitored (including laboratory tests) at week
3, 6, 12 & 18.
-	To evaluate quality of life, patients will be asked to fill in the EORTC-QLQ-30,
EORTC-QLQ-PR 25 and the xerostomia questionnaire at the start of each (177LuPSM-I&T) cycle and 6, 12, 18 and 24 weeks after the second therapeutic injection.
-	24 weeks after the second injection, all study patients will have an end of study
visit, including laboratory testing and image acquisition of 18F-PSMA PET and
(whole body) MRI.
-	In case of disease progression (defined as EOT 1 or 2), the end of study (whole
body) MRI and 18F-PSMA PET scans should be acquired within 4 weeks and prior to
the start of ADT or 177Lu-PSMA-I&T injection.

8
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-	SOC arm patients that have disease progression and meet EOT 1 will receive 177LuPSMA-I&T within 6 weeks of the EOT 1 visit. These patients will follow the same
procedures and follow up as the interventional am patients starting 177Lu-PSMA.
They will receive an extra (whole body) MRI and 18F-PSMA PET at the end of the
study. If disease continue to progress and someone meets EOT 2 criteria despite of
177
Lu-PSMA-I&T, an end study visit should also be planned within 4 weeks, including
the extra (whole body) MRI and 18F-PSMA PET scans, and prior to the start of ADT.
-	After completion of the study protocol, patients will be followed according to the
standard of care.

The labeling and purification of PSMA-I&T with 177Lu:
177
LuCl3 will be obtained from ITG (Garching, Germany). Good manufacturing practice
(GMP)-grade PSMA-I&T will be obtained from piCHEM (Raaba-Grambach, Austria). The
radiolabeling of PSMA-I&T will be performed on GRP synthesis module (Scintomics,
Fürstenfeldbruck, Germany) using sterile and GMP-grade SC-105 kits. In brief, 4 mg
gentisic acid and the PSMA-I&T peptide will be dissolved in 500 μL WFI and added to
the reaction vessel. After addition to the 177LuCl3 in sodium acetate buffer and ascorbic
acid the reaction will be incubated at 100 °C for 20 min. After cooling down, the product
will be diluted to 16.5 ml with saline/DTPA to which 0.9 ml ethanol has been added.
The radioactive solution will be filtered through a 0.22 μm filter (Millex GV. Merck,
Amsterdam, The Netherlands) and dispensed into a closed glass type I container.
Microbiological monitoring in class C will be performed during synthesis, filtration and
dispensing. Assembling of the dispensing and filtration system will be performed in a
class A isolator with a class B airlock (in a class C background). The radiolabeled PSMAI&T will be measured for total radioactivity in an appropriately calibrated radioactive
dose calibrator prior to injection.

Sample size calculation
After finishing the trial, the performance of the treatment is tested based on the first
primary outcome; fraction of patients that have disease progression and meet the
EOT 1 criteria within 6 months after cycle two. Only if the null hypothesis is rejected
(hierarchical testing), the two arms can be compared for the second primary outcome;
time till EOT 1 criteria.
Within the testing strategy as described, the sample size calculation needs to be
performed for the first primary outcome only, with the risk of over- or underpowering the
second-additional primary outcome. Therefore, an additional sample size calculation was
performed for the second primary research question.
For the primary objective, the binomial test with pooled/equal variance under the null
hypothesis and continuity correction was performed, with the numbers: sign level 0.05,
power: 80%, fraction of treatment arm / control arm: 0.30/0.70 at 6 months. These
assumption of the fractions in the two arms were based on the pilot study and published
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data.8,20,23,33-35 To obtain enough power for the test described above; 29 patients per arm
are needed.
For the second primary objective, an exponential distribution for the time to meet EOT 1
criteria was assumed. The median survival time on the control treatment was 3.45 months
(based on 0.70 at 6 months). If the true hazard ratio (relative risk) of control subjects
relative to experimental subjects is 3.33 (computed based on the assumed fractions at
6 months), we will need to study 25 experimental subjects and 25 control subjects to
be able to reject the null hypothesis that the experimental and control survival curves
are equal with probability (power) 0.80. The Type I error probability associated with this
test of this null hypothesis is 0.05. For a longer accrual interval (which will be the case in
practice), the power will increase due to longer follow-up of individuals. That means that,
in terms of power, the second test also has sufficient power.

Data analyses
All data is managed in CastorEDC database (https://www.castoredc.com/). After
finishing the trial, the performance of the treatment is tested based on the first primary
outcome. This will be tested with a binomial test with pooled/equal variance under
the null hypothesis and continuity correction. Comparison between the arms is made
based on the second primary outcome, by means of the log rank test, but only if the
null hypothesis of the primary objective is rejected. From both study arms sample
fractions with 95% confidence intervals and Kaplan Meier curves will be computed. The
significance level is set at 0.05.

Discussion
Currently, increasing data are showing that MDT for oHSPC improves PFS without
significant side effects, in contrast to the toxicity related to ADT.8,9,11. In this setting,
177
Lu-PSMA is anticipated to be effective coupled with low grade toxicity. Moreover,
177
Lu-PSMA-I&T is not limited to previous curative intended treatments like surgery or
EBRT. 177Lu-PSMA I&T is injected intravenously and targets PSMA expressing tumors
selectively. This trial will investigate if 177Lu-PSMA-I&T RLT is an effective treatment in
oHSPC, and is currently the first study investigating 177Lu-PSMA-I&T in ADT-naïve setting,
but also the first randomized prospective study with PSMA-I&T world-wide.
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Abbreviations
Ga: Gallium-68
F: Fluor-18
177
Lu: Lutetium-177
ADT: Androgen deprivation therapy
ALT: Alanine aminotransferase
AST: Aspartate aminotransferase
CT: Computed tomography
CTCAE: Common Terminology Criteria for Adverse Events
EBRT: External beam radiotherapy
ECOG: Eastern Cooperative Oncology Group
EOT: End of study
GMP: Good manufacturing practice
IV: Intravenous
LDH: Lactate dehydrogenase
MDRD GFR: Glomerular filtration rate
MDT: Metastases directed therapy
oHSPC: Oligometastatic hormone-sensitive prostate cancer
PC: Prostate cancer
PCWG3: Prostate Cancer Working Group 3
PET: positron emission tomography
PSA: Prostate-specific antigen
PSMA: Prostate-specific membrane antigen
RECIST: Response Evaluation Criteria in Solid Tumors
SOC: standard of care
SUV: standardized uptake value
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Abstract
Background
The BULLSEYE trial is a multicenter, open label, randomized controlled trial to test the
hypothesis if 177Lu-PSMA is an effective treatment in oligometastatic hormone sensitive
prostate cancer (oHSPC) to prolong the progression free survival (PFS) and postpone the
need for androgen deprivation therapy (ADT). The original study protocol was published
in 2020. Here, we report amendments that have been made to the study protocol since
commencement of the trial.

Changes in methods and materials
Two important changes were made to the original protocol: (1) the study will now use
177
Lu-PSMA-617 instead of 177Lu-PSMA-I&T; and (2) responding patients with residual
disease on 18F-PSMA PET after the first two cycles, are eligible to receive additional
two cycles of 7.4 GBq 177Lu-PSMA in week 12 and 18, summing up to a maximum of 4
cycles if indicated. Therefore, patients receiving 177Lu-PSMA-617 will also receive an
interim 18F-PSMA PET scan in week 4 after cycle 2. The title of this study was modified
to; ‘Lutetium-177-PSMA in Oligo-metastatic Hormone Sensitive Prostate Cancer’ and is now
partly supported by Advanced Accelerator Applications, a Novartis Company.

Conclusions
We present an update of the original study protocol prior to completion of the study.
Treatment arm patients that were included and received 177Lu-PSMA-I&T under the
previous protocol will be replaced.
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Background
Prostate cancer is the most common non-skin cancer in males.1 Despite surgery or
external beam radiotherapy (EBRT), between 27% and 53% of patients will have a
detectable prostate-specific antigen (PSA) and present with disease recurrence.2 If there
are no curative options, patients with a short PSA doubling time (e.g. <6 months) have
a worse prognosis and early androgen deprivation therapy (ADT) is the treatment
of choice.3-5 While ADT delays disease progression of patients, it is associated with
significant side effects and frequently impairs the quality of life.6 Therefore, there is an
increasing interest in treatments to postpone ADT while maintaining good quality of life.
Lately, metastases directed therapy (MDT) (e.g. EBRT) is showing promising efficacy to
postpone ADT or cure selected patients with solely low-grade treatment related side
effects. Studies have reported that approximately 30-40% of patients that underwent
MDT are still without ADT five years post irradiation.7-10 Particularly, patients with a
limited number of metastases (≤5 metastases), so called ‘oligometastatic’ prostate
cancer, seem to benefit from MDT.7,9,11,12 Therefore, several pivotal trials are currently
investigating MDT in oligometastatic setting.
All these studies rely on imaging modalities such as positron emission tomography
(PET) to detect and target these tumor metastases.13-16 The current favored PET tracers
in prostate cancer are Gallium-68 (68Ga) or Fluor-18 (18F) labeled prostate-specific
membrane antigen (PSMA) ligands (PSMA-11, DCFPyL or PSMA-1007). However,
PSMA ligands, such as PSMA-617 & PSMA-I&T, can also be labeled with beta emitters
like Lutetium-177 (177Lu) for radioligand therapy to deliver high local radiation doses to
tumors directly.17-22
Lu labelled PSMA is a promising new therapeutic approach with pending registry in
the 3rd or 4th line castration resistant prostate cancer.21 Recently, we showed that 177LuPSMA is also highly effective in the hormone sensitive setting with low volume disease
because of high tumor uptake of PSMA targeted radioligands in small lesions, such as
oligometastatic prostate cancer.17,18,23 Moreover, the favorable toxicity profile of 177LuPSMA seen in our pilot study supports this new treatment in this setting. Therefore, we
initiated a prospective randomized multicenter phase II study that evaluates the efficacy
of 177Lu-PSMA in oHSPC to postpone disease progression and to avert the need for ADT.
This study protocol was published in 2020, but was recently amended. The changes to the
protocol are described in the present report.24
177
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Changes to the protocol
The original protocol was designed using the PSMA ligand PSMA-I&T, which can be
labelled with 177Lu in our local laboratory following GMP conditions. Unfortunately, due
to COVID-19 related issues (e.g. personnel shortage, remote working and increased
demand of hospital resources) the production of 177Lu-PSMA-I&T for our study did not
receive a priority designation in our hospitals. Therefore, the study required a third party
for stable production of 177Lu-PSMA and a logistical party to supply all participating
centers. The study will now use 177Lu-PSMA-617 as Advanced Accelerator Applications
stepped in for support. The study also received a new title; ‘Lutetium-177-PSMA in Oligometastatic Hormone Sensitive Prostate Cancer’.
As some patients may have residual disease with good PSMA uptake after two cycles of
7.4 GBq 177Lu-PSMA, with no or only low grade side effects, the present protocol enables
an additional two cycles if this is thought beneficial for patients. Thus, patients in the
therapeutic arm (or those in the control arm that met the primary endpoint and now
receive 177Lu-PSMA) are eligible for another two cycles of 7.4GBq of 177Lu-PSMA given 12
and 18 weeks after cycle one. To evaluate if residual disease is present after the first two
cycles, patients will also undergo an interim 18F-PSMA PET scan 4 weeks (±1 week) after
cycle two.

Study progress
Since recruitment began on July 2020, only three patients were included prior to the
amendments reported above. One patient was allocated to the therapeutic arm and
received two cycles of 177Lu-PSMA-I&T. This patient will be replaced by a new patient
under the amended protocol. The two control arm patients will not be replaced, and will
be eligible to receive 177Lu-PSMA-617 in case they meet the primary endpoint, which is
disease progression within 24 weeks post cycle two.

Conclusion
After publication of the original protocol, the study was amended due to COVID-19
related issues to acquire third party support for the labeling of the radiopharmaceutical.
Therefore, the study will now use 177Lu-PSMA-617 instead of 177Lu-PSMA-I&T. In addition,
patients with residual disease on 18F-PSMA PET after the first two cycles, are eligible to
receive an additional two cycles of 7.4 GBq 177Lu-PSMA in week 12 and week 18 after
cycle one, summing up to a maximum of 4 cycles if necessary.
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Abbreviations
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General discussion and future perspectives
In this time of molecular diagnostics and therapy, there is a great interest in precision
medicine with antibodies, peptides, nanoparticles, ligands, and other biomolecules.
While the first medical application of precision medicine brings us back to the 18th and
19th century for vaccination of smallpox and treatment of diphtheria, Gerald Edelman and
Rodner Porter were first to independently publish the chemical structure of an antibody
in 1959. They both received the Nobel prize in 1972 for their achievements.1 Nowadays,
precision oncology with tumor targeting therapies are considered to be one of the most
successful and important strategies to treat cancer patients.2
Ligands are antigen-recognizing biomolecules that can - or cannot - serve a biological
service (e.g. cell death, immune signaling and regulating supportive tissue). However,
they can also assist in targeted delivery of conjugated drugs (e.g. chemotherapy or
radionuclides).3,4 Compared to antibodies or other larger substances, the molecular
weight of ligands is approximately 100 times lower and they tend to have much faster
pharmacokinetics. While ligands (and other biomolecules) can bind to their respective
antigen, a key challenge in oncology is to identify surface targets that are accessible
and have high expression levels. In prostate cancer, prostate specific membrane antigen
(PSMA) is one such surface antigen.
PSMA was first recognized in the human cell line LNCaP.5 This led to the development
of the first PSMA targeting antibody; 7E11-C5 or capromab pendetide.6 In 1996, 111Incapromab pendetide (111In-7E11-C5; Prostascint®) was approved by the US Food and
Drug Administration for prostate cancer imaging.7 Unfortunately, capromab pendetide
binds to the intracellular epitope of PSMA, which forbade high detection rates of prostate
cancer cells and broad clinical implementation. In search for antibodies that recognize
the extracellular domain of PSMA, the antibody J591 was developed in the early 2000’s.
[111In]In- and [90Y]Y- labelled J591 showed better results to detect and treat prostate
cancer metastases, respectively.8,9 However, the slow pharmacokinetics of this antibody
precluded worldwide adoption of J591 for prostate cancer imaging and therapy. For
instance, proper readable J591 imaging can only be acquired several days after injection
(due to high background). [90Y]Y-J591 or [177Lu]Lu-J591 resulted in a high radiation dose
to bone marrow due to the long blood circulation causing irreversible bone-marrow
toxicity8,10 The imaging and therapeutic outcomes however, encouraged investigators to
study optimized PSMA-targeting carrier molecules with faster pharmacokinetics, such
as the small molecule inhibitors MIP-1405 and PSMA-11.11 Moreover, the increased
availability of positron emitting tomography (PET) surged the application towards tracers
suitable for labeling with positron emitting radionuclides (e.g. 68Ga and 18F) instead of
radionuclides with single-photon decay (e.g. 111In or 99mTc).12 Figure 1 provides a chronical
overview of the advances in PSMA targeting over the last few decades. As seen in this
figure, there is a gaining momentum in PSMA-targeted imaging and therapy related
studies.
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figure 1 | Schematic flowchart of the developments in PSMA
PET = Positron Emission Tomography; PSMA = Prostate Specific Membrane Antigen

Prostate diagnostics
Prostate cancer has several stages (chapter 1) that require specific diagnostic tools
to arrange an individualized treatment plan. At present, prostate cancer is still the
second cause of cancer related mortality in men, which is partly explained by the
difficulties to detect prostate cancer and optimally stage the disease.13 By solely relying
on conventional detection modalities such as non-targeted prostate biopsies, tumor
detection is a matter of chance as these biopsies are shots in the dark without precision
imaging.14 Unfortunately, this protocol is still applied by some peripheral practices with
reduced availability to an experienced prostate magnetic resonance imaging (MRI) team
and a quality scanner. Hence, it is known that a dedicated team is pivotal to the prostate
MRI performance but is too often not on hand.15.
In trained hands, multi-parametric MRI (mpMRI) of the prostate is a powerful tool to
discriminate between healthy and malignant prostate tissue with a sensitivity and
specificity for medium-high grade prostate cancer of 91 and 37%, respectively, and to
enable targeted biopsies.16 While these numbers are encouraging, there is still room for
further improvements. Moreover, the detection of extra-prostatic extension of the tumor
is challenging with mpMRI alone.16-18 And, as previously mentioned, unexperienced
radiologists have more difficulties to differentiate between benign and malignant lesions
using mpMRI and tend to recommend more biopsies (e.g. Prostate Imaging Reporting
and Data System [PIRADS] 3).15 In chapter 2 and 3, we postulated that the detection of
prostate tumors may be improved by visualizing tumor-specific surface antigens such as
PSMA. Especially, as higher expression levels of PSMA are associated to more aggressive
types of prostate cancer.19-21 Basically, radiolabeled PSMA ligands are novel contrast
agents with high tumor sensitivity.
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To date, numerous PSMA tracers have been developed. Yet, in patients with localized
prostate cancer, the use of [18F]PSMA-1007 is particularly attractive as it is metabolized by
the hepatobiliary tract resulting in lower urinary excretion compared to the other PSMA
tracers available (e.g. [68Ga]Ga-PSMA-11 or [18F]DCFPyL). Therefore, [18F]PSMA-1007
offers improved visualization of tumor lesions in close proximity of the bladder, ureters
and urethra (figure 2). This seems particularly useful to assess the local prostate (e.g. for
prostate diagnostics or prior to undergoing radical treatment) as urine is less likely to
be misinterpreted as tumor. The results of this thesis backs this as most tumors showed
higher uptake of [18F]PSMA-1007 than the urine (chapter 2).19,22 This renders [18F]PSMA1007 and other low-renal excreting tracers (e.g. [18F]AlF-PSMA-11) as ideal candidates for
detection of intraprostatic lesions in (early stage) prostate cancer patients.23

A

B

figure 2 | A single patient with biochemical recurrence (PSA 0.91) following radical
prostatectomy that received a [68Ga]Ga-PSMA-11 PET (A) and [18F]PSMA-1007 PET (B) within
six months. Mind the local recurrence of prostate cancer highlighted in red (B). [18F]PSMA1007 improves visualization of structures in close proximity of the bladder, ureters and urethra
compared to [68Ga]Ga-PSMA 11. No other suspicious uptake was noted. The lesion could not be
confirmed by histopathology due to its limited size, but targeted external beam radiotherapy led
to a significant reduction in PSA (PSA 0.22).

9

PET = Positron Emission Tomography; PSA = prostate-specific antigen; PSMA = Prostate Specific
Membrane Antigen
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The present thesis support the hypothesis of an improved detection of prostate cancer
lesions by combining [18F]PSMA-1007 PET imaging and mpMRI. Not only could the
addition of PET imaging improve the specificity of local prostate diagnostics and detect
metastases, but it also seems to add information whether extra-prostatic tumor growth is
present (chapter 2).24 This is in line with studies reporting on [68Ga]Ga-PSMA-11 PET.25-31
We also observed that [18F]PSMA-1007 PET could contribute to the staging process by
the detection of lymph node and bone metastases, which has also been reported for
[18F]DCFPyL and [68Ga]Ga-PSMA-11.24,32-35 Thus, these data advocate for PSMA imaging
for detection of both local and distant tumor lesions in primary prostate cancer patients.
This has triggered the European Association of Urology to include PSMA-PET scanning in
the recently updated guidelines.36 It is recommended that all patients with intermediate
or high-risk prostate cancer undergoing radical treatment receive PSMA-PET imaging for
staging of lymph node and distant metastases.24 Moreover, based on our observations,
we suggest that the information PSMA-PET provides on the local tumor should be
included for individual planning of therapy as it helps visualizing the local extension of
the tumor. Simply said, two scans (mpMRI and PSMA-PET) provide more information than
one scan (mpMRI only). However, MR imaging will keep its central role as delineation of
the prostatic capsule is not reliably done by PET or computed tomography (CT) imaging
and thus a combination of PET and MRI seems most accurate.25,30,37-39 At present, all PET
scans are combined with CT imaging but with increasing availability to PET/MRI in most
academic hospitals. However, a future study will need to rule out whether PET/MRI is
better (e.g. cost effective, time consuming) or that a PET/CT with fusion software for MRI
may be sufficient.
Increasing data, such as presented in chapter 3, are suggesting that patients may
benefit of PSMA-PET imaging following mpMRI and prior to biopsy.40,41 The PET
data can be added to the mpMRI PIRADS results. The PSMA-PET can help when the
radiologist does not know whether a biopsy is necessary (i.e. PIRADS 3 or PIRADS 4).
In this setting, PSMA-PET seems to have a high negative predictive value for clinically
significant prostate cancer.40,41 PET imaging may also help as it is generally easier to read
than MRI, which is useful for clinicians that have difficulties interpreting the different
mpMRI images. However, the uptake of PSMA ligands in benign prostate hyperplasia or
prostatitis, resulting in false positive PSMA scans, remains challenging without mpMRI.
Therefore, the combination of these two powerful prostate imaging techniques seems
most beneficial. It is postulated that this could reduce the number of biopsies and overdetection of clinically insignificant prostate cancers. While the outcomes of chapter 3
(and recent reports) are promising for PSMA-PET prior to biopsy in selected patients (e.g.
PIRADS 3-5), it is still (very) preliminary to introduce this for all patients. We thus await a
prospective randomized study to create stronger evidence for PSMA-PET imaging in this
setting, including its cost-effectiveness. Such studies are currently recruiting patients
(e.g. NCT03439033 & NCT02659527). Meanwhile, we suggest that individual patients
with ongoing suspicion for prostate cancer (e.g. incremental PSA levels, positive urine/
blood biomarkers) despite negative mpMRI outcome (or ineligible for mpMRI), may
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benefit from PSMA-PET imaging (chapter 3). Hence, mpMRI negative tumors can show
high PSMA expression (e.g. mucinous prostate tumors).42 Although, this needs to be
assessed in a proper study as well. All in all, with the first encouraging results, robust data
will now need to tell whether PSMA-PET has a role in the pre-biopsy setting for prostate
cancer diagnostics.

PSMA radioligand therapy in prostate cancer
In addition to PET imaging, PSMA ligands can also be labeled with α or β- emitting
radionuclides to deliver a tumoricidal radiation dose to cancer cells. Earlier studies
investigated 90Y and 177Lu labelled to PSMA antibodies, resulting in higher toxicity
due to long circulation. However, [177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T - both
radiolabeled PSMA ligands are currently showing better results regarding efficacy and
toxicity due to their faster pharmacokinetics.43-45 Previously, these radio-theranostic
drugs were solely investigated in end-stage prostate cancer patients aiming at systemic
control of the disease. However, translation of PSMA radioligand therapy to the hormone
sensitive stage seemed feasible as these early-stage patients also show high uptake of
radiolabeled PSMA ligands (e.g. observed in chapter 4 and 5). Moreover, it is hypothesized
that the high uptake of radioligands in smaller lesions or oligometastatic disease could
result in high local radiation doses.46
The term oligo-metastases describes a metastatic stage with limited tumor volume.
In prostate cancer this is by definition 3-5 metastases in a maximum of 2 organs.47 The
term was first used in 1995 by Hellman and Weichselbaum but became relevant with the
development of novel imaging modalities that can detect this low volume setting (e.g.
PSMA-PET scans).48 Currently, an increasing amount of data are showing that metastases
directed therapy with surgery or external beam radiotherapy in oligometastatic prostate
cancer can result in long term progression free survival.49-53 However, research regarding
the overall survival benefit is awaited as only preliminary results of a small cohort has been
reported.54 Several phase III studies are currently recruiting patients and have addressed
the overall survival as important study objectives in these patients (e.g. NCT04302454,
NCT03569241, NCT04075305, NCT02170181, NCT02685397, NCT04115007,
NCT03630666, NCT03525288 & NCT03784755). Nevertheless, incremental data
suggest that metastases directed therapies can postpone other treatments with higher
toxicity levels, such as androgen deprivation therapy in the hormone sensitive stage (see
chapter 1). Important as androgen deprivation therapy is associated with significant side
effects that frequently impairs the quality of life.55 It is hypothesized that [177Lu]Lu-PSMA
can serve as a metastases directed treatment too as it shows high specific uptake in
tumors resulting in high local radiation doses.56,57 Moreover, [177Lu]Lu-PSMA is not limited
by selected areas accessible for surgery or prior exposures from EBRT, but is injected
intravenously and self-directing towards the PSMA-expressing tumors. The results of
chapter 4 and 5 support this hypothesis. These studies revealed that PSMA radioligand
therapy is safe in hormone sensitive prostate cancer patients. The observed toxicities
were similar to those reported in end stage patients, but without myelotoxicity or
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nephrotoxicity.43-45,58 This was likely related to the better organ function and performance
status of these patients at start of treatment, but could also be due to the lower amount
activity applied in this study. Still, dosimetry results showed that higher amounts of
[177Lu]Lu-PSMA can be safely administered. The overall response rates were promising,
with 5 out of the 10 patients showing a durable effect on a lower activity of [177Lu]LuPSMA. Patients with solely lymph node metastases responded better compared to those
with bone lesions. This has also been observed in end-stage patients receiving [177Lu]LuPSMA.59 Moreover, it is known that bone metastases of thyroid cancer require 4-8 times
higher absorbed doses of 131I compared to soft tissue metastases (> 350 Gy vs. ~85 Gy,
respectively).60 While the evidence for prostate cancer is still lacking this may be similar
for [177Lu]Lu-PSMA. Our data showed that the tumors generally received a median 2.0 Gy/
GBq (median, range: 0.3-13.7), but this was higher in lymph node metastases (median 3.1
Gy/GBq, range: 0.6 – 13.7). Therefore, oligo-metastatic patients with solely lymph node
metastases may respond better to lower doses of [177Lu]Lu-PSMA as metastases-directed
therapy. A larger cohort is now needed to re-evaluate the pilot study outcomes regarding
efficacy of PSMA radioligand therapy to postpone ADT in oligometastatic hormone
sensitive prostate cancer. Therefore, we recently initiated a randomized phase II study
called “Bullseye” (chapter 8).61 In this trial, we have increased the therapeutic activity to
7.4GBq (instead of 3-6GBq) and now allow for up to four cycles if needed (e.g. patients
with bone metastases that potentially do not respond to two cycles of [177Lu]Lu-PSMA).
This study is currently recruiting patients. Moreover, it is postulated that [177Lu]Lu-PSMA
has a different toxicity profile that does not affect the quality of life as much as untargeted
systematic treatments such as hormonal agents and chemotherapy. Therefore, a future
trial which evaluates the quality of life in early metastatic patients (including patients with
slower disease kinetics) receiving PSMA radioligand therapy vs. hormonal agents (with or
without taxane-chemotherapy) is warranted (e.g. NCT04720157). Following studies will
also need to elucidate the long term toxicities of [177Lu]Lu-PSMA to the bone-marrow,
kidneys and salivary glands. For instance, myelodysplastic syndrome or acute myeloid
leukemia are long-term side effects seen in approximately 2% following radioligand
therapy (e.g. [177Lu]Lu-Octreotate).62,63 But then again, these bone-marrow diseases are
seen after chemotherapy or (poly (ADP-ribose) polymerase (PARP) inhibitors too.64
To date, most studies refer to 177Lu as their go-to isotope for radioligand therapy. However,
there are other radionuclides available with characteristics that may be more suitable
for therapeutic application, particularly in patients with small- or micrometastases. The
medium energy (Emax = 0.5 MeV) β- decay of 177Lu spreads most of its energy in a relatively
large area (lower linear energy transfer (LET)) and can therefore release its killing potency
outside the cancer cell in small lesions. Auger (161Tb) or α-emitters (225Ac, 212Pb and 149Tb)
have a much higher LET and are therefore believed more effective in smaller metastases
compared with beta emitters.65-68 These radiolabeled radionuclides can be used as a
singular injection or added to [177Lu]Lu-PSMA for a combined (tandem) treatment of both
long and short range radionuclides.69 However, more studies are needed to test these
hypotheses such as in oligometastatic prostate cancer.
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Given the first results of the pilot study, PSMA radioligand therapy seems to provide a
durable remission in half of oligometastatic prostate cancer patients. This hypothesis is
also supported the responses observed of [177Lu]Lu-PSMA in end-stage prostate cancer
patients and by the results of other radioligand therapy studies (e.g. 177Lu-DOTA-TOC,
131 131
I, I-CD33 [Bexxar®], 90Y-ibritumomab tiuxetan [Zevalin®]) in different malignancies
(e.g. neuro-endocrine tumors, thyroid cancer and lymphomas).70-74 Yet, it is crucial to
identify the best-responding patients to preclude patients from receiving an ineffective
treatment. Unfortunately, it is still poorly understood why some patients show an
excellent response while others are refractory, regardless of high radiotracer uptake on
pre-therapeutic PSMA-PET scans. The tumor genome contains fundamental information
that may be used to assess prognosis through profiling of altered genes. It is reported
that mutations leading to a deficiency in homologous recombination of tumor DNA may
be sensitive to genotoxic stressors such as alkylating agents and radioligand therapy.75-77
This is due to their inability to efficiently and error-free repair DNA damages. Whereas
an overactive (or proficient) DNA-damage repair is associated with cancers refractory
to radiotherapy or alkylating agents (e.g. glioblastoma).77,78 Thus, we anticipated that
tumors with inactivation of key genes of the DNA damage repair (DDR) pathway are
more responsive to PSMA radioligand therapy. However, our retrospective data did
not fit this hypothesis, as we observed no association of an improved response in endstage patients with pathogenic aberrations in DDR genes (chapter 7). Yet, this study was
prone to a variety of biases due to the heterogenous patient cohort which was also of
limited size. Moreover, patients frequently received prior PARP inhibitors or platinumbased chemotherapy which could have resulted in restoration of the previously aberrant
homologous recombination function or in resistance mechanisms to genotoxic drugs
(such as radioligand therapy).79 Therefore, a new study is warranted in a larger and
homogenous patient cohort that is not pre-treated with platinum chemotherapy or PARP
inhibitors, which also allows to evaluate treatment efficacy gene-by-gene. In addition,
it would be preferred to include dosimetry analyses in such studies and include ontreatment biopsies in DDR wildtype and mutated patients, to improve our understanding
of the effects of radioligand therapy. While DNA-damage repair genes may play a role in
radioligand therapy, it is likely that more mechanisms affect treatment outcome. Hence,
more comprehensive testing seems imperative to truly dissect the differential responses
to PSMA radioligand therapy such as cell proliferation and its regulatory pathways (e.g.
PI3K/AKT/mTOR), tumor hypoxia, immune responses, and cancer stem cells; all factors
that may influence radio-resistance.80,81 More collaborations between nuclear medicine
physicians, experts in radiation oncology, genetics, immunology, and biology are
warranted to fully elucidate these mechanisms.

Dosimetry in radioligand therapy

9

Next to the molecular characteristics and the tumor micro-environment, treatment
efficacy is also influenced by the (radiation) doses delivered to the target tissues.
While dosimetry for external beam radiotherapy is relatively straightforward, for
radionuclide therapy the radiation dose is calculated using a sophisticated software
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based on dosimetric models (e.g. OLINDA/EXM; Organ Level INternal Dose Assessment
/EXponential Modeling). In short, the gamma decay of radionuclides can be used to
determine the α or β- particle exposure in the regions of interest (tumor or healthy
organs) with single-photon emission computed tomography (SPECT). This method has
been shown to effectively predict treatment outcome for 131I and [177Lu]Lu-DOTATATE in
thyroid disease and neuro-endocrine tumors, respectively.82,83. A similar model was also
applied in the studies in chapter 5, showing a better response in metastases with higher
accumulation of [177Lu]Lu-PSMA-617. Thus, dosimetry could aid in selecting patients for
[177Lu]Lu-PSMA and individualize patient care.
The dosimetry of the pilot study was performed intra-therapeutically, while it is obviously
better to predict the radiation dose up-front. Moreover, PET imaging would result
in a higher resolution compared to SPECT imaging by reducing partial volume effects,
which is particularly useful in low volume disease. With PET dosimetry, only patients
with high radiation doses in the (smallest detectable) tumors will be considered eligible
for PSMA radioligand therapy. This is not feasible with 68Ga or 18F because of their 68
and 110 minutes half-life, respectively, which precludes evaluation at later timepoints
and thus to study the long-term pharmacokinetics of a tracer. The 3.27 day half-life of
the positron emitter 89Zr is a promising alternative, that is already used for antibody
imaging such as 89Zr-pembroluzimab, 89Zr-nivolumab and 89Zr-trastuzumab.84 In chapter
6, we describe a successful labeling of 89Zr with PSMA-617 and PSMA-I&T. The ex-vivo
biodistribution of [89Zr]Zr-PSMA-617 and [89Zr]Zr-PSMA-I&T resembled the distribution
[177Lu]Lu-PSMA-617 and [177Lu]Lu-PSMA-I&T, respectively. Thereby, we were able to
evaluate the pharmacokinetics of PSMA-617 and PSMA-I&T with PET imaging up to
seven days post-injection. However, differences in absorbed doses were observed in
the kidneys and skeleton, which may influence the dosimetry outcome of these organs.
The first in man images of [89Zr]Zr-PSMA-617 were of high quality warranting further
clinical investigation. A clinical study of [89Zr]Zr-PSMA is now planned which will need to
elucidate these differences, as well as the efficacy of [89Zr]Zr-PSMA to predict response of
PSMA radioligand therapy upfront.

Concluding remarks
PSMA is an important target for prostate cancer imaging and therapy due to its selective
overexpression in most prostate cancer subtypes. The studies in this thesis showed
promising results for [18F]PSMA-1007 to visualize localized prostate tumors. The
low urinary uptake of [18F]PSMA-1007 seems particularly advantageous for patients
undergoing local prostate diagnostics or in those with limited pelvic disease. More studies
are needed that evaluate if PSMA-PET imaging actually improves (long-term) patient
outcome in this setting. This thesis also provided proof of concept of [177Lu]Lu-PSMA-617
in hormone sensitive prostate cancer with only a few metastases. In the clinical trial,
the patients seemed to benefit from this new salvage metastases directed therapy by
increasing the progression free survival and postponing androgen deprivation therapy,
and thus by preserving a good quality of life. Future studies are warranted to improve

208

General discussion and future perspectives

patient selection for tailor-made radioligand treatments. In conclusion, this thesis paves
the way for broader application of PSMA theranostics which will keep a future generation
of researchers engaged, resulting in better prospects for prostate cancer patients.

9

209

Chapter 9

References
1
2
3

4
5
6

7

8

9

10

11

12

13
14

210

NobelPrize.org. Nobel Media AB 2021. Mon. 18 Jan 2021. .
Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nature Reviews Cancer
2012;12(4):278-87 doi 10.1038/nrc3236.
Vyas M, Koehl U, Hallek M, Strandmann EPv. Natural ligands and antibody-based fusion
proteins: harnessing the immune system against cancer. Trends in Molecular Medicine
2014;20(2):72-82 doi 10.1016/j.molmed.2013.10.006.
Imai K, Takaoka A. Comparing antibody and small-molecule therapies for cancer. Nature
Reviews Cancer 2006;6(9):714-27 doi 10.1038/nrc1913.
Horoszewicz JS, Leong SS, Kawinski E, Karr JP, Rosenthal H, Chu TM, et al. LNCaP Model of
Human Prostatic Carcinoma. Cancer Research 1983;43(4):1809-18.
Horoszewicz JS, Kawinski E, Murphy GP. Monoclonal antibodies to a new antigenic marker
in epithelial prostatic cells and serum of prostatic cancer patients. Anticancer research
1987;7(5B):927-35.
O’Keefe DS, Bacich DJ, Huang SS, Heston WDW. A Perspective on the Evolving Story of
PSMA Biology, PSMA-Based Imaging, and Endoradiotherapeutic Strategies. Journal of
Nuclear Medicine 2018;59(7):1007-13 doi 10.2967/jnumed.117.203877.
Milowsky MI, Nanus DM, Kostakoglu L, Vallabhajosula S, Goldsmith SJ, Bander NH. Phase I
trial of yttrium-90-labeled anti-prostate-specific membrane antigen monoclonal antibody
J591 for androgen-independent prostate cancer. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2004;22(13):2522-31 doi 10.1200/
jco.2004.09.154.
Morris MJ, Divgi CR, Pandit-Taskar N, Batraki M, Warren N, Nacca A, et al. Pilot Trial of
Unlabeled and Indium-111–Labeled Anti–Prostate-Specific Membrane Antigen Antibody
J591 for Castrate Metastatic Prostate Cancer. Clinical Cancer Research 2005;11(20):745461 doi 10.1158/1078-0432.Ccr-05-0826.
Bander NH, Trabulsi EJ, Kostakoglu L, Yao D, Vallabhajosula S, Smith-Jones P, et al.
Targeting metastatic prostate cancer with radiolabeled monoclonal antibody J591 to
the extracellular domain of prostate specific membrane antigen. The Journal of urology
2003;170(5):1717-21 doi 10.1097/01.ju.0000091655.77601.0c.
Rahbar K, Afshar-Oromieh A, Jadvar H, Ahmadzadehfar H. PSMA Theranostics: Current
Status and Future Directions. Molecular imaging 2018;17:1536012118776068- doi
10.1177/1536012118776068.
Fendler WP, Calais J, Eiber M, Flavell RR, Mishoe A, Feng FY, et al. Assessment of 68GaPSMA-11 PET Accuracy in Localizing Recurrent Prostate Cancer: A Prospective Single-Arm
Clinical Trial. JAMA oncology 2019;5(6):856-63 doi 10.1001/jamaoncol.2019.0096.
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA: a cancer journal for clinicians
2019;69(1):7-34 doi 10.3322/caac.21551.
Mottet N, Bellmunt J, Bolla M, Briers E, Cumberbatch MG, De Santis M, et al. EAUESTRO-SIOG Guidelines on Prostate Cancer. Part 1: Screening, Diagnosis, and Local
Treatment with Curative Intent. European Urology 2017;71(4):618-29 doi 10.1016/j.
eururo.2016.08.003.

General discussion and future perspectives

15 Israel B, Leest MV, Sedelaar M, Padhani AR, Zamecnik P, Barentsz JO. Multiparametric
Magnetic Resonance Imaging for the Detection of Clinically Significant Prostate Cancer:
What Urologists Need to Know. Part 2: Interpretation. Eur Urol 2019 doi 10.1016/j.
eururo.2019.10.024.
16 Drost FH, Osses DF, Nieboer D, Steyerberg EW, Bangma CH, Roobol MJ, et al. Prostate
MRI, with or without MRI-targeted biopsy, and systematic biopsy for detecting prostate
cancer. Cochrane Database Syst Rev 2019;4:CD012663 doi 10.1002/14651858.CD012663.
pub2.
17 de Rooij M, Hamoen EH, Witjes JA, Barentsz JO, Rovers MM. Accuracy of Magnetic
Resonance Imaging for Local Staging of Prostate Cancer: A Diagnostic Meta-analysis.
Eur Urol 2016;70(2):233-45 doi 10.1016/j.eururo.2015.07.029.
18 Mottet N, van den Bergh RCN, Briers E, Bourke L, Cornford P, De Santis M, et al. EAU –
ESTRO – ESUR – SIOG Guidelines on Prostate Cancer 2019. European Association of
Urology Guidelines 2019 Edition. Volume Edn. presented at the EAU Annual Congress
Barcelona 2019. Arnhem, The Netherlands: European Association of Urology Guidelines
Office; 2019.
19 Privé BM, Israël B, Schilham MGM, Muselaers CHJ, Zámecnik P, Mulders PFA, et al.
Evaluating F-18-PSMA-1007-PET in primary prostate cancer and comparing it to multiparametric MRI and histopathology. Prostate cancer and prostatic diseases 2020 doi
10.1038/s41391-020-00292-2.
20 Paschalis A, Sheehan B, Riisnaes R, Rodrigues DN, Gurel B, Bertan C, et al. Prostate-specific
Membrane Antigen Heterogeneity and DNA Repair Defects in Prostate Cancer. European
Urology 2019;76(4):469-78 doi 10.1016/j.eururo.2019.06.030.
21 Bravaccini S, Puccetti M, Bocchini M, Ravaioli S, Celli M, Scarpi E, et al. PSMA expression: a
potential ally for the pathologist in prostate cancer diagnosis. Sci Rep 2018;8(1):4254 doi
10.1038/s41598-018-22594-1.
22 Giesel FL, Hadaschik B, Cardinale J, Radtke J, Vinsensia M, Lehnert W, et al. F-18 labelled
PSMA-1007: biodistribution, radiation dosimetry and histopathological validation of
tumor lesions in prostate cancer patients. Eur J Nucl Med Mol Imaging 2017;44(4):678-88
doi 10.1007/s00259-016-3573-4.
23 Werner RA, Derlin T, Lapa C, Sheikbahaei S, Higuchi T, Giesel FL, et al. <sup>18</sup>FLabeled, PSMA-Targeted Radiotracers: Leveraging the Advantages of Radiofluorination
for Prostate Cancer Molecular Imaging. Theranostics 2020;10(1):1-16 doi 10.7150/
thno.37894.
24 Hofman MS, Lawrentschuk N, Francis RJ, Tang C, Vela I, Thomas P, et al. Prostate-specific
membrane antigen PET-CT in patients with high-risk prostate cancer before curativeintent surgery or radiotherapy (proPSMA): a prospective, randomised, multicentre study.
The Lancet 2020;395(10231):1208-16 doi https://doi.org/10.1016/S0140-6736(20)303147.
25 Hicks RM, Simko JP, Westphalen AC, Nguyen HG, Greene KL, Zhang L, et al.
Diagnostic Accuracy of (68)Ga-PSMA-11 PET/MRI Compared with Multiparametric
MRI in the Detection of Prostate Cancer. Radiology 2018;289(3):730-7 doi 10.1148/
radiol.2018180788.

9

211

Chapter 9

26 Turkbey B, Mena E, Lindenberg L, Adler S, Bednarova S, Berman R, et al. 18F-DCFBC
Prostate-Specific Membrane Antigen-Targeted PET/CT Imaging in Localized Prostate
Cancer: Correlation With Multiparametric MRI and Histopathology. Clinical nuclear
medicine 2017;42(10):735-40 doi 10.1097/RLU.0000000000001804.
27 Rowe SP, Gage KL, Faraj SF, Macura KJ, Cornish TC, Gonzalez-Roibon N, et al. ¹⁸F-DCFBC
PET/CT for PSMA-Based Detection and Characterization of Primary Prostate
Cancer. Journal of nuclear medicine : official publication, Society of Nuclear Medicine
2015;56(7):1003-10 doi 10.2967/jnumed.115.154336.
28 Zamboglou C, Drendel V, Jilg CA, Rischke HC, Beck TI, Schultze-Seemann W, et al.
Comparison of (68)Ga-HBED-CC PSMA-PET/CT and multiparametric MRI for gross
tumour volume detection in patients with primary prostate cancer based on slice by slice
comparison with histopathology. Theranostics 2017;7(1):228-37 doi 10.7150/thno.16638.
29 Zamboglou C, Schiller F, Fechter T, Wieser G, Jilg CA, Chirindel A, et al. (68)Ga-HBED-CCPSMA PET/CT Versus Histopathology in Primary Localized Prostate Cancer: A Voxel-Wise
Comparison. Theranostics 2016;6(10):1619-28 doi 10.7150/thno.15344.
30 Chen M, Zhang Q, Zhang C, Zhao X, Marra G, Gao J, et al. Combination of (68)Ga-PSMA
PET/CT and Multiparametric MRI Improves the Detection of Clinically Significant Prostate
Cancer: A Lesion-by-Lesion Analysis. Journal of nuclear medicine : official publication, Society
of Nuclear Medicine 2019;60(7):944-9 doi 10.2967/jnumed.118.221010.
31 Giesel FL, Sterzing F, Schlemmer HP, Holland-Letz T, Mier W, Rius M, et al. Intra-individual
comparison of (68)Ga-PSMA-11-PET/CT and multi-parametric MR for imaging of
primary prostate cancer. European journal of nuclear medicine and molecular imaging
2016;43(8):1400-6 doi 10.1007/s00259-016-3346-0.
32 Wondergem M, Jansen BHE, van der Zant FM, van der Sluis TM, Knol RJJ, van Kalmthout
LWM, et al. Early lesion detection with (18)F-DCFPyL PET/CT in 248 patients with
biochemically recurrent prostate cancer. European journal of nuclear medicine and
molecular imaging 2019;46(9):1911-8 doi 10.1007/s00259-019-04385-6.
33 Morris MJ, Rowe SP, Gorin MA, Saperstein L, Pouliot F, Josephson DY, et al. Diagnostic
Performance of <sup>18</sup>F-DCFPyL-PET/CT in Men with Biochemically Recurrent
Prostate Cancer: Results from the CONDOR Phase 3, Multicenter Study. Clinical Cancer
Research 2021:clincanres.4573.2020 doi 10.1158/1078-0432.Ccr-20-4573.
34 Pienta KJ, Gorin MA, Rowe SP, Carroll PR, Pouliot F, Probst S, et al. A Phase 2/3 Prospective
Multicenter Study of the Diagnostic Accuracy of Prostate-Specific Membrane Antigen
PET/CT with (18)F-DCFPyL in Prostate Cancer Patients (OSPREY). The Journal of urology
2021:101097ju0000000000001698 doi 10.1097/ju.0000000000001698.
35 Meijer D, van Leeuwen PJ, Roberts MJ, Siriwardana AR, Morton A, Yaxley JW, et al. External
Validation and Addition of Prostate-specific Membrane Antigen Positron Emission
Tomography to the Most Frequently Used Nomograms for the Prediction of Pelvic Lymphnode Metastases: an International Multicenter Study. European Urology 2021;80(2):23442 doi https://doi.org/10.1016/j.eururo.2021.05.006.

212

General discussion and future perspectives

36 Mottet N, van den Bergh RCN, Briers E, Van den Broeck T, Cumberbatch MG, De Santis
M, et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer-2020 Update.
Part 1: Screening, Diagnosis, and Local Treatment with Curative Intent. Eur Urol 2020 doi
10.1016/j.eururo.2020.09.042.
37 Freitag MT, Kesch C, Cardinale J, Flechsig P, Floca R, Eiber M, et al. Simultaneous wholebody (18)F-PSMA-1007-PET/MRI with integrated high-resolution multiparametric
imaging of the prostatic fossa for comprehensive oncological staging of patients with
prostate cancer: a pilot study. European journal of nuclear medicine and molecular imaging
2018;45(3):340-7 doi 10.1007/s00259-017-3854-6.
38 Grubmüller B, Baltzer P, Hartenbach S, D’Andrea D, Helbich TH, Haug AR, et al. PSMA
Ligand PET/MRI for Primary Prostate Cancer: Staging Performance and Clinical Impact.
Clinical Cancer Research 2018;24(24):6300-7 doi 10.1158/1078-0432.Ccr-18-0768.
39 Muehlematter UJ, Burger IA, Becker AS, Schawkat K, Hotker AM, Reiner CS, et al.
Diagnostic Accuracy of Multiparametric MRI versus (68)Ga-PSMA-11 PET/MRI for
Extracapsular Extension and Seminal Vesicle Invasion in Patients with Prostate Cancer.
Radiology 2019;293(2):350-8 doi 10.1148/radiol.2019190687.
40 Emmett L, Buteau J, Papa N, Moon D, Thompson J, Roberts MJ, et al. The Additive
Diagnostic Value of Prostate-specific Membrane Antigen Positron Emission Tomography
Computed Tomography to Multiparametric Magnetic Resonance Imaging Triage in the
Diagnosis of Prostate Cancer (PRIMARY): A Prospective Multicentre Study. European
Urology doi 10.1016/j.eururo.2021.08.002.
41 Margel D, Bernstine H, Groshar D, Ber Y, Nezrit O, Segal N, et al. Diagnostic Performance
of (68)Ga Prostate-specific Membrane Antigen PET/MRI Compared with Multiparametric
MRI for Detecting Clinically Significant Prostate Cancer. Radiology 2021:204093 doi
10.1148/radiol.2021204093.
42 Simopoulos DN, Natarajan S, Jones TA, Fendler WP, Sisk AE, Marks LS. Targeted Prostate
Biopsy Using 68Gallium PSMA-PET/CT for Image Guidance. Urology Case Reports
2017;14:11-4 doi https://doi.org/10.1016/j.eucr.2017.05.006.
43 Heck MM, Tauber R, Schwaiger S, Retz M, D’Alessandria C, Maurer T, et al. Treatment
Outcome, Toxicity, and Predictive Factors for Radioligand Therapy with <sup>177</sup>LuPSMA-I&amp;T in Metastatic Castration-resistant Prostate Cancer. European Urology
2019;75(6):920-6 doi 10.1016/j.eururo.2018.11.016.
44 Hofman MS, Emmett L, Sandhu SK, Iravani A, Joshua AM, Goh JC, et al. TheraP: A
randomised phase II trial of 177Lu-PSMA-617 (LuPSMA) theranostic versus cabazitaxel
in metastatic castration resistant prostate cancer (mCRPC) progressing after docetaxel:
Initial results (ANZUP protocol 1603). Journal of Clinical Oncology 2020;38(15_
suppl):5500- doi 10.1200/JCO.2020.38.15_suppl.5500.
45 Hofman MS, Violet J, Hicks RJ, Ferdinandus J, Thang SP, Akhurst T, et al. [(177)Lu]PSMA-617 radionuclide treatment in patients with metastatic castration-resistant
prostate cancer (LuPSMA trial): a single-centre, single-arm, phase 2 study. The Lancet
Oncology 2018;19(6):825-33 doi 10.1016/s1470-2045(18)30198-0.

9

213

Chapter 9

46 O’Donoghue JA, Bardies M, Wheldon TE. Relationships between tumor size and curability
for uniformly targeted therapy with beta-emitting radionuclides. Journal of nuclear
medicine : official publication, Society of Nuclear Medicine 1995;36(10):1902-9.
47 Aluwini SS, Mehra N, Lolkema MP, Oprea-Lager DE, Yakar D, Stoevelaar H, et al.
Oligometastatic Prostate Cancer: Results of a Dutch Multidisciplinary Consensus
Meeting. European Urology Oncology 2020;3(2):231-8 doi https://doi.org/10.1016/j.
euo.2019.07.010.
48 Hellman S, Weichselbaum RR. Oligometastases. Journal of clinical oncology : official journal
of the American Society of Clinical Oncology 1995;13(1):8-10 doi 10.1200/jco.1995.13.1.8.
49 Ost P, Reynders D, Decaestecker K, Fonteyne V, Lumen N, De Bruycker A, et al. Surveillance
or Metastasis-Directed Therapy for Oligometastatic Prostate Cancer Recurrence: A
Prospective, Randomized, Multicenter Phase II Trial. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2018;36(5):446-53 doi 10.1200/
jco.2017.75.4853.
50 Fossati N, Suardi N, Gandaglia G, Bravi CA, Soligo M, Karnes RJ, et al. Identifying the
Optimal Candidate for Salvage Lymph Node Dissection for Nodal Recurrence of Prostate
Cancer: Results from a Large, Multi-institutional Analysis. Eur Urol 2019;75(1):176-83 doi
10.1016/j.eururo.2018.09.009.
51 Aluwini SS, Mehra N, Lolkema MP, Oprea-Lager DE, Yakar D, Stoevelaar H, et al.
Oligometastatic Prostate Cancer: Results of a Dutch Multidisciplinary Consensus
Meeting. Eur Urol Oncol 2019 doi 10.1016/j.euo.2019.07.010.
52 Phillips R, Shi WY, Deek M, Radwan N, Lim SJ, Antonarakis ES, et al. Outcomes of
Observation vs Stereotactic Ablative Radiation for Oligometastatic Prostate Cancer:
The ORIOLE Phase 2 Randomized Clinical Trial. JAMA oncology 2020 doi 10.1001/
jamaoncol.2020.0147.
53 Schmidt-Hegemann NS, Kroeze SGC, Henkenberens C, Vogel MME, Kirste S, Becker J,
et al. Influence of localization of PSMA-positive oligo-metastases on efficacy of
metastasis-directed external-beam radiotherapy-a multicenter retrospective study.
European journal of nuclear medicine and molecular imaging 2020 doi 10.1007/s00259-02004708-y.
54 Ost P, Reynders D, Decaestecker K, Fonteyne V, Lumen N, Bruycker AD, et al. Surveillance
or metastasis-directed therapy for oligometastatic prostate cancer recurrence (STOMP):
Five-year results of a randomized phase II trial. Journal of Clinical Oncology 2020;38(6_
suppl):10- doi 10.1200/JCO.2020.38.6_suppl.10.
55 Ahmadi H, Daneshmand S. Androgen deprivation therapy: evidence-based
management of side effects. BJU international 2013;111(4):543-8 doi 10.1111/j.1464410X.2012.11774.x.
56 Privé BM, Peters SMB, Muselaers CHJ, van Oort IM, Janssen MJR, Sedelaar M, et al.
Lutetium-177-PSMA-617 in low-volume hormone sensitive metastatic prostate cancer,
a prospective pilot study. Clinical Cancer Research 2021:clincanres.4298.2020 doi
10.1158/1078-0432.Ccr-20-4298.

214

General discussion and future perspectives

57 Violet J, Jackson P, Ferdinandus J, Sandhu S, Akhurst T, Iravani A, et al. Dosimetry of (177)
Lu-PSMA-617 in Metastatic Castration-Resistant Prostate Cancer: Correlations Between
Pretherapeutic Imaging and Whole-Body Tumor Dosimetry with Treatment Outcomes.
Journal of nuclear medicine : official publication, Society of Nuclear Medicine 2019;60(4):51723 doi 10.2967/jnumed.118.219352.
58 Rahbar K, Ahmadzadehfar H, Kratochwil C, Haberkorn U, Schafers M, Essler M, et al.
German Multicenter Study Investigating 177Lu-PSMA-617 Radioligand Therapy in
Advanced Prostate Cancer Patients. Journal of nuclear medicine : official publication, Society
of Nuclear Medicine 2017;58(1):85-90 doi 10.2967/jnumed.116.183194.
59 Edler von Eyben F, Singh A, Zhang J, Nipsch K, Meyrick D, Lenzo N, et al. (177)Lu-PSMA
radioligand therapy of predominant lymph node metastatic prostate cancer. Oncotarget
2019;10(25):2451-61 doi 10.18632/oncotarget.26789.
60 Jentzen W, Verschure F, van Zon A, van de Kolk R, Wierts R, Schmitz J, et al. <sup>124</
sup>I PET Assessment of Response of Bone Metastases to Initial Radioiodine Treatment
of Differentiated Thyroid Cancer. Journal of Nuclear Medicine 2016;57(10):1499-504 doi
10.2967/jnumed.115.170571.
61 Privé BM, Janssen MJR, van Oort IM, Muselaers CHJ, Jonker MA, de Groot M, et al.
Lutetium-177-PSMA-I&T as metastases directed therapy in oligometastatic hormone
sensitive prostate cancer, a randomized controlled trial. BMC cancer 2020;20(1):884 doi
10.1186/s12885-020-07386-z.
62 Bodei L, Kidd M, Paganelli G, Grana CM, Drozdov I, Cremonesi M, et al. Long-term
tolerability of PRRT in 807 patients with neuroendocrine tumours: the value and
limitations of clinical factors. European journal of nuclear medicine and molecular imaging
2015;42(1):5-19 doi 10.1007/s00259-014-2893-5.
63 Sabet A, Ezziddin K, Pape UF, Ahmadzadehfar H, Mayer K, Pöppel T, et al. Long-term
hematotoxicity after peptide receptor radionuclide therapy with 177Lu-octreotate. Journal
of nuclear medicine : official publication, Society of Nuclear Medicine 2013;54(11):1857-61
doi 10.2967/jnumed.112.119347.
64 Rosenstock AS, Niu J, Giordano SH, Zhao H, Wolff AC, Chavez-MacGregor M. Acute
myeloid leukemia and myelodysplastic syndrome after adjuvant chemotherapy: A
population-based study among older breast cancer patients. Cancer 2018;124(5):899-906
doi https://doi.org/10.1002/cncr.31144.
65 Müller C, Umbricht CA, Gracheva N, Tschan VJ, Pellegrini G, Bernhardt P, et al.
Terbium-161 for PSMA-targeted radionuclide therapy of prostate cancer. European journal
of nuclear medicine and molecular imaging 2019;46(9):1919-30 doi 10.1007/s00259-01904345-0.
66 Müller C, Vermeulen C, Köster U, Johnston K, Türler A, Schibli R, et al. Alpha-PET with
terbium-149: evidence and perspectives for radiotheragnostics. EJNMMI Radiopharmacy
and Chemistry 2016;1(1):5 doi 10.1186/s41181-016-0008-2.
67 Hindié E, Zanotti-Fregonara P, Quinto MA, Morgat C, Champion C. Dose Deposits
from <sup>90</sup>Y, <sup>177</sup>Lu, <sup>111</sup>In, and <sup>161</sup>Tb in
Micrometastases of Various Sizes: Implications for Radiopharmaceutical Therapy. Journal
of Nuclear Medicine 2016;57(5):759-64 doi 10.2967/jnumed.115.170423.

9

215

Chapter 9

68 Uusijärvi H, Bernhardt P, Rösch F, Maecke HR, Forssell-Aronsson E. Electron- and positronemitting radiolanthanides for therapy: aspects of dosimetry and production. Journal of
nuclear medicine : official publication, Society of Nuclear Medicine 2006;47(5):807-14.
69 Khreish F, Ebert N, Ries M, Maus S, Rosar F, Bohnenberger H, et al. (225)Ac-PSMA-617/
(177)Lu-PSMA-617 tandem therapy of metastatic castration-resistant prostate cancer:
pilot experience. European journal of nuclear medicine and molecular imaging 2019 doi
10.1007/s00259-019-04612-0.
70 Goldsmith SJ. Radioimmunotherapy of Lymphoma: Bexxar and Zevalin. Seminars in Nuclear
Medicine 2010;40(2):122-35 doi https://doi.org/10.1053/j.semnuclmed.2009.11.002.
71 Durante C, Haddy N, Baudin E, Leboulleux S, Hartl D, Travagli JP, et al. Long-term outcome
of 444 patients with distant metastases from papillary and follicular thyroid carcinoma:
benefits and limits of radioiodine therapy. The Journal of clinical endocrinology and
metabolism 2006;91(8):2892-9 doi 10.1210/jc.2005-2838.
72 van Vliet EI, van Eijck CH, de Krijger RR, Nieveen van Dijkum EJ, Teunissen JJ, Kam BL, et
al. Neoadjuvant Treatment of Nonfunctioning Pancreatic Neuroendocrine Tumors with
[177Lu-DOTA0,Tyr3]Octreotate. Journal of nuclear medicine : official publication, Society of
Nuclear Medicine 2015;56(11):1647-53 doi 10.2967/jnumed.115.158899.
73 Sartor O, de Bono J, Chi KN, Fizazi K, Herrmann K, Rahbar K, et al. Lutetium-177–PSMA617 for Metastatic Castration-Resistant Prostate Cancer. New England Journal of Medicine
2021 doi 10.1056/NEJMoa2107322.
74 Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase 3 Trial of
177Lu-Dotatate for Midgut Neuroendocrine Tumors. New England Journal of Medicine
2017;376(2):125-35 doi 10.1056/NEJMoa1607427.
75 Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature
2009;461(7267):1071-8 doi 10.1038/nature08467.
76 Lord CJ, Ashworth A. The DNA damage response and cancer therapy. Nature
2012;481(7381):287-94 doi 10.1038/nature10760.
77 Schulz A, Meyer F, Dubrovska A, Borgmann K. Cancer Stem Cells and Radioresistance:
DNA Repair and Beyond. Cancers (Basel) 2019;11(6) doi 10.3390/cancers11060862.
78 Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma stem cells
promote radioresistance by preferential activation of the DNA damage response. Nature
2006;444(7120):756-60 doi 10.1038/nature05236.
79 Stover EH, Konstantinopoulos PA, Matulonis UA, Swisher EM. Biomarkers of Response and
Resistance to DNA Repair Targeted Therapies. Clinical cancer research : an official journal
of the American Association for Cancer Research 2016;22(23):5651-60 doi 10.1158/10780432.Ccr-16-0247.
80 Tang L, Wei F, Wu Y, He Y, Shi L, Xiong F, et al. Role of metabolism in cancer cell
radioresistance and radiosensitization methods. J Exp Clin Cancer Res 2018;37(1):87- doi
10.1186/s13046-018-0758-7.
81 Chang L, Graham PH, Hao J, Bucci J, Cozzi PJ, Kearsley JH, et al. Emerging roles of
radioresistance in prostate cancer metastasis and radiation therapy. Cancer Metastasis Rev
2014;33(2-3):469-96 doi 10.1007/s10555-014-9493-5.

216

General discussion and future perspectives

82 Brans B, Bodei L, Giammarile F, Linden O, Luster M, Oyen WJG, et al. Clinical radionuclide
therapy dosimetry: the quest for the “Holy Gray”. European journal of nuclear medicine and
molecular imaging 2007;vol. 34(iss. 5):772-86 doi https://doi.org/10.1007/s00259-0060338-5.
83 Strigari L, Konijnenberg M, Chiesa C, Bardies M, Du Y, Gleisner KS, et al. The evidence
base for the use of internal dosimetry in the clinical practice of molecular radiotherapy.
European journal of nuclear medicine and molecular imaging 2014;41(10):1976-88 doi
10.1007/s00259-014-2824-5.
84 Heskamp S, Raavé R, Boerman O, Rijpkema M, Goncalves V, Denat F. (89)Zr-ImmunoPositron Emission Tomography in Oncology: State-of-the-Art (89)Zr Radiochemistry.
Bioconjugate chemistry 2017;28(9):2211-23 doi 10.1021/acs.bioconjchem.7b00325.

9

217

Appendices

Appendices

Summary
Given the high mortality and morbidity, there is still an unmet need warranting further
improvements in prostate cancer diagnostics and treatment. The vast majority of prostate
cancers have a selective overexpression of prostate specific membrane antigen (PSMA).
Radiolabeled PSMA ligands (e.g. [18F]PSMA-1007) can be used to visualize prostate
cancer (metastases) with molecular imaging (e.g. positron emission tomography [PET])
techniques. Moreover, PSMA radioligand therapy with [177Lu]Lu-PSMA (a PSMA tracer
labeled with a beta emitter) is a promising new therapeutic approach for metastasized
prostate cancer patients. The aim of this thesis was to explore new arenas for PSMA
imaging and therapy and increase our understanding of this novel treatment in prostate
cancer patients.
In chapter two, the efficacy of [18F]PSMA-1007 positron emission tomography (PET)
to detect localized and metastatic prostate cancer was described in 53 patients with
intermediate- or high-risk prostate cancer. The [18F]PSMA-1007 PET results were
retrospectively compared to multiparametric magnetic resonance imaging (mpMRI) with
histopathology as gold-standard. This study suggested that dual imaging with mpMRI and
[18F]PSMA-1007 PET may improve staging of local and distant disease in primary prostate
cancer patients. In particular, the PET data may provide additional information on extraprostatic growth. Furthermore, we observed that [18F]PSMA-1007 showed low urinary
uptake, which helped the evaluation of tumors in proximity of the bladder. Therefore,
[18F]PSMA-1007 is also useful for localized prostate diagnostics.
To evaluate the findings of chapter two with more robust data, we initiated a prospective
trial. Seventy-five patients with suspicion of prostate cancer (e.g. due to elevated
blood prostate specific antigen [PSA] levels) received [18F]PSMA-1007 PET following
mpMRI and prior to prostate biopsy. Thereby, this study investigated the added value of
[18F]PSMA-1007 PET compared with mpMRI alone for the detection of localized prostate
tumors. In chapter three, we described the interim analysis of 61 patients that underwent
[18F]PSMA-1007 PET and observed an encouraging sensitivity and specificity to detect
clinically significant prostate cancer of 94% and 69%, respectively. The PSMA-PET
had a 95% negative predictive value in detecting clinically significant prostate cancer.
Therefore, in the pre-prostate biopsy setting, PSMA-PET may help stratifying equivocal
mpMRI findings and improve the specificity of PIRADS III-V lesions.
Following the studies related to PSMA imaging, chapter four to eight covered the work
on PSMA radioligand therapy. In chapter four, we presented the results of a pilot study
of [177Lu]Lu-PSMA-617 in ten rapidly progressing low-volume metastatic hormone
sensitive prostate cancer patients. All study participants received two cycles of [177Lu]LuPSMA-617 without complications. No treatment-related grade III-IV adverse events were
observed. According to dosimetry, none of the organs at risk (salivary gland, kidneys and
bone-marrow) reached threshold doses for radiation-related toxicity. All patients showed
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altered PSA kinetics, postponed androgen deprivation therapy, and maintained good
quality of life. Half of the patients showed a PSA response of more than 50%. One patient
had a complete response on PSMA-PET imaging until the end of the study and two others
had only minimal residual disease. Following these results, [177Lu]Lu-PSMA-617 seems a
feasible and safe treatment modality in patients with low-volume metastatic hormone
sensitive prostate cancer warranting further investigation.
In chapter five, we described the full dosimetry outcomes of the pilot study of the
previous chapter. Thereby, this chapter provided detailed information regarding the
absorbed doses of [177Lu]Lu-PSMA-617 in tumor lesions (3.25 ± 3.19 Gy/GBq), salivary
glands (0.39 ± 0.17 Gy/GBq), kidneys (0.49 ± 0.11 Gy/GBq), liver (0.09 ± 0.01 Gy/GBq)
and bone marrow (0.017 ± 0.008 Gy/GBq) in the low-volume hormone sensitive setting.
Moreover, the dosimetry data of tumor lesions were positively correlated to the clinical
outcome. Taken together, these dosimetry results suggest that the tumor sink effect in
low-volume metastatic patients is of less concern than was expected. Tumor-to-organ
ratio of absorbed dose was high and tumor uptake correlates with PSA response (p =
0.047). Additional treatment cycles seemed legitimate in terms of organ toxicity and
could lead to better tumor response.
While a growing body of literature has reported promising results for [177Lu]Lu-PSMA
targeted radionuclide therapy, patient selection is still challenging with 40-60% of
prostate cancer patients being unresponsive to [177Lu]Lu-PSMA-617 or [177Lu]Lu-PSMAI&T. Hence, there is a need to improve patient selection, particularly with the translation
of PSMA radioligand therapy to early stages of disease (e.g. hormone sensitive prostate
cancer). In chapter six, we described a novel radiolabeling method of PSMA-617 and
PSMA-I&T with the long-lived positron emitter 89Zr, which allows high-resolution PET
imaging up to 7 days post injection. With [89Zr]Zr-PSMA-617 and [89Zr]Zr-PSMA-I&T, we
were able to study the pharmacokinetics of these PSMA tracers up to 7 days, allowing
more precise pre-therapeutic dose assessment of [177Lu]Lu-PSMA-617 and [177Lu]LuPSMA-I&T. In this chapter, we showed the first proof-of-concept of [89Zr]Zr-PSMA-617 in
man demonstrating high resolution images. A patient study is now planned to investigate
its clinical potential.
The thesis continued in chapter seven with a study that tried to understand why some
patients do respond to PSMA radioligand therapy while others do not. In this chapter, we
describe a cohort of 40 patients that underwent PSMA radioligand therapy and where
tumour mutational status was known of 40 DNA-damage repair genes (e.g. BRCA1,
BRCA2, ATM). Previous studies suggested an enhanced effect of 223Ra radioligand therapy
particularly in patients with a defect in homologous recombination. The objectives of
this study were to compare the progression free survival and overall survival for PSMA
radioligand therapy in patients with and without pathogenic DNA-damage repair
mutations in tumor DNA. We could not confirm our hypothesis that patients with a
defect in homologous recombination respond better to PSMA radioligand therapy. In

222

other words, a beneficial response to PSMA radioligand therapy in patients harbouring
tumours with pathogenic DNA-damage repair deficiencies was not observed in this small
cohort study. We concluded that new studies in larger prospective cohorts are warranted
as the study may have been confounded by the limited number of patients included, who
were often heavily pre-treated. In this chapter, we recommended future homogeneous
patient studies than can address on the influence of prior lines of treatment (PARP
inhibitors, platina-based chemotherapy and 223Ra) and to factor in other determinants
such as treatment dosimetry, evaluation of signaling pathways and cellular processes to
elucidate the differential responses to PSMA radioligand therapy between patients.
In chapter eight, we described the study protocol of the “Bullseye” trial, a randomized
multicenter phase II study, that was initiated following the promising outcomes of
chapter four and five. Hence, this chapter provided a short term future perspective of our
ongoing work on [177Lu]Lu-PSMA in oligometastatic prostate cancer patients. The final
results of this prospective randomized multicenter study are awaited.
In chapter nine, we discuss the results presented in this thesis. First, PSMA-PET could
play a more important role in early-stage prostate diagnostics, potentially prior to biopsy.
In this setting, [18F]PSMA-1007 and other low urinary excreting PSMA tracers, seem
particularly advantageous as they improve the visualization of the bladder and prostatic
area. Second, based on our initial results from the pilot study, [177Lu]Lu-PSMA therapy
could play a more prominent role in low-volume metastatic hormone sensitive prostate
cancer patients. Based on these encouraging outcomes, a randomized multicenter
phase II study in the same setting was initiated. Finally, future studies are warranted to
better understand treatment response and improve patient selection for tailor-made
radioligand treatments. Taken together, this thesis paved the way for new diagnostic
and therapeutic strategies in prostate cancer patients, with the aim to improve patient
outcome.
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Samenvatting
Gezien de hoge mortaliteit en morbiditeit is er nog steeds een noodzaak om de
diagnostiek en de behandeling van prostaatkanker verder te verbeteren. Bij deze
aandoening zou gebruik gemaakt kunnen worden van prostaat specifiek membraan
antigeen (PSMA), een enzym dat selectief en in hoge mate tot over-expressie wordt
gebracht door de meeste typen prostaatkanker. Radioactief gelabelde PSMA liganden
(bijv. [18F]PSMA-1007) kunnen worden gebruikt om prostaatkanker (uitzaaiingen)
zichtbaar te maken met behulp van moleculaire beeldvorming zoals positron emissie
tomografie (PET). Naast PSMA beeldvorming, is PSMA radioligand therapie met
[177Lu]Lu-PSMA (een PSMA tracer gelabeld met een beta straler) een veelbelovende
nieuwe behandeling voor prostaatkankerpatiënten. Het doel van dit proefschrift was om
PSMA beeldvorming en PSMA therapie in nieuwe prostaatkanker stadia te onderzoeken.
Tevens, had dit proefschrift als doel om de kennis van deze nieuwe behandeling te
vergroten.
In hoofdstuk twee werd de werkzaamheid van de [18F]PSMA-1007 PET scan geëvalueerd
in een studie van 53 patiënten met recent gediagnosticeerd prostaatkanker. Er werd in
deze studie gekeken hoe effectief de [18F]PSMA-1007 PET scan lokaal en gemetastaseerd
prostaatkanker visualiseert. De resultaten van de PET scan werden retrospectief
vergeleken met de uitkomsten van de multi-parametric magnetic resonance imaging
(mpMRI) met de histopathologie als gouden standaard. De data suggereerde dat een
combinatie van de prostaat mpMRI en [18F]PSMA-1007 PET de stadiëring van primair
prostaatkanker patiënten kan verbeteren en aanvullende informatie oplevert wat betreft
tumorgroei buiten het prostaatkapsel. Wij zagen ook dat [18F]PSMA-1007 maar weinig
in de urine werd opgenomen, wat de evaluatie van tumoren in de buurt van de blaas ten
goede kwam. Wij concludeerden dat [18F]PSMA-1007 hierdoor met name nuttig is voor
de diagnostiek naar het lokale prostaatcarcinoom.
Om de bevindingen van het vorige hoofdstuk te evalueren met betere kwaliteit data, werd
een prospectieve studie geïnitieerd. In deze studie waarin 75 patiënten met de verdenking
op prostaatkanker (bijvoorbeeld op basis van verhoogde bloed PSA waarden), een
[18F]PSMA-1007 PET scan kregen naast de prostaat mpMRI. In deze studie werd de PET
scan verkregen voor de prostaat biopten. Het doel van deze studie was om de toegevoegde
waarde van de [18F]PSMA-1007 PET scan te beoordelen naast de prostaat mpMRI voor
de detectie van gelokaliseerd prostaatcarcinoom. In hoofdstuk drie beschreven we de
interim-analyse van 61 patiënten die reeds in deze studie geïncludeerd zijn en beide
scans ondergingen. Hierbij werd een goede sensitiviteit en specificiteit waargenomen
van de PSMA-PET met respectievelijk 94% en 69%, voor het detecteren van klinisch
significant prostaatcarcinoom. Het leek er tevens op dat de PSMA-PET kan helpen indien
de radioloog op basis van de mpMRI twijfelt of er prostaatcarcinoom aanwezig was.
Naast de studies die betrekking hadden op PSMA beeldvorming, behandelden
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hoofdstuk vier tot en met acht het werk over PSMA radioligand therapie. In hoofdstuk
vier presenteerden we de resultaten van een pilotstudie van [177Lu]Lu-PSMA-617 in tien
snel progressieve hormoongevoelige prostaatkankerpatiënten met laag ziektevolume.
Alle tien de patiënten kregen zonder complicaties twee cycli [177Lu]Lu-PSMA-617
toegediend. Er werd gedurende de behandeling geen therapie-gerelateerde hooggradige
bijwerkingen waargenomen. Volgens de berekende dosimetrie werd de drempeldosis
voor straling gerelateerde toxiciteit van de risico-organen (speekselklier, nieren en
beenmerg) niet overschreden. Alle tien de patiënten vertoonden veranderde PSA
kinetiek, konden hun vervolg therapie uitstellen en behielden hun kwaliteit van leven.
De helft van de patiënten vertoonden een PSA daling van meer dan 50%. Eén patiënt had
een volledige respons op PSMA-PET beeldvorming tot aan het einde van het onderzoek.
Twee anderen hadden slechts minimale restziekte. Op basis van deze resultaten
concludeerden we dat [177Lu]Lu-PSMA-617 een veilige behandelingsmodaliteit lijkt en
mogelijk effectief is bij patiënten met hormoongevoelige prostaatkanker met een laag
gemetastaseerd ziektevolume. Deze positieve studie uitkomsten hebben geleid tot het
initiëren van een vervolgstudie.
In hoofdstuk vijf werd de volledige dosimetrie van het vorige hoofdstuk beschreven.
Hierdoor gaf dit hoofdstuk een gedetailleerder overzicht van de geabsorbeerde doses
[177Lu]Lu-PSMA-617 in tumorlaesies (3,25 ± 3,19 Gy/GBq), speekselklieren (0,39 ±
0,17 Gy/GBq), nieren (0,49 ± 0,11 Gy/ GBq), lever (0,09 ± 0,01 Gy/GBq) en beenmerg
(0,017 ± 0,008 Gy/GBq) in de hormoongevoelige setting met laag ziektevolume.
Tevens vonden we dat de tumor dosimetrie gecorreleerd kon worden met de klinische
uitkomst. In dit hoofdstuk hebben we aangetoond dat het ‘’tumor-sink-effect’’ van
[177Lu]Lu-PSMA-617 bij laag ziekte volume minder relevant lijkt dan men verwacht, de
tumor-tot-orgaanverhouding van de geabsorbeerde dosis hoog was en de tumoropname
correleert met de PSA in het bloed (p = 0,047). Op basis van deze uitkomsten hebben we
geconcludeerd dat aanvullende behandelingscycli veilig zijn en mogelijk kunnen leiden
tot een betere tumorrespons.
Ondanks het groeiend aantal publicaties over [177Lu]Lu-PSMA radioligand therapie,
blijft de patiënten selectie lastig waardoor 40-60% van de prostaatkankerpatiënten
niet (of slecht) reageert op [177Lu]Lu-PSMA-617 of [177Lu]Lu-PSMA-I&T. Er is hierdoor
een behoefte om de selectie van patiënten te verbeteren, zeker indien [177Lu]Lu-PSMA
toegepast gaat worden in vroegere ziektestadia (bijv. hormoongevoelige prostaatkanker).
In hoofdstuk zes beschreven we een nieuwe radiochemie van PSMA-617 en PSMA-I&T
met de positron-emitter 89Zr, die hoge resolutie PET beeldvorming tot 7 dagen na injectie
mogelijk maakt. Met [89Zr]Zr-PSMA-617 en [89Zr]Zr-PSMA-I&T kon de biodistributie van
deze PSMA-tracers dagenlang bestudeerd worden in een muizenstudie. Dit maakte een
nauwkeurige pre-therapeutische dosisbeoordeling van [177Lu]Lu-PSMA-617 en [177Lu]
Lu-PSMA-I&T mogelijk. In dit hoofdstuk toonden we tevens de eerste [89Zr]Zr-PSMA-617
beelden van een patiënt. Er wordt momenteel een patiëntenstudie gepland om deze
nieuwe tracers verder te onderzoeken.

225

Appendices

Het proefschrift vervolgt zich in hoofdstuk zeven met een studie die probeert te
verklaren waarom sommige patiënten wel reageren op PSMA radioligand therapie
en anderen niet. Eerdere studies hebben laten zien dat patiënten met een defect in
homologous recombination van de tumor beter reageren op 223Ra radionuclidetherapie.
In dit hoofdstuk beschrijven wij een cohort van 40 patiënten die PSMA radioligand
therapie ondergingen en DNA analyse hadden van 40 DNA-damage repair genen (bijv.
BRCA1, BRCA2, ATM) van tumor DNA. De studie vergeleek de progressievrije overleving
en de totale overleving na PSMA radioligand therapie voor patiënten met en zonder
mutaties in deze genen. We konden onze hypothese dat patiënten met een defect in
tumor homologous recombination beter reageren op PSMA-radioligandtherapie in
dit cohort niet bevestigen. Met andere woorden, er werden geen betere uitkomsten
waargenomen tussen patiënten met een mutatie in tumor DNA-damage repair en
patiënten met een wild-type DNA-damage repair. Desondanks zijn wij van mening dat
een nieuwe analyse nodig is aangezien deze studie bestond uit een klein en heterogeen
cohort wat waarschijnlijk de resultaten heeft beïnvloed. In dit manuscript adviseerden wij
collega onderzoekers rekening te houden met meer factoren die waarschijnlijk invloed
hebben op het effect van PSMA radioligand therapie.
In hoofdstuk acht werd het onderzoeksprotocol van de ‘’Bullseye’’ studie beschreven;
een gerandomiseerde multicenter fase II-studie die werd gestart na de veelbelovende
resultaten van hoofdstuk vier en vijf. Dit hoofdstuk is een korte-termijn perspectief waar
wij momenteel staan met [177Lu]Lu-PSMA als metastase(n) gerichte therapie in oligogemetastaseerd prostaatcarcinoom. Momenteel wordt er met verwachting uitgekeken
naar de resultaten van deze in Nederland geïnitieerde studie.
In hoofdstuk negen bediscussiëren we de opkomende rol van de PSMA-PET in de
diagnostiek naar prostaatcarcinoom. Voor de lokale prostaat diagnostiek leek [18F]PSMA1007, en de andere PSMA tracers met een lage renale klaring, de voorkeur te hebben
aangezien dit de beeldvorming van de blaas en prostaat ten goede komt. Daarnaast
bespraken we in dit hoofdstuk de rol van [177Lu]Lu-PSMA-617 in prostaatkanker en dan
met name als metastase(n) gerichte therapie in hormoongevoelig prostaatcarcinoom
met laag ziektevolume. Tevens werd er besproken dat er meer studies nodig zijn
om de patiënten selectie voor deze nieuwe therapie te verbeteren. In conclusie: de
onderzoeken van dit proefschrift hebben de deur geopend voor nieuwe diagnostische
en therapeutische strategieën voor prostaatkanker patiënten met als doel de zorg te
verbeteren.
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Research data management
Scientific ethics
The mouse studies of chapter 5 were approved by the Central Animal Laboratory and
the Animal Ethics Board of Radboud University, The Netherlands, and conducted in
accordance to the guidelines of the Revised Dutch Act on Animal Experimentation. The
human studies in chapter 2-5 & 7-8 were approved by the local Medical Ethics Committee
of Arnhem-Nijmegen, The Netherlands. All study participants provided written informed
consent before study entry, except for the study in chapter 1 due to a waiver from the
granting bodies. The single patient in chapter 6 provided informed consent before study
entry. This scan was acquired in accordance to the local rules of Saarland, Germany.
All trials were done in accordance with the principles of good clinical practice and the
Declaration of Helsinki. The prospective studies were all registered on clinicaltrials.gov.

Data
The patient and animal model data obtained during my PhD at the Radboud University
Medical Center (Radboudumc) have been captured and stored on the server of the
department of Radiology and Nuclear Medicine. The servers are password protected.
Data were also backed-up on password protected hard drives belonging to the
department. Raw data from SPECT, PET, CT are secured on server hard drives belonging to
the department. Data is stored in SPSS, Excel, Graphpad, or R format. Clinical study data
was managed using the case report form Castor EDC (www.castoredc.com).
The privacy of the human study participants is guaranteed by use of encrypted and unique
individual pseudonymized subject codes. This code correspondents with the code on the
patient- and physicians booklets. The source file of this coded data is stored separately
from the study data on a secured server.
The data and (un)coded study archives are readily accessible by senior staff members (e.g.
prof. dr. James Nagarajah, prof. dr. Martin Gotthardt and prof. dr. Sandra Heskamp). The
study protocols, the datasets or any other supplementary material are available from the
corresponding author on request. After completion of each study, research study data
will be archived for a period of 15 years before deletion.
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Dankwoord
Dit proefschrift was er niet gekomen zonder de hulp en steun van anderen. Zodoende wil ik
iedereen ontzettend bedanken voor de energie, tijd en inzet die zij aan de totstandkoming
hiervan hebben geleverd. Een aantal mensen wil ik in het bijzonder noemen.
Als eerste wil ik alle patiënten en hun naasten buitengewoon bedanken voor hun bijdrage.
Ondanks hun diagnose en de zware tijd waarin zij zaten, waren zij altijd bereid om mij en
de wetenschap een klein stapje vooruit te helpen.
Dear prof. dr. Nagarajah, dear James: You were the driving force behind this thesis.
Without you, I wouldn’t be here. You always took the time to help me, even when your
time was sparse. Over the past several years, your guidance really shaped me into the
person I am today. I deeply cherish the discussion we have had and will have. I hope
we can continue our cooperation which will hopefully bear fruit to some astonishing
projects. You are one of a kind. Thank you so much.
Beste prof. dr. Gotthardt, beste Martin: Als promotor was je altijd een stimulerende
kracht bij mijn projecten. Je verfrissende ideeën en de discussies die dat opleverden
brachten altijd nieuwe inzichten. Je hebt een onconventionele blik en bent niet bang deze
te delen. Tevens ben je zeer belezen en weet je dat op een humoristische manier te delen.
Nogmaals, ik wil je bedanken voor de mooie momenten. Ik hoop nog veel met je te mogen
samenwerken.
Beste prof. dr. Heskamp, beste Sandra: Je was (en bent) altijd een luisterend oor, ook op de
voor mij complexe momenten. Het vertrouwen, de rust en structuur die jij bood, creëerde
een omgeving waarin ik durfde te ontplooien. Tevens wist je altijd de hiaten te herkennen
en met innovatieve oplossingen te komen. Ik zal je daarnaast altijd dankbaar blijven dat
ik door jouw preklinisch onderzoek heb kunnen leren. Ook wil ik graag benoemen dat
ik je inzet waardeer om de sfeer op de afdeling altijd goed te houden. Deze positieve
werkomgeving heb ik als een groot goed ervaren. Zeer veel dank dat ik mijn PhD bij jou
heb mogen doen. Ik hoop nog veel projecten met je op te mogen pakken.
Beste dr. Mehra, beste Niven: Je bent voor mij een wetenschapper van het hoogste
kaliber. Waar jij de tijd vandaan haalt om zo up-to-date te blijven, weet ik niet. Het is
bewonderenswaardig. Ik ben je zeer dankbaar wat jij mij allemaal hebt geleerd over
urologische kankers en dat ik via jou ervaring heb opgedaan binnen de moleculaire
geneeskunde. Ik ben er heilig in gaan geloven dat we hierin, de komende eeuw, grote
stappen gaan zetten. Ik verwacht je in de toekomst nog vaak tegen te zullen komen.
Hopelijk ook in samenwerkingsverband.
Beste dr. Janssen, beste Marcel: Jij hebt een van de belangrijkste bijdrages geleverd
aan de totstandkoming van dit proefschrift. Je bent de beste nucleaire clinicus die ik
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ken. Als er problemen waren, dan was jij er om te helpen. Als constante factor maak jij
wetenschap op de afdeling mogelijk. Daarbij ben je ook altijd op de hoogte van de recente
ontwikkelingen. Ik hoop in de toekomst nog veel van je te kunnen leren. Je bent een
voorbeeld.
Beste prof. dr. Gerritsen, beste Winald: Als ik Niven benoem, dan hoor jij daar voor mij bij.
Jij hebt mij continu begeleid in mijn weg naar wetenschapper. Steevast gaf je adviezen
hoe ik de studies moest uitvoeren. Je was voor mij altijd bereikbaar; niet alleen voor
werk gerelateerde dingen, maar ook voor vragen op persoonlijk gebied. Je hebt hiermee
een belangrijk sturende werking gehad op mijn PhD en verdere carrière. Tevens heb ik
je humor en je relativeringsvermogen tijdens dit traject zeer gewaardeerd. Mijn dank is
groot.
Beste prof. dr. Witjes, Beste Fred: Ik wil je bedanken voor het platform wat je hebt geboden
om onderzoek mogelijk te maken. Zonder jouw vastberadenheid zou het onderzoek naar
PSMA-radioligandtherapie niet zo ver zijn gevorderd in het Radboud. Geen uitdaging
ga je uit de weg. Hopelijk blijf je dit fundament nog lang bieden zodat nog veel nieuwe
deuren geopend kunnen worden.
Beste prof. dr. Barentsz, Beste Jelle: Je hebt een belangrijke rol in het onderzoek naar
kanker diagnostiek. Zonder jouw continue inzet zou de wereld veel verder verwijderd
zijn van screening naar prostaatkanker. Daarnaast, je enthousiasme voor de MRI is
aanstekelijk. Je stoomt hiermee een jongere generatie klaar voor deze modaliteit.
Beste dr. Van Oort en dr. Sedelaar, beste Inge en Michiel: Als er prostaatkanker onderzoek
wordt geïnitieerd, komt het (eigenlijk) op jullie bord terecht. Altijd stonden jullie klaar
om te helpen. Zonder jullie was dit proefschrift er niet geweest. Mijn grote dank voor de
afgelopen jaren. Ik hoop in de toekomst nog mooie projecten met jullie uit te voeren.
Beste ing. de Groot, beste Michel: Ik denk dat van iedereen die hier genoemd wordt, jij mij
misschien wel het meest hebt geholpen. Je bent een van de belangrijkste krachten voor de
klinische wetenschap in het Radboud. Met alle regeltjes waar we mee te maken hebben,
sta jij altijd klaar om te helpen. Soms was het huilen en soms was het feest. Gelukkig
konden wij daar ook vaak om lachen. Ik heb in ieder geval onze samenwerking ontzettend
gewaardeerd. Ik hoop dat we dit nog lang kunnen voortzetten.
Beste dr. Peters & dr. Konijnenburg, beste Steffie en Mark: Ik wil jullie danken voor de hulp
bij de dosimetrie. Onze samenwerking van fysicus en clinicus blijkt tot mooie resultaten
te leiden. Jullie waren altijd bereid te helpen en het uit te leggen. Ik heb veel van jullie
geleerd. Hopelijk leidt dit in de toekomst tot nog mooiere projecten.
Meerdere co-auteurs hebben een zeer belangrijke bijdrage geleverd aan de studies in dit
proefschrift: Yvonne Derks, Bas Israel, Stijn Muselaers, Maike Uijen, Melline Schilham,
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Gerben Franssen, Cato Loeff, Babette Laarhuis, Maarten de Bakker, Peter Laverman,
Annemarie Eek, Willemijn van Gemert, Fred Verzijlbergen, Rik Somford, Jean-Paul van
Basten, Peter Mulders, Robert-Jan Smeenk, Linda Kerkmeijer, Harm Westdorp, Marianne
Jonker, Patrik Zámecnik, Marloes van der Leest, Maarten de Rooij, Joyce Bomers, Daniela
Oprea-Lager, Walter Noordzij en Wouter Vogel mijn dank is groot!
Tevens wil ik alle overige leden van het onderzoeksteam bedanken: Krisja Berrevoets,
Nina van den Bongaardt, Gijs de Lauw, Anita Smits-van de Camp, José Theunissen,
Marijke Hogenkamp, Tessie de Jonge, Daphne Lobeek, Antoi Meeuwis, Maichel van Riel,
Natascha Verhoeven, Marga Ouwens, Marjo van de Ven, Merijn Janssen, Martin Engels,
Danny Gerrits, Cathelijne Frielink, Milou Boswinkel, Janneke Molkenboer-Kuenen, Eddy
Mijnheere, Peter Kok, Jurriaan Butter, Erik Aarntzen, Anne Arens, Maartje van Rijk ik wil
jullie bedanken voor jullie inzet. Zonder jullie waren de onderzoeken van dit proefschrift
nooit tot stand gekomen.
prof. dr. Kremer, Beste Jan: wij hebben elkaar niet veel gezien doordat mijn proefschrift
zonder complicaties verliep. Desondanks wil ik je wel bedanken voor de tijd die je altijd
voor mij had. Je sturing tijdens onze gesprekken heb ik ontzettend gewaardeerd.
De leden van de manuscript commissie prof. dr. Marcel Verheij, prof. dr. Jack Schalken en
dr. Julie Nonnekens: hartelijk dank voor de tijd die jullie hebben willen nemen voor het
beoordelen van dit manuscript.
Al mijn directe collega’s waar ik afgelopen jaren mee heb opgetrokken. Jullie weten wie
jullie zijn. Het waren mooie jaren!
Kyah ter Haar Romeny zeer veel dank met de vormgeving van dit boek.
The images in between the chapters were provided by courtesy of NASA.
Als laatste wil ik alle collega’s van de afdeling nucleaire geneeskunde, radiologie,
medische oncologie, urologie, radiotherapie en iedereen die betrokken zijn bij de zorg
bedanken. Jullie continue inzet zorgt ervoor dat de wereld iedere dag een klein beetje
beter wordt. Het fundament dat jullie bieden, zorgt ervoor dat ik onderzoek heb kunnen
en hopelijk mag blijven doen.
Consummatum est
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