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ABSTRACT

Prostate-specific membrane antigen (PSMA) is a transmembrane protein
overexpressed in prostate cancer (PCa) cells. In the last decade, PSMA-targeting
positron emission tomography (PET) has gained increasing acceptance for PCa
imaging. Among the different available PSMA ligands, theranostic agents that can
be labelled with both diagnostic and therapeutic radioisotopes have raised particular
interest. Androgen deprivation therapy (ADT) is known to upregulate PSMA
expression. However, studies investigating this phenomenon in humans are limited.
In the clinical context, while the use of PSMA PET has been established in detecting
recurrence after radical treatment, the role of PSMA PET in primary staging was
only recently affirmed.

The aim of this doctoral thesis was to investigate novel aspects of PSMA PET
imaging, from the kinetics of a novel theranostic radiotracer, through the physiology
of PSMA expression, to its use for primary staging in the clinical practice. The
uptake kinetics of radiohybrid ["*F]-thPSMA-7.3 in PCa lesions and reference
tissues were assessed in a prospective Phase I trial and demonstrated dominant
irreversible components. The uptake in PCa lesions and lesion-to-reference ratios
increased over time, with the optimal visual detection starting from 60 minutes post-
injection. Two prospective studies demonstrated a heterogeneous increase in PSMA
uptake after short-term ADT (PSMA flare) in treatment-ndive PCa patient, most
evidently seen in bone metastases. This phenomenon was negatively correlated with
glucose metabolism, which suggests that lesions with low or absent flare might be
more aggressive. Finally, ['*F]-PSMA-1007 PET/computed tomography (CT) was
prospectively compared to whole body magnetic resonance imaging (WBMRI) and
CT in the primary nodal staging of patients with unfavourable intermediate or high-
risk PCa. The study demonstrated improved sensitivity and accuracy while
maintaining high specificity.

KEYWORDS: prostate cancer, prostate-specific membrane antigen, postrion
emission tomography, androgen deprivation therapy
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TIVISTELMA

Prostataspesifisen membraaniantigeenin (PSMA) ilmentyminen on voimakkaasti
lisddntynyt eturauhassyovan solukalvoilla. Tdmén takia PSMA on erinomainen
kohde eturauhassydvian positroniemissiotomografia(PET)-kuvaukselle. PSMA
PET:n kéyttd eturauhassyovéan kuvantamisessa on lisddntynyt selvisti viime vuosi-
kymmenen aikana ja PSMA:han sitoutuvia merkkiaineita on kehitetty useita.
Erityistd kiinnostusta ovat herdttineet ns. teranostiset merkkiaineet, jossa sama
PSMA-ligandi voidaan leimata sekd PET-kuvantamiseen ettd kehonsisdiseen
sddehoitoon tarkoitetuilla isotoopeilla. Androgeenideprivaatioterapia (ADT) tiede-
tddn lisddvin PSMA: ilmenemistd, mutta titd ilmi6td on tutkittu hyvin niukasti.
Yleisin, kliinisesti vahvistettu PSMA-PET:n kéyttdindikaatio on eturauhassydvén
hoidon jélkeisen taudin uusiutumisen havaitseminen, mutta myds PSMA-PET:n
rooli taudin levinneisyyden selvittdmisessd on tarkentumassa.

Taméan véitoskirjan tarkoituksena oli tutkia PSMA-PET-kuvauksen uusia
nidkokohtia, kuten uuden teranostisen merkkiaineen kinetiikkaa, hormonihoidon vai-
kutusta PSMA-PET:n 16ydoksiin sekd PSMA-PET:n suorituskyky eturauhassydvén
levinneisyyden selvittimisessd. ['*F]-thPSMA-7.3:n kinettisen analyysin tulokset
osoittivat, ettd tautipesikkeiden aktiivisuudet sekd pesike/vertailukudos-aktiivi-
suussuhteet voimistuivat ajan myoté ja optimaalinen pesdkkeiden visuaalinen pai-
kallistaminen alkoi 60 minuuttia injektiosta. Kahdessa muussa tutkimuksessa 0soi-
tettiin, ettd PSMA:m ilmentymisen lisddntyminen lyhytaikaisen ADT:n jélkeen
(PSMA-flare) on heterogeenista ja voimakkainta luustoetidpesidkkeissd levinnyttéd
eturauhassyOpdd sairastuvilla potilailla. PSMA-flare-ilmid korreloi negatiivisesti
glukoosin aineenvaihduntaan, mika viittaa sithen, ettd matala PSMA-flare tai sen
puuttuminen on yhteydessi etipesikkeiden aggressiivisuuteen. Liséksi ['*F]-PSMA-
1007 PET/tietokonetomografia (TT) verrattiin koko kehon magneettiin ja TT:hen
korkean riskin eturauhassydpépotilailla. Tutkimus osoitti PSMA-PET/TT:n kor-
keamman herkkyyden ja tarkkuuden.

AVAINSANAT: eturauhassyOpéd, positrooniemissiotomografia, prostataspesifinen
membraaniantigeeni, androgeenideprivaatioterapia
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1 Introduction

Prostate-specific membrane antigen (PSMA) positron emission tomography (PET)
has been a game changer in prostate cancer (PCa) imaging in the last five to ten
years. Several PSMA ligands have been developed for PET imaging. The first PSMA
ligands used in clinical practice were *Ga-labelled. Recently, *F-labelled ligands
have been increasingly used in preference to their %*Ga-labelled counterparts due to
their longer half-life and lower positron range and therefore, higher spatial and
contrast image resolution. In the current era of theranostics, the use of ligands that
can be labelled with both diagnostic (**Ga and '®F) and therapeutic ('’"Lu and ?**Ac)
radioisotopes is a very appealing option. Novel radiohybrid (th)PSMA-7 ligands
were recently developed for this purpose; and, among different diastereoisomers,
['®F]-thPSMA-7.3 has been chosen as the lead compound for further assessment.

Although PSMA and its mechanisms of expression in prostatic and non-prostatic
tissue have been known through in vitro studies, the physiology of this protein and
particularly, the effects of PCa treatments on PSMA expression need further
clarification. Preclinical and a few human studies have demonstrated that androgen
deprivation therapy (ADT) upregulates PSMA expression, which can be visualised
as a transitory increase in PSMA uptake in PET scans. This phenomenon, known as
PSMA flare, has been poorly studied so far, and its possible clinical significance
remains still unknown.

PSMA PET has an established role in patients with biochemical recurrence
(BRC) of PCa. However, the role of PSMA PET and its influence on patient
outcomes in the context of primary staging have not yet been assessed. Bone
scintigraphy (BS) and computed tomography (CT) are the conventional imaging
modalities recommended in the primary staging of PCa, although their sensitivity is
known to be poor. In particular, the dimensional and morphological evaluation of
lymph nodes used in CT is not sufficient for detecting lymph node metastases, as the
majority of PCa lymph node metastases are normally sized. Advanced imaging
modalities, such as magnetic resonance imaging (MRI) with diffusion-weighted
imaging (DWI) and PSMA PET have been shown to increase the imaging accuracy,
allowing a better and earlier localisation of the extent of the regional disease.
However, prospective comparative studies of the conventional and advanced
imaging modalities in the primary staging of PCa are still limited.
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2 Review of the Literature

2.1 Characteristics, diagnosis and staging of
prostate cancer

2.1.1 Epidemiology, aetiology and risk factors

Prostate cancer (PCa) indicates a variety of malignant neoplasms of the prostate
gland. The vast majority (> 95%) of PCas are adenocarcinomas, which arise from
the glandular epithelium. Minor variants of PCa include neuroendocrine PCa,
squamous cell carcinoma, transitional cell carcinoma, sarcomas and lymphomas.
Two-thirds of cases of prostate adenocarcinoma originates from the peripheral zone
of the prostate, and the remaining originate from the transitional zone (McNeal et al.
1988). PCa can spread locally, typically to the adjacent organs or to the pelvic lymph
nodes, through lymphatic spread. Typical sites of distant metastases are the bone and
extra-pelvic lymph nodes, followed by the visceral organs, particularly, the lung and
liver (Gandaglia et al. 2014).

PCa is the second most frequent malignancy diagnosed in men worldwide
(Rawla 2019). The frequency of autopsy-detected PCa is approximately the same
worldwide (Haas et al. 2008). However, the incidence of clinically diagnosed PCa
varies according to different geographic areas, being the highest in Australia,
Northern America and Europe, and the lowest in Asia and Northern Africa (Culp et
al. 2020). The prevalence of PCa is mostly dependent on age, with a prevalence of
59% (95% confidence interval [CI] 48-71%) at > 79 years of age (Haas et al. 2008).

Family history and ethnical background are associated with increased risk of
PCa, which suggest a genetic predisposition (Hemminki 2012). However, a true
hereditary PCa is rare. Several genetic mutations are considered to be involved in
the increased risk of PCa. The most common pathogenetic variants have been
identified in the BRCA2, CHECK2, ATM and BRCAL1 genes (Giri et al. 2019). In
particular, BRCA1/2 mutations are associated with more aggressive PCa and risk of
metastasis at diagnosis (Castro et al. 2013;Nyberg et al. 2020; Page et al. 2019).

Moreover, many exogenous, environmental or dietary risk factors are involved
in the development of PCa. These factors include single components of metabolic
syndrome, such as hypertension and waist circumference, obesity and alcohol

12



Review of the Literature

consumption ( Dickerman et al. 2017;Esposito et al. 2013; Vidal et al. 2014).
Nevertheless, the association of these factors with the increased risk of PCa is still
controversial, and currently no specific preventive or dietary measures have been
introduced in the clinical guidelines.

2.1.2 Grading and tumour, node, metastasis (TNM)
classification

Histological grading of biopsy-detected PCa and prostatectomy specimens follows
the Gleason grading system. The Gleason score (GS) is represented as the sum of the
most extensive Gleason grade pattern (primary) and the second most common
pattern (secondary). According to the modifications of the 2014 International Society
of Urological Pathology (ISUP), GSs have also been represented through the ISUP
grading system, which ranges from 1 to 5. This allows to distinguish between two
different ISUP grades in patients with GS=7 (Table 1).

Table 1. Classification of Gleason Scores and corresponding ISUP grades. ISUP: International
Society of Urological Pathology. Modified from Mottet et al., 2022.

Gleason score ISUP grade
2-6 1
7 (3+4) 2
7 (4+3) 3
8 (4+4, 3+5 or 5+3) 4
9-10 5

The staging of PCa follows the Tumour, Node, Metastasis (TNM) classification
(Table 2). It has three components; T: the extent of the primary tumour; N: the
presence or absence of regional (pelvic) lymph node metastases; and M: the presence
or absence of distant metastases. Clinical T-staging is traditionally based on digital
rectal examinations (DREs). Pathological T-staging (pT) refers to the
histopathological findings, and it parallels the clinical T-staging except for the
absence of the T1 and T2 substages. Clinical N- and M-staging are based on imaging
findings (traditionally, BS and CT).
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Table 2. Clinical Tumour Node Metastasis (TNM) classification. PSA: prostate specific antigen.
Modified from: Mottet et al., 2022.

T- Primary tumour (clinical)
TX Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 Clinically inapparent tumour that is not palpable
T1a Tumour incidental histological finding in 5% or less of tissue resected
T1b Tumour incidental histological finding in more than 5% of tissue resected
T1c¢ Tumour identified by needle biopsy (e.g. because of elevated PSA)
T2 Tumour that is palpable and confined within the prostate
T2a Tumour involves one half of one lobe or less
T2b Tumour involves more than half of one lobe, but not both lobes
T2c¢ Tumour involves both lobes
T3 Tumour extends through the prostatic capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumour invades the seminal vesicles
T4 Tumour is fixed or invades adjacent structures other than the seminal vesicles: external
sphincter, rectum, levator muscles, and/or pelvic wall.
N- Regional lymph nodes

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastases
N1 Regional lymph node metastases

M- Distant metastases

MO No distant metastases
M1 Distant metastases
M1a Non-regional lymph nodes
M1b Bone
M1c Other site(s)
When more than one site of metastases is present the most advanced category is used
(p)M1c is the most advanced category

According to the European Association of Urology (EAU) guidelines, PCa patients
can be stratified into three risk groups according to their T-stage, GS and prostate-
specific antigen (PSA) value, which guide management and treatment options
(Table 3). The National Cancer Network (NCCN) further classifies the intermediate
risk group into two subcategories: favourable and unfavourable intermediate, where
the unfavourable includes ISUP grade 3, and/or > 50% positive biopsy cores and/or
at least two intermediate risk factors (Table 3).

14
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Table 3. Risk group classification. ISUP: International Society of Urological Pathology. IRF:
intermediate risk factors. PSA: prostate specific antigen. GG: Gleason grade. Modified
from: Schaeffer et al., 2021.

Low-risk Intermediate risk High-risk
PSA <10 ng/ml  One or more IRFs: Favourable ISUP GG 2 PSA >20 ng/ml
and ISUP GG 1 | PSA 10-20 ng/ml 1IRFs or ISUP GG 4/5
and cT1-2a ISUP GG 2/3 < 50% positive orcT2c
cT2b-cT2c biopsy core or cT3-4 or cN+ with
Unfavourable  ISUP GG 3 2y PSAandany GS
two OR 3 IRFs
2 50% positive
biopsy core

21.3 Diagnostic evaluation

The first diagnostic tests performed when PCa is suspected are serum PSA
measurement and digital rectal examination (DRE).

PSA is a serum marker that indicates greater likelihood of PCa at higher levels
and its value is a predictor of more aggressive PCa (Stamey et al. 1987;Thompson
et al. 2004). Being organ-specific rather than cancer-specific, PSA might also be
elevated in benign conditions, such as in benign prostatic hypertrophy (BPH) or
prostatitis. For this reason, an elevated PSA in a single measurement is not sufficient
to proceed with a prostate biopsy. In particular, when the initial PSA is 3-10 ng/mL,
the test should be repeated to confirm the increase.

For a more accurate diagnosis of PCa, other PSA-based parameters have been
introduced. PSA density is the level of serum PSA divided by the prostate volume.
A PSA density > 0.10-0.15 ng/ml® is correlated with higher risk of clinically
significant PCa (Nordstrom et al. 2018; Omri et al. 2020). Other parameters are PSA
velocity and PSA doubling time, which express the absolute annual increase in the
serum PSA and the exponential increase in the serum PSA over time, respectively
(Carter et al. 1995; Schmid et al. 1993). A PSA velocity > 0.35 ng/ml/year and a
PSA doubling time < 10 months can indicate a higher risk of clinically significant
PCa, and can predict the likelihood of subsequent development of metastatic disease
(Pound et al. 1999; Carroll et al. 2015). However, the diagnostic use of PSA velocity
and PSA doubling time is limited due to different variables (e.g., different methods
of calculation, different time intervals in PSA determinations and acceleration or
decelerations over time). Serum PSA exists in a free form (5-40% of the total) as
well as complexed to protease inhibitors. It has been shown that PCa patients have a
higher percentage of PSA bound to proteins compared to negative controls (Hoffman
et al. 2000). The free to total PSA ratio might be used in cases of 4-10 ng/mL PSA
and a negative DRE result. However, there is no recommendation for its use in PSA
> 10 ng/ml or during follow-up of known PCa.
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Definite diagnosis of PCa depends on histopathological verification of
adenocarcinoma on prostate biopsy specimens. Transrectal ultrasound (TRUS) has
traditionally been the cornerstone of the diagnosis of PCa, as it represents a feasible
imaging modality for the evaluation of the posterolateral area of the prostate, where
most of PCas are diagnosed. Nevertheless, standard TRUS alone has been
demonstrated to be unreliable in detecting PCa and should be used only to guide
systematic biopsies (Rouviére et al. 2019). TRUS-guided biopsies can be performed
either with the transrectal or transperineal approach. At least 8 systematic needle
biopsies (10-12 in cases of a larger prostate) are recommended.

New diagnostic pathways that emerged during the last decade have incorporated
magnetic resonance imaging (MRI) in the diagnosis and local staging of PCa
(Johnson et al. 2019). Multiparametric MRI (mpMRI) consists of different
anatomical and functional sequences including T2-weighted and T1-weighted
imaging, diffusion-weighted imaging (DWI) with apparent diffusion coefficient
(ADC) maps, contrast-enhanced sequences and proton magnetic resonance
spectroscopy. The reporting and interpretation of MRI findings on the prostate have
been structured and standardised using the Prostate Imaging-Reporting And Data
System (PI-RADS) score. Each suspect lesion is assigned a score from 1 to 5
according to the findings in the T2 and DWI sequences as well as the presence of
contrast enhancement. The score represents the likelihood of significant PCa
(Purysko et al. 2020). Biparametric MRI, which includes only T2 and DWI
sequences and not contrast-enhanced sequences, has gained increasing interest as it
has shown results comparable to those of mpMRI (Jambor et al. 2019; Knaapila et
al. 2021).

MRI has been demonstrated to be a very sensitive imaging method for the
detection of PCa according to its grade and size (ISUP grade > 2 or with diameter >
10 mm) (Bratan et al. 2013; Johnson et al. 2019). MRI is also considered the most
useful method for local T-staging (de Rooij et al. 2016). Moreover, MRI-guided
targeted biopsies have been shown to increase the detection of clinically significant
PCa and to simultaneously reduce the detection of insignificant PCa compared to
template biopsies (Kasivisvanathan et al. 2018; van der Leest et al. 2019).

214 Clinical staging

Although PCa can be treated radically in most of the cases, many men, after radical
treatment, are diagnosed with metastatic recurrence (Welch et al., 2015). This might
suggest that the disease had already spread at the time of the initial diagnosis.
Therefore, accurate staging is paramount to assess the correct treatment planning.
Current guidelines traditionally recommend BS and CT for the primary staging of
PCa (Figure 1).
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BS has been the cornerstone of skeletal nuclear medicine imaging for decades.
It uses *™Tc-labelled phosphate analogues to evaluate the distribution of active bone
formation in malignant and benign diseases. The uptake of the radiotracer indicates
the number of radiolabelled phosphonates that are being absorbed to the surface of
hydroxyapatite crystals and is correlated with the local blood flow and the
osteoblastic activity. The clearance from soft tissue is very fast, providing an optimal
bone tissue to background ratio. BS is a sensitive method compared to anatomical
imaging methods, as it can detect bone metastases at a stage in which they would not
be visible on radiological images. However, many other non-neoplastic conditions
might cause tracer uptake, such as trauma, infections and arthrosis. Conventionally,
BS is performed as a planar scintigraphy, even though single photon emission
computed tomography (SPECT)/CT can significantly increase the sensitivity and
improve the correlation of the uptakes with the anatomical reference (Horger et al.
2004).

CT is used as a complementary imaging method to BS in the staging of PCa to
evaluate lymph nodes, as well as the bone tissue and visceral organs. The guidelines
recommend CT of the abdomen and pelvis, even though whole-body CT, including
the thorax, is usually performed. For lymph nodes, morphological and dimensional
criteria are used to assess suspicious malignant findings (a round shape and a short
axis > 8 mm in the pelvis and > 10 mm outside the pelvis). However, the diagnostic
accuracy of CT in assessing lymph node metastases has been demonstrated to be
limited (Hovels et al. 2008). Moreover, both BS and CT have demonstrated poor
sensitivity and accuracy in the detection of bone metastases compared to advanced
imaging modalities (Anttinen et al. 2020; Hofman et al. 2020; Suh et al. 2018).
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Figure 1. Planar bone scintigraphy (BS) and computed tomography (CT) images of a
representative patient from Study Ill. The BS shows focal uptakes in the sacrum and
right ischium bone (a, orange arrows) that correspond to the sclerotic lesions on the CT
images (b, orange arrows).

An overview of the performance of CT and BS in primary N-and M-staging of PCa
according to systematic reviews and meta-analysis is presented in Table 4.

Table 4. Sensitivity and Specificity of CT and BS in primary N- and M-staging of PCa.

Modality Sensitivity Specificity
N-staging M-staging N-staging M-staging

CT 0.422 0.56° 0.822 0.74°

BS - 0.79-0.86° - 0.68-0.95°

a Hovels et al. 2008; ° Talbot et al. 2011
¢ Shen et al. 2014; Zhou et al. 2019; Zhao et al. 2021; Zhao and Ji 2022

Due to the limited accuracy of BS and CT in the staging of PCa, more advanced
imaging techniques have gained increasing acceptance in the work-up of PCa.
Whole-body MRI (WBMRI) is an accurate diagnostic tool that allows the
evaluation of possible bone and soft tissue metastases in one session (Pasoglou et al.
2014). This imaging method has been demonstrated to be superior to the combination
of conventional imaging methods in patients with high-risk PCa (Lecouvet et al.
2007). Among the MRI sequences used, DWI can provide an added value to the
anatomical evaluation and help in characterising metastases in normally sized lymph
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nodes as well as early intramedullary bone metastases (Komori et al. 2007; Luboldt
et al., 2008; Thoeny et al. 2014).

Hybrid positron emission tomography (PET) imaging, including PET/CT and
PET/MRI, has been successfully used in PCa imaging. PET is a functional imaging
modality that uses short-lived positron-emitting radioisotopes labelled to a biological
molecule of interest. Radiotracers that targeted lipid or amino acid metabolism as
well as glucose metabolism in aggressive disease have been available for PCa
imaging before the advent of prostate-specific membrane antigen (PSMA), which
has become a game changer over the past 10 years. Sections 2.4 and 2.5 of this
doctoral thesis describe the evolution of PET radiotracers for PCa imaging and a give
a detailed overview of PSMA PET.

2.2 Principles of the treatment of prostate cancer

2.2.1 Local treatments

Low-risk PCa, which will most likely remain indolent and has a low risk of
progression, can be treated with active surveillance to reduce the risk of
overtreatment or post-treatment morbidity. Active surveillance consists of a deferred
treatment strategy, wherein definitive treatment is administered in case disease
progression is detected during regular follow-ups. Although no formal randomised
controlled trial on active surveillance has been conducted, many single-arm
observational studies on active surveillance and active treatment demonstrated
similar rates of overall survival (OS) at 10 years (85-100%) in patients with low-risk
PCa (Mottet et al. 2021). However, active treatment seems to be associated with less
incidence of disease progression or metastases (Hamdy et al. 2016).

In localised intermediate- to high-risk PCa radical treatment options include
surgery and radiotherapy (RT). Surgery consists of radical prostatectomy, where the
entire prostate, its capsule and the seminal vesicles are removed, followed by
vescico-urethral anastomosis. The preferred surgical approach, when available, is
robotic-assisted laparoscopic prostatectomy (RALP), which is minimally invasive
and has a lower recovery time, blood loss and complication rates than open surgery
(Coughlin et al. 2018). 3D laparoscopy has been proposed in few studies as a
potentially cost-effective option to RALP, with comparable oncological and
functional outcomes (Andras et al. 2017; Haapiainen et al. 2022).

During the prostatectomy procedure, it is also possible to perform bilateral pelvic
lymph node dissection (PLND). At present, the gold standard procedure is extended
PLND, which include the removal of the lymphatic tissue around the external and
internal iliac vessels and the obturator nerve. This approach provides a more accurate
staging than a limited PLND (removal of only the lymph nodes in the obturator
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fossa) (Lestingi et al. 2021). PLND provides important information for staging and
prognosis and is usually reserved for patients with a high risk of metastases
according to EAU risk groups (Fossati et al. 2017). The individual risk for lymph
node metastases and, therefore, the decision of performing PLND is based on
validated nomograms, such as the Briganti nomogram, the Memorial Sloan Kettering
Cancer Center (MSKCC) nomograms and the Roach formula, which have shown
similar diagnostic accuracy (Briganti et al. 2012; Roach et al. 1994; Cimino et al.
2017).

RT is an established alternative to surgical treatment of localised PCa. External
beam RT (EBRT) with intensity modulated RT (IMRT) with or without image-
guided RT (IGRT) is considered the best available RT approach (Mottet et al. 2021).
These techniques more efficiently modulate the dose to the tumour and reduce
toxicity to the surrounding tissues (Yu et al. 2016). Several trials have shown that
the dose escalation (usually with a range of 74-80 Gy) has a significant impact on
10-years biochemical relapse, disease-specific mortality, and OS, especially in
intermediate- and high-risk PCa (Beckendorf et al. 2011; Heemsbergen et al. 2014;
Kalbasi et al. 2015; Pasalic et al. 2019). ADT has been demonstrated to be beneficial
as neoadjuvant or adjuvant therapy to RT compared to RT alone (Bolla et al. 2010;
D’Amico et al. 2008; Denham et al. 2011). Brachytherapy, where radioactive seeds
are implanted directly into the prostate gland, can also be used to treat localised PCa
with or without EBRT. High-dose-rate brachytherapy is a promising technique,
where seeds are implanted only temporarily and can be delivered in a single or
multiple fractions, in combination with EBRT (Mottet et al. 2021).

In addition to surgery and RT, new ablative techniques have attracted interest in
the past few years for the treatment of localised PCa. These treatments aim to direct
a tissue-destroying energy to the tumour using natural channels, such as the rectum
or urethra. These ablative treatments include high-intensity focused ultrasound
(HIFU), cryotherapy, photodynamic therapy or MRI-guided transurethral ultrasound
ablation (TULSA) (Anttinen et al. 2019; Gill et al. 2019; Stabile et al. 2019; Shah et
al. 2019).

222 Hormone-sensitive disease

Most of early-stage PCas are hormone-sensitive, which means that they are
responsive to hormonal treatment. Hormone-sensitive PCa can be non-metastatic,
when it is localised to the prostate or locally advanced, or metastatic. Metastatic
hormone-sensitive PCa is usually categorized into high-volume (> 4 bone metastases
including > 1 outside vertebral column and pelvis or visceral metastasis) and low-
volume (not high) disease (Sweeney et al. 2015).
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The first-line treatment in metastatic hormone-sensitive PCa is ADT, the aim of
which is to suppress the secretion of testicular androgens. Testosterone is produced in
men by the Leyding cells of the testes under the stimulation of luteinising hormone
(LH) and follicle-stimulating hormone (FSH) secreted by the anterior pituitary gland.
LH and FSH secretions are regulated by the gonadotropin-releasing hormone (GnRH)
secreted by the hypothalamus. The simplest and fastest way to achieve the castration
levels of testosterone (serum testosterone < 1.7 nmol/L) is surgical castration through
bilateral orchiectomy. However, this procedure is irreversible. Thus, in most cases,
pharmacological treatment with ADT is preferred (Chodak 2008).

The main forms of ADT used in clinical practice are LH-realising hormone
(LHRH) agonists and antagonists, and anti-androgens. These are administered as
subcutaneous injections, usually on a 1, 3 or 6-monthly, or yearly basis. LHRH
agonists (also called GnRH agonists) downregulate the gonadal luteinising receptors
in the pituitary gland and therefore, supress the secretion of LH and the production
of testosterone. However, after the first injections, LHRH agonists typically induce
arelease of LH, which leads to a transitory rise in testosterone (known as testosterone
flare). LHRH agonists can be administered concurrently with anti-androgens to
reduce the incidence of this flare phenomenon. LHRH antagonists (also known as
GnRH antagonists) directly block the LH receptors of the pituitary gland, inducing
a rapid decrease in the LH and testosterone levels. The advantage of LHRH
antagonists is that no testosterone flare occurs, and no concomitant anti-androgen
therapy is needed. Moreover, LHRH antagonists typically induce a very rapid
decrease in testosterone within the first two to three weeks of treatment. Degarelix
(LHRH antagonist) has been demonstrated to be more effective in terms of PSA
progression free survival than leuprolide (LHRH agonist) (Shore 2013). However,
the superiority of LHRH antagonists to LHRH agonists still needs to be proven. Anti-
androgens, the most used of which is bicalutamide, compete with circulating
androgens to the binding site of the androgen receptor (AR) in the testes. This leads
to an unchanged or slightly elevated serum testosterone levels.

In the case of oligometastatic disease (usually defined as four or fewer
metastases not including visceral metastases), long-term ADT can be combined with
RT of the primary tumour to increase its efficacy and improve the patient outcomes,
as demonstrated by two prospective randomised trials (Boevé et al. 2019; Parker et
al. 2018). Because of the increasing use of advanced imaging modalities,
oligometastatic disease in particular, is detected more often. In this context,
metastases-directed stereotactic RT (SRT) has gained particular scientific interest.
Although these treatments, especially of metastases detected only with advanced
imaging, are experimental, a recent randomised Phase II trial showed improved
outcomes in oligometastatic patients treated with stereotactic ablative radiation
compared to observation (Phillips et al. 2020).
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In the case of more extended or high-volume metastatic diseases, ADT is
combined with chemotherapy to improve outcomes and OS, provided that patients
are fit enough to receive the treatment. In this context, docetaxel, a cytotoxic agent
that disrupts the normal function of microtubules, is used. Prospective randomised
trials have demonstrated survival benefits using docetaxel + ADT versus ADT alone
(Clarke et al. 2019; Gravis et al. 2013; James et al. 2016). Moreover, in both
oligometastatic and high-volume metastatic PCa next generation hormonal agents
can be used, such as abiraterone, enzalutamide, apalutamide or darolutamide.
Abiraterone inhibits the cytochrome P450 17a-hydroxylase/17,20-lyase (CYP17)
enzyme, which is responsible for the synthesis of testosterone precursors in the
adrenal glands and inside cancer cells. This compound should be used together with
prednisone in order to prevent drug-induced hyperaldosteronism. In prospective
randomised trials abiraterone in combination with ADT demonstrated improved OS
and radiographic progression-free survival (PFS) in patients with metastatic
hormone-sensitive PCa. (Fizazi et al. 2017; James et al. 2017). Enzalutamide,
apalutamide and darolutamide are novel non-steroidal anti-androgens with higher
affinity to the AR receptor compared to bicalutamide. These agents have also been
investigated in combination with ADT in a prospective randomised setting and
showed reduced risk of metastatic progression or death over the standard of care
(Armstrong et al. 2019; Chi et al. 2019; Davis et al. 2019).

223 Castration-resistant disease

Hormone-sensitive disease will gradually and naturally shift to castration-resistant
PCa (CRPC). CRPC is defined as a level of testosterone < 1,7 nmol/L + disease
progression despite ADT, which can be either biochemical progression (with three
consecutive rises in PSA at least one week apart and a PSA > 2 ng/ml) or radiological
progression (with the appearance of new lesions on BS or CT). In the CRPC state,
treatment options depend on previously received treatment, known drug interactions
and the patient’s status. First-line hormonal treatments of CRPC include abiraterone
and enzalutamide (Beer et al. 2014; Ryan et al. 2015). Other systemic treatments
consist of chemotherapy with docetaxel if not given in a hormone-sensitive state and
subsequent cabazitaxel (Tannock et al. 2004; de Wit et al. 2019). Novel systemic
treatments include immunotherapy with Sipuleucel-T or protein kinase B (Akt)
inhibitors. [**Ra]-dicloride is a bone-specific alpha-emitting treatment for patients
with metastases confined to the bone. It is usually administered in later stages in
patients who experienced chemotherapy failure or were unfit for it (Parker et al. 2013).

Despite the treatments available, the outcome of metastatic CRPC (mCRPC)
patients is usually poor. With the increasing use of PSMA PET imaging and the
advent of theranostics, !"’Lu-labelled and **>Ac-labelled PSMA radioligand therapy
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(RLT) have been under keen scientific interest as a valuable options in mCRPC. The
Food and Drug Administration (FDA) has very recently approved the use of ['7Lu]-
PSMA-617 for the treatment of patients with CRPC, based on the results of
randomised trials that showed that [!"’Lu]-PSMA treatment is safe and efficient in
terms of survival benefit (Hofman et al. 2021; Sartor et al. 2021).

In this context, radiohybrid (rh)PSMA ligands, one of which is under
investigation in this doctoral thesis, could represent an interesting novelty, as theses
ligands can be labelled with both diagnostic (!*F) and therapeutic radioisotopes
(Lu). A more detailed overview of PSMA theranostics is provided in Section
2.5.3.4 of this thesis.

2.3 Principles of positron emission tomography
(PET) imaging

2.3.1 Physical principles of PET

Positron emission tomography (PET) is a functional method of measuring the
biodistribution of positron-emitting radiotracers in vivo. Radiotracers consist of
short half-lived radioisotopes that are mostly produced with a cyclotron or extracted
from a decaying source by a generator, labelled to a biological molecule of interest.
Radiotracers are usually administered intravenously in a bolus, after which the
radioligand behaves according to the molecule’s natural biological process.
Positrons emitted by PET radiotracers travel a short distance in tissue. This distance
varies according to the radioisotope (e.g **Ga’s positron range is > lmm, and '8F’s
positrons range is < 1 mm). Then, the positron interacts with a nearby electron and
is annihilated to form two 511 keV photons directed in opposite directions (Figure
2). These photon pairs are then detected by a ring of detectors, and from the detection
of such coincidence counts reconstructed tomographic images are produced
(Turkington, 2001).

Most annihilation photons are typically absorbed in the body depending on the
density and volume of the tissues. This phenomenon, called attenuation, prevents the
photons from being detected appropriately. Traditional methods of correcting
attenuation consisted of transmission scans using orbiting radionuclide sources.
Currently, attenuation correction is performed using anatomic CT or MRI images.
In conventional PET imaging, a positron annihilation is recognised along a 180-
degree line of response, which does not represent the actual location of the event.
Currently, PET scanners with time-of-flight (TOF) technology not only measures the
distance and attenuation of photons, but also adds to the algorithm the actual time
difference between the detection of the photons released during coincident events to
more accurately identify the distance from the annihilation event to the detector.
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Figure 2. Positron emission, annihilation, and coincidence event detection.

The PET raw data collected during scanning is processed by the scanner computing
unit and stored as a sinogram file (count averages during each time frame) or in list
mode data (counts without predefined time frames). The sinogram data are then
reconstructed using mathematical algorithms and converted into a three-dimensional
(3D) PET image.

PET images have the advantage of providing quantitative and semi-quantitative
measures of radiotracer concentration in vivo. Diagnostic PET images are typically
static images acquired at a specific time after injection depending on the radiotracer,
e.g. usually after 50 min for ['"*F]-FDG or after 60 min for most of [**Ga]/ ['*F]-
PSMA tracers. In static scans, the standardised uptake value (SUV) is widely used
as a semi-quantitative method of measuring the radiotracer uptake. The SUV
represents the ratio of the tissue radioactivity concentration at a single time point
(KBg/ml) to the injected dose of radioactivity adjusted per kilogram of the patient’s
body weight or lean body mass (MBq/Kg) (Thie 2004). However, as the SUV is a
relative value, dynamic imaging is needed to obtain quantitative measurements.

Dynamic data allow the creation of a tissue specific time-activity curve (TAC)
using the frames of the dynamic scan and the blood input function obtained either
from image-derived blood pool or, more accurately, from blood samples. These
data, can be then transformed using multiple-time graphical analysis (MTGA).
MTGA is a method wherein the radiotracer concentration curves of the region-of-
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interest and arterial plasma are combined into a single curve that approaches
linearity when dynamic equilibrium is reached. The data plotted for MTGA
approaches linearity if the data support irreversible uptake in the case of a Patlak
plot, or if the data support reversible uptake in the case of a Logan plot (Logan et
al. 2003; Patlak and Blasberg 1985). The data can be plotted on a graph, and the
line can be fitted to the linear phase. The slope of the fitted line represents the net
uptake rate of the radiopharmaceutical or the volume of distribution. A line is fitted
to the linearly increasing phase of the plot, and the slope of the line represents
either the net influx rate (K; in the case of a Patlak plot) or the volume of
distribution (VT in the case of a Logan plot). The greater the slope is, the larger
the respective uptake parameter is.

2.3.2 Hybrid imaging

Hybrid imaging is the fusion of two (or more) modalities to form a new and more
powerful imaging technique (Figure 3). Relatively early in the development of
clinical PET in oncology, the need to correlate functional and anatomical
information was addressed (Wahl et al. 1993). Soon after the concept of imaging
fusion was introduced, hybrid scanners that combine PET and CT (PET/CT) were
developed. The initial combination of PET and CT into a single device used in
clinical oncology was reported in 2000 (Beyer et al. 2000). The advantages of adding
anatomical images to PET are multiple, including the use of CT for attenuation
correction, providing anatomical information to help in the interpretation of PET
findings (image fusion), and allowing two clinical examinations to be performed in
one session. In the last two decades, the use of PET/CT has grown more rapidly than
the use of any other hybrid imaging technique, particularly with the widespread of
["*F]-FDG in clinical oncology. Moreover, imaging technology has been moving
forward at an impressive pace. Among the most successful achievements, the
implementation of silicon photomultipliers-based detectors allowed the move from
analogical to digital PET/CT scanners. More recently, long axial field-of-view
PET/CT, the so-called total-body PET, has been developed to cover the entire
PET/CT’s length in a single bed or position (Cherry et al. 2018).

In recent years, another powerful hybrid imaging modality, PET/MRI, was
introduced. MRI imaging provides better soft tissue contrast than CT and can
perform multiparametric evaluation including DWI and spectroscopy. Besides,
PET/MRI reduces patients exposure to ionising radiation compared to PET/CT.
PET/MRI has demonstrated good oncological applications, for example, in head and
neck cancers and in pelvic malignancies (Ehman et al. 2017). Regarding PCa, PSMA
PET/MRI might have promising applications in guiding prostate biopsies, in the
characterisation and targeting of intraprostatic lesions in patients referred for focal
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therapies or in monitoring tumour aggressiveness in patients in active surveillance
(Evangelista et al. 2021; Ferraro et al. 2021). However, due to the higher costs and
availability of the scanners, the clinical use of PET/MRI is still limited.

Figure 3. Examples of hybrid imaging. PSMA PET/CT (a) and PET/MRI (b) fused images of PCa.
The image in panel a is from a representative patient in Study Ill. Image in panel b is
from a representative patient in Study Il.

2.4 Evolution of PET radiotracers for prostate
cancer

2.4.1 Fluorodeoxiglucose (FDG)

['®F]-fluorodeoxiglucose (FDG) is an established radiotracer that is used to image a
wide spectrum of malignant diseases. Cancer cells usually present higher glycolytic
rates and higher expression of glucose transporters (GLUT) and hexokinase than
normal cells. The increase in glucose metabolism in cancer tissues results in
increased tracer uptake on ['*F]-FDG PET images (Pauwels et al. 1998). ['*F]-FDG
is taken up in cells via different glucose transporters isoforms depending on the target
tissue (GLUT-1-4) and, once inside, is phosphorylated typically by hexokinase to
['*F]-FDG-6-phosphate. FGD-6-phosphate is not substantially further metabolised
after this step and is retained in cancer cells (S. Zhao et al. 2005). The degree of FDG
uptake is related to the cellular glycolytic metabolic rate, which has close
relationships with histological characteristics and tumour differentiation.

Prostate adenocarcinoma is known to have a low glycolytic rate, which limits the
use of ['®F]-FDG PET (Jadvar 2013; Schoder et al. 2005). However, in vitro studies
have demonstrated that GLUT-1 expression in PCa cells is directly related to the
tumour grade, and that its expression is higher in poorly differentiated hormone-
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sensitive LNCaP cell lines than in well-differentiated ones. GLUT-1 gene expression
also seems correlated directly with the GS (Effert et al. 2004; Stewart et al. 2008).
Clinical studies also demonstrated that FDG uptake increases in relation to the
Gleason grade, clinical stage and serum PSA levels (Morris et al. 200; Oyama et al.
1999). Therefore, increased FDG uptake might be considered as a marker of tumour
aggressiveness in PCa (Jadvar 2009; Jadvar 2013; Jadvar 2016). An example of the
physiological biodistribution of ['®F]-FDG in PCa patients is depicted in (Figure 4).
FDG uptake has also been considered as an independent prognostic factor in PCa
patients and has been associated with poorer outcomes and OS (Meirelles et al. 2010;
Morris et al. 2005). Currently, ['"®F]-FDG PET is used to assess the eligibility for
RLT with ['”7Lu]-PSMA. In this context, the presence of FDG positive PCa has
shown to be a negative predictive and prognostic factor (Buteau et al. 2022; Hofman
et al. 2018; Michalski et al. 2021).

242 Sodium fluoride (NaF)

['*F]-sodiumfluoride (NaF) is a bone-specific PET radiotracer that is used to evaluate
bone metastases in PCa patients. ['*F]-NaF, similar to **Tc-labelled diphosphonates,
targets increased bone turnover and osteoblastic activity (Figure 4). ['®F]-NaF
PET/CT has demonstrated a better sensitivity than *"Tc-HDP planar scintigraphy
and SPECT/CT (Fonager et al. 2017; Wondergem et al. 2018), as well as similar
performance to WBMRI + DWI (Jambor et al. 2016). However, despite the higher
sensitivity of this radiotracer, its specificity is limited because of its non-specific
uptake in degenerative and inflammatory bone diseases (Evangelista et al. 2016).
Studies on modest patient cohorts have demonstrated that the performance of ['*F]-
NaF in the detection of bone metastases is comparable to that of [®*Ga]-PSMA
(Dyrberg et al. 2019; Zacho et al. 2018). Interestingly, it has been suggested that the
uptake of NaF and PSMA might vary according to the state of the disease, and that
NaF might overcome PSMA PET in the early stages of hormone-sensitive disease
(Harmon et al. 2018). However, further studies are needed to confirm this
hypothesis. As ['®F]-NaF PET cannot evaluate soft tissues and bone marrow
metastases, it is of limited use by itself for staging or restaging PCa patients.
However, given the possibility of PSMA-negative bone metastases, ['*F]-NaF might
have a complementary role to PSMA, particularly in restaging PCa patients prior to
RLT initiation (Uprimny et al. 2018).

243 Choline, acetate and fluciclovine

Choline, a component of the phosphatidylcholines, is an important substrate for the
metabolism of phospholipids, which are an integral part of the cell membrane. The
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use of choline-targeted radiotracers for imaging PCa is based on the increased
phosphorylcholine levels and elevated phosphatidylcholine turnover in PCa cells
(Ackerstaff et al, 2003). Choline can be labelled with either 'C ([!'C]-choline) or
8F (['®F]-choline). The latter has the advantages of a longer half-life (120 min vs
20 min). Both radiotracers present physiological uptake in the liver, pancreas, spleen,
salivary glands and bowel, but ['*F]-choline has higher bladder activity than its
[''C]-labelled counterpart. No significant differences between the two tracers have
been reported in the setting of primary staging (Nitsch et al. 2016). Before the
PSMA-era, choline PET was one of the main ligands used in PCa imaging, to the
point that FDA approved it in 2012. Choline PET has demonstrated a pooled
sensitivity of 86% and specificity of 93% for the detection of local PCa recurrence
and metastases, according to a meta-analysis of a total of 1555 patients (Evangelista
et al. 2013). In another meta-analysis, the pooled detection rate was 62%. However,
the rates were significantly lower at low PSA values (<1-2 ng/ml) (Fanti et al. 2016).
In primary staging, despite choline PET’s high specificity, low sensitivity (pooled
sensitivity of 49%) for the detection of lymph node metastases has been reported
(Evangelista et al. 2013). Moreover, the evaluation of the primary tumour is limited
by the presence of uptake in benign prostatic hyperplasia (Souvatzoglou et al. 2011).

[''C]-acetate was proposed as an alternative PET radiotracer for PCa imaging.
Acetate is an important substrate that is involved in different metabolic pathways,
including in the tricarboxylic cycle, and in fatty acid, phospholipid and cholesterol
synthesis. [!'C]-acetate is transported across cell membranes and converted to acetyl
CoA, and its retention into PCa cells is most likely due to increased fatty acid
synthesis (Baron et al. 2004). In this regard, acetate’s cell retention mechanism is
similar to that of choline, as both are incorporated into the phospholipids of the
cancer cell membrane. The physiological biodistribution of [!!C]-acetate includes
uptake in the myocardium, kidneys, pancreas, spleen and bone marrow, with
minimal urinary excretion due to the active reabsorption of [!!C]-acetate in the
proximal convoluted tubule (Figure 4). One of the first studies on [!'C]-acetate in
PCa demonstrated good uptake in PCa lesions and its higher performance than that
of FDG (Oyama et al. 2002). Several successive studies have assessed the
performance of [''C]-acetate in the evaluation of primary tumour and nodal staging,
with promising results (Haseebuddin et al. 2013; Jambor et al. 2012; Mena et al.
2012). However, similar to choline, [''C]-acetate cannot reliably distinguish between
benign prostatic hyperplasia and PCa (Kato et al. 2002). ['!C]-acetate has also been
evaluated in BCR, and the results are comparable to those of [''C]/ ['*F]-choline,
showing limited performances at low PSA values (< 1-2 ng/ml) (Buchegger et al.
2014; Dusing et al. 2014).

['®F]-fluciclovine, also known as antil-amino-3—['®F]-fluorocyclobutane-1-
carboxylic acid (FACBC), is a PET radiotracer approved by the FDA in 2016 for

28



Review of the Literature

imaging of PCa recurrence. FACBC is an analogue of leucine, an essential ammino
acid that is transported inside the cells by amino acid transporters. These transporters
are upregulated in many carcinomas, including in PCa (Sakata et al. 2009). The
physiological biodistribution of this radiotracer includes high uptake in the pancreas
and liver, with moderate uptake in the salivary glands, pituitary gland and bowel.
This agent has minimal activity in the excreted urine, which is an advantage in the
evaluation of the prostatic area. Due to the rapid influx and efflux of amino acids
(and therefore, of ['®*F]-fluciclovine) in PCa cells, PET images are usually acquired
earlier than other radiotracers for PCa, usually 3-5 min after the radiotracer injection.
In a prospective comparative study on 50 patients with BCR, ['"*F]-fluciclovine
PET/CT has demonstrated a higher lesion detection rate than [''C]-choline (Nanni et
al. 2015). Later, larger prospective multicentre trials have assessed the role of ['*F]-
fluciclovine PET/CT in BCR (Andriole et al. 2020; Ashesh et al. 2021; Scarsbrook
et al. 2020). The results of the Phase III FALCON trial, which included 104 patients
with BCR, demonstrated that the detection rate of ['*F]-fluciclovine PET/CT
increased according to the PSA levels, with a detection rate of 93% in the presence
of PSA > 2 ng/ml. Moreover, 64% of the patients had major change in management
after scanning (Scarsbrook et al. 2020). Similar results were presented from the
LOCATE trial on 213 patients with BCR, where change in management was
observed in 59% of the patients (Andriole et al. 2020). The EMPIRE trial was a
Phase III randomised trial on 165 patients, that demonstrated improved survival free
from BCR with ['8F]-flucilovine PET compared to conventional imaging (Ashesh B.
et al. 2021). Finally, a recent systematic review of studies on a total of 850 patients
showed good performance of ['®F]-Fluciclovine PET/CT in patients with recurrent
PCa, with detection rates of up to 53% in patients with PSA < 0.5 ng/ml (Rais-
Bahrami et al. 2021).

244 Bombesin

In the evolution of radiotracers for PCa imaging, gradually the use of metabolic
agents (that targeted glucose, lipid or amino acid metabolism) shifted towards the
development of more specific receptor-targeting radiotracers.

Bombesin is a protein with high affinity to the gastrin-releasing peptide receptors
(GRPRs). GRPRs have various physiological functions in the gastrointestinal and
nervous system and are overexpressed in several malignancies, including in PCa
(Jensen et al. 2008; Mansi et al. 2013). %Ga was the first radioisotope used to label
bombesin-based ligands for PET imaging. Different [**Ga]-labelled radiotracers
have been investigated preclinically and in preliminary clinical studies, such as
[*¥Ga]-RM2 and [**Ga]-SB3 (Kahkonen et al. 2013; Maina et al. 2016; Roivainen et
al. 2013). Bombesin-targeted radiotracers have shown main excretion through the
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urinary tract, and their highest physiological uptake was documented in the bladder,
kidneys and pancreas, followed by the liver, spleen and bowel (Figure 4). [**Ga]-
RM2 PET/CT in a cohort of 14 patients revealed sensitivity of 88% and 70% in
detecting primary tumour and lymph node metastases, respectively (Kahkonen et al.
2013). One study also directly compared [**Ga]-RM2 and [*®Ga]-PSMA-11 in seven
patients with biochemically recurrent PCa, and showed that the detection of
malignant lesions on [*®*Ga]-PSMA-11 did not statistically different from that on
[®*Ga]-RM2 (Minamimoto et al. 2016). '8F- and %*Cu-labelled radiotracers that target
GRPR have also been assessed in a few studies (Sah et al. 2015; Wieser et al. 2014).

Although bombesin-based radiotracers have shown promising results, the
introduction and wide use of PSMA as a target for PCa imaging limited its clinical
use. However, very recently a bombesin-based theranostic radiotracer, **Cu-SAR-
bombesin, is being investigated as a promising application in patients with PSMA-
negative PCa (NCT05407311).
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[8F]-FDG [18F]-NaF ["'C]-Acetate [8Ga]-RM2

Figure 4. Maximum intensity projection (MIP) images of different PET tracers used for PCa
imaging. a) ['®F]-FDG image from a representative patient of Study Ill with pelvic lymph
node metastases b) ['®F]-NaF image of a patient with bone metastases c) [''C]-Acetate
image of a patient with pelvic lymph node metastases d) [?3Ga]-RM2 (bombesin) image
of a patient with local recurrence on the prostate bed. Image b is courtesy of Jukka
Kemppainen, Department of Clinical Physiology and Nuclear Medicine, University of
Turku and Turku University Hospital, Turku, Finland. Images ¢ and d are courtesy of
Heikki Minn, Department of Oncology, University of Turku and Turku University Hospital,
Turku, Finland.
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2.5 Prostate specific membrane antigen (PSMA)
and PSMA PET

251 Prostate specific membrane antigen (PSMA)

PSMA is a type Il transmembrane protein discovered in 1983 while investigating
metastatic PCa cell lines (LNCaP) (Horoszewicz et al. 1983). PSMA is encoded by
the FOLH1 gene located in the short arm of chromosome 11 and its structure consists
of three parts: an intracellular domain, also called cytoplasmic tail; a transmembrane
domain; and an extracellular domain (Chang 2004) (Figure 5). The extracellular
domain is the larger component of the protein and contains the target for the small-
molecule PSMA inhibitors currently used in PET imaging (Figure 5).

PSMA has an internalisation capacity into an endosomal compartment, which
makes this protein a particularly interesting target for imaging and therapeutic
approaches (Liu et al. 1998). It has enzymatic peptidase activity, acting as a
glutamate-carboxypeptidase, and it is also involved in the activation of signalling
pathways. However, all the physiological functions of PSMA and its impact on
tissues have yet to be clarified (O’Keefe et al. 2018).
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Figure 5. Structure of prostate-specific membrane antigen (PSMA). Modified from: Chang, 2004.

PSMA is expressed in the epithelial cells of normal prostate gland, but its expression
is up to 10-fold higher in PCa cells and it is correlated with the tumour grade (Ghosh
and Heston 2004). Moreover, PSMA expression is correlated with the GS and PSA,
and progressively increases in metastatic disease and CRPC (Uprimny et al. 2017).
ADT is also known to increase PSMA expression at the cellular level (Wright et al.
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1996). Notably, about 10% of PCas do not exhibit PSMA expression in
immunohistochemistry or PET images, independently from PSA values (Maurer et
al. 2016; Minner et al. 2011;Yaxley et al. 2019).

PSMA is typically expressed in PCa cells in the apical membrane. This is the
main mechanism responsible for PSMA uptake in PET imaging and positivity on
PSMA immunohistochemistry, although the expression can be heterogeneous
(Figure 6). However, unlike what its name says, PSMA expression is not prostate-
specific but can occur in many other benign or malignant conditions, that should be
considered when interpreting PSMA PET images. The expression in non-prostatic
tumours is mainly due to the endothelial expression of PSMA. This mechanism is
not present in normal endothelial cells, but it is typically associated with tumour
neovasculature (De Galiza Barbosa et al. 2020). The potential role of PSMA PET in
tumours other than PCa is presented in more detail in Section 2.5.3.6 of this thesis.

Lymph node metastases Benign lymph nodes

—
EREEET

Figure 6. Heterogeneity of PSMA expression in lymph node metastases (a-b) and benign lymph
nodes (c-d). a) homogeneous expression b) heterogeneous expression c) weak
expression in the lymphoid germinal centres and d) weak expression in the endothelial
cells of the medullary sinus within the lymph node. Modified from original publication IV.

252 Main PSMA ligands for prostate cancer imaging
2.5.2.1 Evolution of the PSMA ligands for imaging

One of the first imaging probes to target PSMA was anti-PSMA antibodies, which
were developed for both the intracellular and extracellular domains of PSMA. The
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first monoclonal antibody 7E11-CE was developed for the intracellular domain of
PSMA. This monoclonal antibody was then labelled with '''In to develop the first
PSMA tracer for SPECT imaging, ['''In]-capromab pendetide, also known as
Prostascint®. The first studies demonstrated that [!!'In]-capromab pendetide could
be safely administered, but the detection rates for viable tumour lesions were low
(Plut and Hinkle 2000; Wynant et al. 1991). Although FDA approved the use of
['"'In]—capromab pendetide in 1999 for BRC of PCa, its clinical use was limited.

Subsequently, high-affinity antibodies that target the extracellular domain, one
of the most promising of which was J591 labelled with ¥Zr, showed cleared
advantages over ligands that target the intracellular domain. However, the translation
of ¥Zr J591into clinical imaging was also limited due to its long circulatory half-life
and poor tumour penetrations (Liu et al. 1998; Liitje et al. 2015).

Small-molecule PSMA-inhibiting ligands started to be developed for human
imaging because of their faster blood clearance, faster extravasation and therefore,
higher tumour-to-background ratios. Small-molecule inhibitors have three main
categories: urea-based, phosphorous-based and thiol-based compounds. The urea-
based type gained the most interest because of its internalisation into the cell after
binding to the active domain of PSMA. The first class of urea-based PSMA
inhibitors was described in 2001 (Kozikowski et al. 2001), and the first preclinical
imaging studies that used ''C-labelled PSMA ligands in a PSMA-positive tumour
xenograft were reported a few years later (Foss et al. 2005; Pomper et al. 2002;).
Other early tracers that use small-molecule PSMA inhibitors for imaging of PCa
were ['21]-MIP-1072 and ['**I]-MIP-1095 for SPECT imaging (Maresca et al. 2009).
These agents demonstrated in clinical studies the ability to rapidly detect PCa lesions
in soft tissues, bone, and prostate bed as early as 1 h after injection (Barrett et al.
2013). The first use of radioiodinated PSMA ligands on humans made the conceptual
leap to radioligand therapy a short one, as the initial therapeutic studies were
conducted with ['3![]-MIP-1095 (Zechmann et al. 2014).

The significance of the first preclinical and clinical studies on PSMA-ligands
lead to a period where PSMA ligands were explored, developed, and refined for
application in imaging and therapy. In the next subchapters, the main and current
PSMA ligands for PCa imaging are presented.

2522  %Ga-labelled ligands

The largest amount of published data available on PSMA PET imaging is from
studies conducted using [**Ga]-PSMA-HBED-CC, also known as [**Ga]-PSMA-11.
This now well-established ligand was developed in Heidelberg, Germany, in 2011
and presented strong binding affinity to PSMA as well as highly efficient
internalisation into PCa cells (Eder et al. 2012). The use of [**Ga]-PSMA-11 spread
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worldwide during the past decade and contribuited to the clinical breakthrough of
PET imaging with PSMA. [*3Ga]-PSMA-11 is also the first PSMA PET radiotracer
to have received FDA approval in 2020 (Table 5). The first clinical study on [**Ga]-
PSMA-11 demonstrated excellent tumour-to-background ratios and high detection
rates in 37 patients with BCR (Afshar-Oromieh et al. 2013). Subsequantly,
sensitivity and specificity of [*Ga]-PSMA-11 PET imaging were evaluated in a
large systematic review and meta-analysis (Perera et al. 2016). In a per-lesion
analysis, the specificity and sensitivity were 97 % and 80 %, respectively. In a per-
patient analysis, the specificity and sensitivity were both 86 %. Moreover, [**Ga]-
PSMA-11 has demonstrated high sensitivity and high detection rates (70-85%) in
BCR with a strong correlation to PSA values (Afshar-Oromieh et al. 2017; Cerci et
al. 2022; FEiber et al. 2015; Fendler et al. 2019 ). A recent prospective randomised
trial, the proPSMA study, demonstrated the superiority of [®*Ga]-PSMA-11 in the
primary staging of PCa compared to conventional imaging (Hofman et al. 2020).

As the PSMA-11 ligand cannot bind clinically relevant therapeutic radiometals,
theranostic variants started to be developed and were radiolabelled with the
therapeutically relevant trivalent radiometals, !”’Lu for beta therapy and ***Ac for alpha
therapy. Modifications of PSMA-11 resulted in the development of PSMA-617, a small-
molecule theranostic agent that was firstly investigated preclinically in 2015 and showed
high binding affinity to PSMA and highly efficient internalisation into PCa cells
(Benesova et al. 2015). [*®®Ga]-PSMA-617 has demonstrated detection of PCa lesions
with high contrast especially at later time points (2-3 hours post injection), with a
biodistribution and radiation exposure comparable to those of [®Ga]-PSMA-11 (0,021
mSv/MBq) (Afshar-Oromieh et al. 2015). The PSMA-617 ligand was successfully used
in in therapeutic application with the spread of ['7’Lu]-PSMA-617, which demonstrated
prolonged PFS and OS in metastatic CRPC (Hofman et al. 2018;Sartor et al. 2021). The
FDA approved ['""Lu]-PSMA-617 very recently in March 2022.

In 2015, another theranostic small-molecule PSMA inhibitor for imaging and
therapy, PSMA-I&T, was introduced (Weineisen et al. 2015) and had promising
results for diagnostic application with ®Ga and for therapeutic application with
7TLu. Few studies have investigated the performance of [**Ga]-PSMA-I&T in BCR
and primary staging, showing high detection rates that were comparable to those of
[®*Ga]-PSMA-11(Berliner et al. 2017; Cytawa et al. 2020). However, the clinical use
of this tracer is still limited.

%8Ga-labelled PSMA tracers have a relatively straightforward radioisotope
production, by a germanium-gallium generator, without the need for an on-site
cyclotron. Strong physiological uptake is usually seen in the salivary glands,
kidneys, small intestine and moderate uptake is observed in the liver and spleen
(Figure 7). ®*Ga-labelled tracers are mainly excreted through the urinary tract, which
represents a limitation in the evaluation of the prostatic area due to uptake in the
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bladder. This limitation might be overcome with delayed imaging after forced
diuresis, although this is usually not routinely performed. Physiological uptake of
both [**Ga]-labelled and ['*F]-labelled PSMA tracers generally occurs in the nervous
ganglia, which should not be confused with active lymph nodes. The most common
locations of the active nervous ganglia are the stellate ganglia in the upper thorax,
the coeliac ganglia in the abdomen, and the presacral ganglia in the pelvis.

25.2.3 8F-labelled ligands

Compared to ®Ga, "F has some significant advantages, such as (1) a larger
production capacity, since high activities can be produced with on-site cyclotrons;
(2) a longer radiochemical half-life (110 min vs. 68 min), which allows the transport
of the radiotracers to more distant centers; (3) a higher positron yield and a shorter
positron range, which results in improved spatial and/or contrast resolution. With the
increasing clinical demand for PSMA PET imaging, different '®F-labelled
radiotracers have been developed and are currently available (Rowe et al. 2017;
Werner et al. 2020). The first '®F-labelled radiotracer, ['®F]-DCFBC, started to be
developed approximately at about the same time as [**Ga]-labelled tracers (Mease et
al. 2008). ["*F]-DCFBC has demonstrated a promising ability to detect metastatic
PCa (Cho etal. 2012; Robu et al. 2018), and discrete performance on primary tumour
(Rowe et al. 2015). However, its major disadvantages are its slow clearance and high
blood-pool radioactivity, which have limited its clinical use.

One of the most successful second-generation radiofluorinated PSMA PET agents
and the first to have received FDA approval is 2-(3-{1-carboxy-5-[(6-['*F]fluoro-
pyridine-3-carbonyl)-amino]-pentyl } -ureido)-pentanedioic acid, known as ['8F]-
DCFPyL (Szabo et al. 2015) (Table 5). ["®F]-DCFPyL is mainly excreted via the
urinary tract and, similarly to [®*Ga]-PSMA-11, high physiological uptake is observed
in the kidneys, salivary glands and duodenum, whereas moderate uptake is observed in
the spleen and liver. Two large prospective Phase 2 and 3 trials have demonstrated good
diagnostic accuracy of ['®F]-DCFPyL PET/CT both in BCR and primary staging
(Morris et al. 2021; Pienta et al. 2021). The OSPREY trial included a total of 345
patients divided into two cohorts: Cohort A with newly diagnosed PCa scheduled for
prostatectomy and lymph node dissection, and Cohort B with patients with suspected
recurrent or metastatic disease. ['*F]-DCFPyL PET/CT demonstrated high specificity
in primary staging and BCR (96% in Cohort A and 98% in Cohort B), despite low
sensitivity values in nodal staging (40%) (Pienta et al. 2021). The CONDOR trial
investigated the performance of ["*F]-DCFPyL in 208 men with biochemically
recurrent PCa and its primary end point was the correct localisation rate (CLR), defined
as the positive predictive value with an additional requirement of anatomic lesion
colocalisation between ["*F]-DCFPyL PET/CT and a composite standard of truth
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(SOT). The CLR was 84.8-87% among three readers, and 64% of the patients had a
change in intended management after ['"*F]-DCFPyL PET/CT (Morris et al. 2021).

['®F]-PSMA-1007 was developed as a next generation PSMA-targeted imaging
agent (Cardinale et al. 2017) that has recently gained increasing interest, particularly
in Europe. ["*F]-PSMA-1007’s biodistribution differs from that of other PSMA
ligands because of its predominant hepatobiliary excretion and the minimal urinary
excretion, which are significative advantages in the evaluation of the prostate region.
Therefore, ['*F]-PSMA-1007 has high physiological uptake in the gallbladder and
liver, followed by the pancreas and salivary glands, but low uptake in the kidneys
and bladder (Figure 7). In preclinical evaluations, ['®*F]-PSMA-1007 has
demonstrated favourable binding and internalisation properties in vitro and high and
specific tumour uptake in vivo (Cardinale et al. 2017). In clinical studies carried out
until recently, ['®F]-PSMA-1007 has demonstrated diagnostic performances
comparable to that of other PSMA-targeted imaging agents. In particular, ['*F]-
PSMA-1007 has demonstrated high detection rates in patients with biochemically
recurrent PCa (Ferrari and Treglia 2021; Giesel et al. 2019; Sprute et al. 2020).
Promising results in primary staging have also been reported in recent retrospective
studies (Sprute et al. 2021; Ingvar et al. 2022). Currently, the tracer has entered
multicentre Phase III clinical trials (e.g., NCT04742361).

However, compared to other '*F-labelled tracers, ['®F]-PSMA-1007 has a higher
incidence of non-specific uptakes in the bone, which might increase the risk of false
positive interpretations (Anttinen et al. 2020; Hagens et al. 2022; Rauscher et al. 2020;
Wondergem et al. 2021). The mechanisms related to its non-specific uptakes in the bone
remains still unclear. The most plausible explanation is that ['*F]-PSMA-1007 has higher
affinity to PSMA receptors, which might result in higher uptake in benign bone lesions
(Cardinale et al. 2017). These uptakes are unlikely to be explained by the presence of
free '8F-fluorine due to radiolysis, given that quality control reports have shown a
concentration of free F-fluorine < 2% after synthesis of ['*F]-PSMA-1007
(Wondergem et al. 2021). From a matched-pair comparison of [®Ga]-PSMA-11 with
["*F]-PSMA-1007, it has been hypothesised that the higher incidence of non-specific
bone uptakes might be related to the lower positron energy, longer half-life and higher
injected activities of '8F-labelled tracers compared to ®*Ga-labelled ones (Rauscher et al.
2020). However, this does not explain the difference in the incidence of such uptakes
within different '*F-labelled tracers (Hagens et al. 2022; Wondergem et al. 2021).

Radiohybrid (rh)PSMA ligands constitute a new class of theranostic PSMA
ligands, which can be efficiently labelled with '8F and with radiometals and,
therefore, used for both diagnostic and therapeutic applications (Wurzer et al. 2020).
Promising imaging data have been reported for ['*F]-thPSMA-7, which comprises
four diastereoisomers (Oh et al. 2020). In retrospective studies, ['*F]-th-PSMA 7 has
demonstrated a sensitivity of 72.2% and a specificity of 92.5% in N-staging and high
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detection rates in patients with BCR (Eiber et al. 2020) (Kroenke et al. 2020)
(Rauscher et al. 2021). ['®F]-th-PSMA-7 has demonstrated similar performances to
[**Ga]-PSMA-11, despite an apparent higher incidence of nonspecific uptakes,
including in the ganglia, bone and unspecific lymph nodes (Kroenke et al. 2020).
One of the thPSMA isomers, ['®F]-thPSMA-7.3, was selected as the lead rhPSMA
compound for clinical development based on preclinical assessments (Wurzer et al.
2020). To date, the safety and radiation dosimetry of ['*F]-thPSMA-7.3 have been
established in healthy volunteers (Tolvanen et al. 2021). Currently, ['*F]-rh-PSMA
7.3 is under investigation in 2 multicentre Phase III trials for PET imaging,
SPOTLIGHT (NCT04186845) and LIGHTHOUSE (NCT04186819). The
preliminary results of the SPOTLIGHT trial on 366 men with BCR have
demonstrated that ['*F]-th-PSMA 7.3 PET findings frequently resulted in post-scan
upstaging of patients with negative baseline conventional imaging (European
Association of Nuclear Medicine (EANM)22 Abstract Book, 2022).

Finally, ['®F]-PSMA-11 is a radiotracer that has very recently attracted interest,
as it consists of the same molecule as [*Ga]-PSMA-11 but with the advantages of
['®*F]-labelling. A recent prospective double-blind randomised trial on 85 patients
with primary or recurrent PCa compared the two mentioned tracers and demonstrated
that ['®F]-PSMA-11 is not inferior to [*®*Ga]-PSMA-11 and could be used as a valid
alternative (De Man et al. 2022).
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Figure 7. Maximum intensity projection (MIP) images of the three PSMA-ligands used in the
studies in this doctoral thesis. a) [?3Ga]-PSMA-11 from a representative patient of Study
Il b) ['®F]-PSMA-1007 from a representative patient of Study IV ¢) ['®F]-rhPSMA-7.3
from a representative patient of Study I.
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2524  9"Tc-labelled ligands

The widespread use of *™Tc¢ in diagnostic nuclear medicine, together with the broad
availability of SPECT scanners in nearly all hospitals, has made the development of
9mT¢-labelled PSMA tracers particularly appealing. MIP-1404 and MIP-1405 were
the first high-affinity small-molecule PSMA inhibitors for SPECT imaging to be
introduced into the clinical setting (Hillier et al. 2013). Between them, MIP-1404
was later chosen as the lead compound due its lower urinary excretion. In
retrospective and prospective studies, [*™Tc]-MIP-1404 demonstrated high
potential to detect PCa lesions, with superior performance compared to conventional
imaging (Goffin et al. 2017; Schmidkonz et al. 2018). In primary nodal staging,
Goffin et al. reported a sensitivity of 50% and specificity of 87% compared to
histology (Goffin et al. 2017). Another study on 225 patients with BCR reported a
detection rate of 90% at PSA values > 2 ng/ml and 54% at PSA < 2 ng/ml
(Schmidkonz et al. 2018).

Along with [*™Tc]-MIP-1404, several other [*™Tc]-PSMA compounds are
under investigation, such as PSMA-I&T and HYNIC-PSMA. [*™T¢]-PSMA-1&T
has been investigated on 210 patients with recurrent PCa. At low PSA levels (< 4
ng/ml), its detection rates were clearly inferior to those reported for PSMA PET-
imaging. On the other hand, at higher PSA values (> 4 ng/ml), its detection rates
were high (83%) (P. Werner et al. 2020). In addition to diagnostic imaging, **™Tc-
labelled PSMA ligands might have interesting applications in radioguided surgery.
Few studies have shown that this technique of identifying metastatic lesions in
recurrent PCa intraoperatively using a gamma probe seems feasible and might
successfully detect metastases in patients scheduled for salvage surgery (Maurer et
al. 2019). However, the impact of radioguided surgery on patient outcomes needs to
be evaluated.

2.5.2.5  ®Cu-labelled ligands

64Cu-labelled PSMA ligands for PET imaging have attracted interest in the imaging
of PCa. PET imaging using ®Cu is promising and potentially preferable to **Ga
because of its longer half-life (12.7 h), economic production by cyclotron and higher
imaging resolution due to its lower energy at emission (Obata et al. 2003). PSMA-
617 and PSMA-I&T labelled with ®Cu have both been investigated in relatively
small prospective studies. [**Cu]-PSMA-617 showed high diagnostic accuracy in
primary nodal staging in 23 PCa patients (Cantiello et al. 2017). The same authors
compared [**Cu]-PSMA-617 to ['*F]-choline in 43 patients in restaging after BCR,
and demonstrated higher performance of [**Cu]-PSMA, especially at low PSA
values (Cantiello et al. 2018). [**Cu]-PSMA-I&T was very recently investigated to
establish its feasibility and biodistribution, and it showed promising characteristics
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as a candidate for future clinical trials (Lee et al. 2022). Larger studies that will assess
the performance of ®Cu-labelled PSMA tracers and comparative studies with *®*Ga-
or '8F-labelled PSMA tracers are needed to confirm their potential role in clinical
practice.

Table 5. Main small-molecule PSMA ligand used for PCa imaging and their current status in

clinical trials.

Radioisotope Imaging agent Status in prospective clinical trials

%8Ga [°®Ga]-PSMA-11 FDA approved
[8Gal-PSMA-617 Early phase
[°®Ga]-PSMA-I&T Early phase

18F ['®F]-DCFBC Early phase
['®F]-DCFPyL FDA approved
['®F]-PSMA-1007 Undergoing Phase IlI
['®F]-rhPSMA-7/7.3 Completed Phase IlI
['®F]-PSMA-11 Early phase

9mTc [**"Tc-]-MIP-1404 Completed Phase IlI
[®°*"Tc-]-PSMA-I&T Early phase
[®*™Tc-]-HYNIC-PSMA Early phase

64Cu [6*Cu]-PSMA-617 Early phase
[*Cu]-PSMA-I&T Early phase

253 PSMA PET imaging

2.5.3.1 PSMA PET in biochemical recurrence

Between 30% and 50% of the patients treated with RP or RT with curative intent
will develop a rising PSA, the so-called biochemical recurrence (BCR) (Mottet et al.
2022). The definition of clinically relevant PSA relapse depends on the primary
treatment: after RP the threshold used is > 0,2 ng/ml; after RT, BCR is defined as
any PSA increase > 2 ng/ml higher than the PSA nadir, which is defined as the lowest
PSA value prior to failure.

The role of PSMA PET/CT in patients with BCR is currently well established
and its use is recommended in the current EAU guidelines when the PSA level is
> (0,2 ng/ml after RP and if the results will influence subsequent treatment decisions
or when the PSA level rises after RT and the patient is fit for curative salvage
treatment. A systematic review and meta-analysis that involved 1309 patients
demonstrated that the positivity of [**Ga]-PSMA PET/CT is correlated to the PSA
level; that is, for PSA categories 0-0.2, 0.2—1, 1-2, and > 2 ng/ml of 42%, 58%,
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76%, and 95%, respectively (Perera et al. 2016). In particular, [*®Ga]- and ['*F]-
PSMA PET/CT have been demonstrated to be superior to other PET tracers, such as
Choline or Fluciclovine, as the sensitivity of PSMA PET/CT was significantly higher
at low PSA values (< 1 ng/ml) (Afshar-Oromieh et al. 2014; Morigi et al. 2015;
Wang et al. 2021). Subsequently, several large prospective studies have evaluated
the performance of ®Ga- and '*F-labelled PSMA in patients with BCR, and
demonstrated high detection rates of local and metastatic diseases (Caroli et al. 2018;
Ceci et al. 2019; Fendler et al. 2019; Morris et al. 2021; Pienta et al. 2021).

Studies have also demonstrated that PSMA PET/CT can guide salvage RT in
patients with BCR. PSMA-based RT has shown significant PSA responses that
might lead to a deferral of long-term ADT or other systemic therapies (Habl et al.
2017; Schmidt-Hegemann et al. 2018). A negative PSMA PET in patients with rising
PSA after radical prostatectomy has demonstrated to be predictive of high response
to SRT to the prostatic fossa (Emmett et al. 2017). This knowledge can have
important implications for the clinical management of patients with BCR. Moreover,
in a recent multicentre prospective study PSMA PET/CT results in men who were
undergoing salvage RT for BCR after RP were highly predictive of freedom from
progression at 3 years (Emmett et al. 2020).

2.5.3.2 PSMA PET in primary staging

PSMA PET/CT has only recently gained a place in the EAU guidelines for the
diagnosis of prostate cancer. The latest summary of evidence from March 2022
stated that PSMA PET/CT is more sensitive and accurate than CT and BS for the
primary staging of patients with high-risk PCa. However, there is still no outcome
data that could inform subsequent management. The performance of PSMA PET/CT
in the primary staging of patients with high-risk PCa was assessed in recent years in
prospective studies on both N-staging and M-staging. Most of these studies were
performed using ®®Ga-labelled tracers, although there are also valid data from
prospective studies with '3F-labelled ligands.

Regarding primary nodal staging, prospective multicentre trials performed with
[®®Ga]-PSMA-11 and ['®F]-DCFPyl have reported high specificity (90-94%) but
moderate sensitivity (40-41%) ( Jansen et al. 2020; van Kalmthout et al. 2020; Pienta
etal. 2021). A recent prospective multicentre Phase Il trial assessed the performance
of [®®Ga]-PSMA-11 in primary nodal staging and its results are consistent with those
of previous studies. In 277 patients whose histology confirmation was available, the
sensitivity and specificity of PSMA PET/CT were 40% and 95%, respectively (Hope
et al. 2021). Retrospective studies on quite large cohorts of patients have evaluated
the performance of ['*F]-PSMA-1007 and ['®F]-thPSMA-7.3 in primary N-staging,
and presented variable sensitivity (from 30% to 80%), while maintaining high
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specificity (> 95%) (Ingvar et al. 2022; Langbein et al. 2022; Sprute et al. 2021).
Very limited sensitivity of PSMA PET/CT was found for lymph nodes < 3 mm
(Ingvar et al. 2022). A systematic review and meta-analysis of studies including a
total of 1597 patients compared the performance of PSMA PET/CT and MRI in the
detection of lymph node metastases, and it was observed that [**Ga]-PSMA had
higher sensitivity but comparable specificity to MRI in the nodal staging of
intermediate- and high-risk PCa. Its reported pooled sensitivity was 65% compared
to 41% of MRI. (Wu et al. 2020).

Regarding primary staging, including the detection of distant metastases,
available data suggest that PSMA PET/CT is superior to conventional imaging (CT
and BS). A systematic review reported variable sensitivity (median sensitivity range
in the per-lesion analysis 33—92%, and in the per-patient analysis 66—91%), whereas
the specificity was high (>90%) (Corfield et al. 2018).

A prospective multicentre randomized clinical trial (proPSMA) published in 2020
has provided important evidence on the role of PSMA PET/CT in the primary staging
of patients with high-risk PCa (Hofman et al. 2020). The proPSMA trial included 302
patients who, before curative-intent surgery or RT, were randomly assigned to
conventional imaging with CT and BS or [®Ga]-PSMA-11 PET/CT. The primary end
point was the accuracy in the detection of regional lymph nodes or distant metastases,
which was 92% for [®*Ga]-PSMA-11 PET/CT and 65% for conventional imaging.
Moreover, [®*Ga]-PSMA-11 PET/CT demonstrated higher sensitivity and specificity
than conventional imaging (85% vs 38% and 98% vs 91%, respectively) as well as
more frequent changes in management (28% of the patients vs 15%). It was also
noteworthy that [®®Ga]-PSMA-11 PET/CT had less radiation exposure than
conventional imaging (8.4 mSv vs 19.2 mSv). Data from the proPSMA trial
demonstrated also that PSMA PET/CT, by providing a more accurate diagnosis, which
leads to a more appropriate treatment, is more cost-effective than conventional
imaging in the primary staging of patients with high-risk PCa (de Feria Cardet et al.
2021). Similar results regarding the cost-effectiveness of PSMA PET/CT have been
shown in a few recent studies (Song et al. 2022;van der Sar et al. 2022).

The results of the proPSMA trial could possibly move forward the replacement
of conventional imaging (abdominopelvic CT + BS) with PSMA PET/CT for the
primary staging of patients with high-risk PCa. However, the outcome and survival
benefit of patients with metastatic disease detected using more sensitive imaging
modalities are still unknown (Cornford et al. 2020; Hicks et al. 2017).

2.5.3.3 PSMA PET in therapy response assessment

PSMA PET/CT is a potentially a useful tool for assessing response to therapy,
particularly in patients with metastatic disease before and after systemic therapies or
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PSMA-targeted RLT. However, there is still little evidence of the prognostic value
of PSMA PET/CT in this setting (Grubmiiller et al. 2020; Seitz et al. 2018).
Moreover, while the role of PSMA PET/CT in the detection of recurrent disease is
well established and its role in primary staging of selected patients was recently
affirmed, the possible criteria to be used for therapy response assessment are still
under debate. In a recent consensus statement it was agreed that PSMA PET/CT
should be used to assess response to therapy only if the results would change the
clinical management (Fanti et al. 2021). Given that PSMA PET/CT is the most
sensitive imaging method for detecting metastases and, therefore, will most likely
change the management of M+ patients, PSMA PET/CT could be used before and
after any local or systemic treatment in patients with regional or distant metastases.
Nevertheless, the prognosis of patients with metastases detected only by PSMA PET
remains unclear. Regarding the timing for performing PSMA PET/CT, there are
concerns regarding treatment-naive patients starting ADT because of the possible
increase of PSMA uptake. The relationship between short-term ADT and PSMA
expression is the core topic of Studies II and III of this doctoral thesis and will be
presented in detail in the Discussion sections. Nonetheless, for the sole purpose of
assessing the response to ADT and avoiding the potential flare of PSMA uptake,
performing PSMA PET/CT not earlier than three months after initiation of the
treatment is recommended (Fanti et al. 2021).

In radiological examinations the Response Evaluation Criteria in Solid Tumours
(RECIST) criteria is a well-established method for assessing response to therapy
(Eisenhauer et al. 2009). Equivalent criteria for PET imaging, the PET Response
Criteria in Solid Tumours (PERCIST), have been presented for several solid tumours
imaged with FDG PET (Pinker et al. 2017). However, standardised criteria for
treatment response assessment with PSMA PET/CT have not been developed yet,
although a combination of molecular, morphological and locational criteria has been
proposed (Eiber et al. 2018; Fanti et al. 2020; Gupta et al. 2020). The consensus
statements of Fanti et al. suggested that the disappearance of any lesion with PET
uptake would define a complete response, a > 30% reduction in the uptake or tumour
PET volume would define a partial response, and a > 30 % the increase in the uptake
or tumour PET volume or the appearance of > 2 new lesions would define
progression (Fanti et al. 2021). In polymetastatic disease, the appearance of two or
more new lesions alone does not indicate progressive disease if the total tumour PET
volume or uptake does not increase by > 30%, because in mCRPC a heterogeneous
response could occur.

The SUV is the most commonly used semi-quantitative parameter for measuring
the tracer uptake. However, SUV values (SUVmax, SUVmean and SUVpeak) are
dependent on the type of scanner, reconstruction algorithm, injected activity and
uptake time. Volumetric PET measurements based on available software packages
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have better reproducibility and could accurately assess the tumour burden. However,
volumetric measurements are technically demanding and are still not widely used in
clinical practice. Moreover, to guarantee a correct assessment of the tumour volume
further harmonisation and standardisation of the interpretation of the PSMA PET
findings is recommended. This topic is presented more in more detail in Subsection
2.5.3.5. Very recently, a standardised framework for response evaluation criteria in
PSMA PET/CT (RECIP 1.0) has been proposed for men with mCRPC who have
been treated with ['""Lu]-PSMA (Gafita et al. 2022). This multicentre retrospective
study on 124 patients assessed the prognostic value of RECIP 1.0 for OS. The
framework is based on the PSMA tumour volume and includes the following
classifications: a complete response (RECIP-CR), the absence of any PSMA ligand
uptake in the interim PET/CT; a partial response (RECIP-PR), a > 30% decline in
the tumour volume and no appearance of new lesions; progressive disease (RECIP-
PD), > 20% increase in the tumour volume and appearance of new lesions; and a
stable disease (RECIP-SD): any condition other than RECIP-PR or RECIP-PD. The
results showed that patients with progressive disease had a shorter OS than patients
with stable disease or partial response (8 months vs 13 months and 21 months,
respectively) and that the combination of RECIP and PSA response was a prognostic
biomarker of the efficacy of ['"’Lu]-PSMA therapy (Gafita et al. 2022).

2534 PSMA theranostics

The term theranostic was firstly used by John Funkhouser in 2002 to indicate, as the
name suggests, a combination of therapy and diagnostics (Funkhouser, 2002). With
the increasing use of RLT for neuroendocrine tumours and, more recently, for PCa,
theranostics are currently driving the growth and future of nuclear medicine, as they
bring a great opportunity to improve patient care through personalised medicine.
PSMA-targeting agents are perfect examples of theranostics, as they offer the
possibility of diagnostic and therapeutic applications. The internalisation of the
PSMA substrate after binding to its receptor allows enhanced uptake and retention
in the tumour, which results in high image quality and a high local dose for treatment.
In this context, PSMA PET has a crucial role in establishing the patient’s eligibility
for PSMA-targeted RLT and baseline PSMA PET can also provide important
prognostic and predictive information (Buteau et al. 2022; Ferdinandus et al. 2020;
Violet et al. 2020).

Among different medical isotopes, '”’Lu is the most commonly used for RLT.
7TLu is a radioisotope that emits beta radiation to induce DNA damage in cancer
cells. RLT with ['7"Lu]-PSMA was recently approved for the treatment of metastatic
CRPC patients, who are ineligible for approved alternative treatment options and
have adequate PSMA uptake on pre-therapy PET imaging. The efficacy of ['""Lu]-
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PSMA treatment was assessed in a single-centre phase II trial (Lu-PSMA) first in
2018 (Hofman et al. 2018). The Lu-PSMA trial included 30 patients with CRPC that
progressed after standard treatment and the primary end point was to assess the PSA
response defined as a greater than 50% PSA decline from the baseline. In this study,
PSMA and FDG PET/CT were performed to confirm high PSMA expression and to
exclude the presence of FDG-positive disease. The patients received four cycles of
[""Lu]-PSMA-617 at six weeks intervals. The results showed high response rates
(57% of the patients had a PSA response), and the treatment was well tolerated and
resulted in improvement of pain symptoms (Hofman et al. 2018).

Three years later, a multicentre randomised Phase I1 trial (TheraP) compared the
performance of ['’Lu]-PSMA and cabazitaxel in 200 patients with mCRPC
(Hofman et al. 2021). Similar methods (confirmation of a PSMA-positive disease
with PSMA and FDG PET/CT and ['7"Lu]-PSMA-617 treatment every six weeks)
and a similar primary end point (at least 50% PSA reduction from the baseline) were
used. The group that was treated with '""Lu-PSMA-617 showed higher PSA
responses than the cabazitaxel group (66% of the patients vs 44%) and fewer adverse
events (33% vs 53%). The authors concluded that '""Lu-PSMA-617 could be a
potential alternative to cabazitaxel in men with mCRPC, with greater activity but
less severe side-effects and improvements in patient-reported outcomes.

Recently, the results of the Vision trial, a milestone in PSMA theranostics, were
published. Vision was a Phase III multicentre randomised trial that compared '""Lu-
PSMA-617 treatment plus standard of care (excluding chemotherapy) with standard
of care alone in 831 mCRPC patients (Sartor et al. 2021). The Vision trial showed
that combined treatment with ['""Lu]-PSMA and standard of care prolonged
imaging-based PFS (median: 8.7 months vs 3.4 months) and OS (median: 15.3 vs
11.3 months). Based on these results, the FDA approved ['”’Lu]-PSMA in March
2022.

Despite the promising results of ['”’Lu]-labelled PSMA RLT, beta-emitters
radioisotopes have a relatively low linear energy transfer (LET) (maximum of 0.5
MeV) and a relatively wide soft tissue range of 1.7 mm (Hosono et al. 2018). A low
LET might cause easy-to-repair single-stranded DNA breaks, which can lead to
treatment failure or resistance. Valid alternatives for PSMA-targeted RLT are alpha-
emitters, such as [*2’Ac]-PSMA-617. Alpha particles have a higher LET and a
significantly shorter soft tissue range (< 100 um) than beta particles, which increase
the cytotoxicity by causing double-strand DNA breaks (Juzeniene et al. 2021). Data
on the use of [**Ac]-PSMA RLT on PCa patients are still limited, and prospective
randomised trials are being awaited. Nevertheless, recent systematic reviews and
meta-analyses showed that [?°Ac]-PSMA-617 is an effective and safe treatment for
mCRPC patients, with 63-66% of the patients achieving PSA response (> 50% PSA
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decline) and a pooled PFS and OS of 9 and 13 months, respectively (Ma et al. 2022;
Satapathy et al. 2021).

2.53.5 PSMA PET structured reporting

With the wide use of PSMA PET in clinical practice and the development of different
PSMA radiotracers with distinct characteristics and biodistributions, the need for a
standardised imaging interpretation and structured report has been addressed. As a
general statement, every PET report should provide clear, accurate and consistent
content to support the clinicians in therapeutic decision-making. The traditional
narrative report is still the main form of report used by most nuclear medicine
physicians and radiologists. However, the variability in language, length and style
can limit the assessment of the diagnostic performance of the imaging modality and
hamper the comparison with other modalities. Although it is important for diagnostic
imaging specialists to learn how to report imaging studies and to have the freedom
to describe the findings according to their expertise, the presence of consistent
templates for organising the data might improve clarity and guarantee a standardised
and reproducible interpretation of the findings (Dhakshinamoorthy et al. 2018).
Moreover, in the era of artificial intelligence (Al), consistent, precise and easy-to-
extract data are increasingly needed to train the computer systems.

Currently, three criteria have been proposed to harmonise the interpretation of
PSMA PET findings: the EANM criteria (Fanti et al. 2017), the Prostate Cancer
Molecular Imaging Standardised Evaluation (PROMISE) criteria (Eiber et al. 2018)
and the PSMA Reporting and Data System (PSMA-RADS) criteria (Werner et al.
2019). These criteria were recently partially merged and presented as part of the E-
PSMA, the EANM’s standardised reporting guidelines (Ceci et al. 2021). The use of
a structured report implies a standardised nomenclature and imaging interpretation
(Fanti et al. 2017). According to the PROMISE criteria, the visual interpretation of
PSMA uptake should be performed according to four scores, using the blood pool,
liver and salivary gland uptake as reference (Table 6). For ['*F]-PSMA-1007 the use
of spleen uptake instead of the liver uptake is recommended, given the hepatobiliary
excretion.

Table 6. Visual score according to the intensity of PSMA uptake. Modified from: Ceci et al., 2021.

Visual score Intensity of PSMA uptake

0 < blood pool (no uptake)

1 = blood pool and < liver/spleen (low)

2 2 liver/spleen and < parotid gland (intermediate)
3 = parotid gland (high)
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Then, the grade of PSMA uptake must be correlated with the presence of anatomical
correspondence as well as with the site to provide a grade of confidence in the
interpretation of the findings. In the E-PSMA guidelines, similar to the PSMA-
RADS criteria, a 5-point score is proposed (Table 7).

Table 7. Interpretation of the PSMA PET findings according to the reader confidence on a 5-point
scale. Modified from: Ceci et al., 2021.

Score Definition Description
1 Benign lesion Lesion without abnormal uptake
2 Probably benign lesion | Lesion with faint PSMA uptake in a site atypical for prostate
cancer
3 Equivocal finding Lesion with faint uptake in a site typical for prostate cancer
or intense uptake in a site atypical for prostate cancer
4 Probably prostate Lesion with intense uptake in a site typical for prostate cancer
cancer but without anatomical correspondence
5 Definitively prostate Lesion with intense uptake in a site typical for prostate
cancer cancer with definitive anatomical correspondence

Once the findings have been interpreted, the structured report might include a new
TNM staging classification based on molecular imaging (miTNM), which was first
proposed in the PROMISE criteria (Table 8). This would further help organise the
findings into comprehensible categories to promote the exchange of information
among physicians and institutions.

Table 8. Molecular imaging(mi) TNM staging for PCa. Modified from: Eiber et al, 2018.

Local tumour (T)

miTO0 No local tumour

miT2 Organ-confined tumour

miT3a Extracapsular extension

miT3b Invasion of the seminal vesicles

miT4 Invasion of adjacent structures other than the
seminal vesicles

miTr Local recurrence after radical prostatectomy

Regional lymph nodes (N)

miNO0 No positive regional lymph nodes

miN1a Single regional lymph node

miN1b Multiple (= 2) regional lymph nodes

Distant metastases (M)

miMO0 No distant metastasis

miM1a Extrapelvic lymph nodes

miM1b Bone metastases

miM1ic Visceral metastases
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According to a recent study that evaluated the inter-reader agreement between the
different PSMA PET interpretation criteria, it seems that these criteria have solid
reproducibility with [®*Ga]-PSMA-11 (Toriihara et al. 2020). Further work is needed
to harmonise the criteria and take more into consideration currently used '*F-labelled
radiotracers.

2.5.3.6 PSMA PET in non-prostatic tumours

In the analysis of a PSMA PET scan of a PCa patients, incidental detection of PSMA
uptake in non-prostatic conditions is not uncommon (De Galiza Barbosa et al. 2020).
PSMA uptake can be seen in several benign findings, such as in inflammatory and
infectious processes, benign neoplasms (most commonly haemangiomas and
adenomas) and bone-related conditions (e.g., fractures, osteodegenerative findings,
Paget’s disease and fibrous dysplasia). Several case reports have also been published
regarding PSMA uptake in malignant tumours other than PCa (Figure 8 and Table
9). This uptake is mostly related to the increased PSMA expression in the tumour-
associated neovasculature (Chang et al. 1999).

SUVmax 5.2

V)
SUVmax 10.7

Figure 8. Examples of histologically confirmed malignant tumours other than prostate cancer
detected on clinical ['®F]-PSMA-1007 PET/CT scans. (a) Lung squamous cell carcinoma
(b) Lung adenocarcinoma (c¢) Lymphoma (d) Rectum adenocarcinoma.
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Table 9. Overview of the malignant tumours that have showed PSMA uptake on PET imaging.
Modified from: de Galiza Barbosa et al. 2020.

Site Tumour
Nervous system Gliomas
Cervical Head and neck SCC

Salivary gland carcinoma
Thyroid cancer

Thoraxic Lung cancer
Breast cancer
Mesothelioma
Thymoma

Abdominal Renal cell carcinoma
Hepatocellular carcinoma
Colorectal cancer
Pancreatic carcinoma
Transitional cell carcinoma
Neuronedocrine tumors
Ovarian cancer

Cervical carcinoma
Endometrium cancer
Vulvar carcinoma

Skeletal and soft tissues Melanoma
Lymphoma
Osteosarcoma
Multiple myeloma

While the non-specificity of PSMA expression for PCa lesions might represent a
limitation that makes it important to be aware of the potential pitfalls, new
opportunities to use PSMA ligands in diagnostic or even therapeutic approaches for
other malignant tumours could arise. The role of PSMA-ligands in non-prostatic
tumours has been investigated in relatively small prospective studies (Uijen et al.
2021). These studies focused on tumours that present highly vascularisation,
including renal cell carcinoma (RCC), high-grade gliomas, salivary gland cancer,
iodine refractory thyroid cancer and hepatocellular carcinoma (HCC).

RCC is one of the tumours first and most assessed by PSMA PET imaging
because of its high-grade of vascularisation. However, given the high physiological
uptake in the kidneys, PSMA PET has demonstrated better performance in the
detection of recurrences or metastases, with higher sensitivity than CT and changes
in patient management (Raveenthiran et al. 2019; Rhee et al. 2016). High-grade
gliomas have shown clear PSMA uptake on PET imaging together with optimal
correlation with MRI imaging (Kumar et al. 2022; Verma et al. 2019). Among high-
grade gliomas, glioblastoma multiforme is known to be an aggressive and
particularly treatment resistant malignancy. In this scenario, PSMA RLT could
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represent a valuable treatment option, and in a few case reports of patients with
recurrent glioblastoma multiforme, [!”’Lu]-PSMA was safely administered and even
resulted in tumour shrinkage (Kumar et al. 2022; Kunikowska et al. 2020).
Adenocystic carcinoma of the salivary gland and differentiated thyroid cancer have
also demonstrated considerable PSMA uptake, particularly in metastatic lesions
(Liitje et al. 2017; Van Boxtel et al. 2020; Verma et al. 2018). Moreover, patients
with radioiodine-refractory thyroid cancer might particularly benefit from PSMA
theranostic applications (Vries et al. 2021). HCC is a highly vascularised tumour that
might be difficult to diagnose, as low glucose metabolism and physiological uptake
in the liver limit the use of FDG PET. HCC has demonstrated high PSMA
expression, despite possible heterogeneity in the uptake (Kesler et al. 2019;
Kuyumcu et al. 2019). In one study on 40 patients, change of management after
PSMA PET was demonstrated in 50% of the patients (Hirmas et al. 2021).

Despite promising data on the diagnostic and therapeutic use of PSMA ligands
in tumours other than PCa, larger prospective studies are needed, particularly
focusing on advanced-stage diseases that would mostly benefit from theranostic
approaches. Moreover, larger studies, including dosimetry, are needed to establish
the efficacy of PSMA-targeted RLT and tracer kinetics in these tumours.
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3 Aims

This doctoral thesis investigated PSMA as a target for PET imaging of PCa. The first
study investigated the biodistribution and kinetics of a novel theranostic PSMA
tracer. Studies Il and III focused on investigating the physiology of PSMA
expression in relation to short-term ADT. Study IV investigated the diagnostic
performance of PSMA PET in the primary nodal staging of PCa.

The specific aims of the doctoral studies were as follows:

L. To assess the biodistribution and kinetics of ["*F]-th-PSMA-7.3 in PET
imaging of PCa.

II.  To investigate the time course effect of short-term ADT on PSMA uptake in
treatment-naive PCa using [**Ga]-PSMA-11 PET/MRL

III.  To investigate the flare of PSMA uptake after short-term ADT and its
correlation with FDG-uptake in metastatic treatment naive PCa using ['*F]-
PSMA-1007 PET/CT.

IV. To compare the diagnostic performance of ['®F]-PSMA-1007 PET/CT to
those of ceCT and WBMRI in primary nodal staging of men with newly
diagnosed unfavourable intermediate- and high-risk PCa.
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4 Materials and Methods

4.1 Study population and eligibility

The study population for the studies of this doctoral thesis was from four prospective
registered clinical trials conducted at the Turku University Hospital (TYKS) between
2018 and 2022 (Table 10). The first trial (Study I) included three distinct patient
cohorts: men with newly diagnosed treatment-naive high risk PCa scheduled for
prostatectomy (Cohort A); men with newly diagnosed treatment-naive metastatic
PCa (Cohort B); and men with castration-resistant metastatic PCa (Cohort C). The
other three trials (Studies II-IV) had a similar source population that consisted of
men with newly diagnosed treatment-naive histologically confirmed PCa. Study 11
had as an additional inclusion criterion the presence of distant metastases (M1)
confirmed on conventional imaging. The inclusion and exclusion criteria for the four
studies are represented in Table 10. All the study patients were selected at TYKS by
the investigating urologist, in collaboration with the investigating nuclear medicine
physician (for Studies II and III). Patients who met the eligibility criteria were
informed about the study at the Department of Urology of TYKS and signed an
informed consent form.
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Table 10. Inclusion and exclusion criteria of the studies.

Study  Clinicaltrials.
gov identifier

I NCT03995888

Il NCT03313726

1 NCT03876912

v NCT03537391

4.2 Study design

4.2.1 Study |

Subjects

(n)

9

25

79

Inclusion criteria

Histologically confirmed PCa

- Newly diagnosed treatment-
naive high risk PCa scheduled
for prostatectomy (Cohort A)
-Newly diagnosed treatment-
naive metastatic PCa (Cohort

B)
-Castration-resistant

metastatic PCa (Cohort C)

Newly diagnosed treatment-
naive histologically confirmed

PCa

Newly diagnosed treatment-
naive histologically confirmed
PCa with distant metastases

(M1) confirmed on
conventional imaging

Newly diagnosed treatment-
naive histologically confirmed
unfavourable intermediate or

high risk PCa

Exclusion criteria

Any previous PCa
treatment (Cohort A and
B)

Radiation treatment of
lesions in the field of
view of the dynamic
images (Cohort C)

Any previous PCa
treatment
Uncontrolled serious
infection
Contraindications for
MRI

Any previous PCa
treatment

Uncontrolled serious
infection

Presence of
malignances other than
PCa

Any previous PCa
treatment

Any previous imaging
for PCa staging
Contraindications for
MRI

Study [ (NCT03995888) was a prospective, Phase I, single centre study that included
nine patients selected from three distinct patient populations (Cohorts A-C, as
described in the previous paragraph). The study aimed to assess the biodistribution

and kinetics of ['®F]-thPSMA-7.3 in the imaging of PCa.

All the patients underwent dynamic 45-min PET scanning of a target area
immediately after injection of ['*F]-thPSMA-7.3, followed by two whole-body
PET/CT scans acquired at 60 min and 90 min post-injection. Moreover, venous
blood sampling up to 120 min after injection was performed. The imaging study is

outlined in Figure 9.
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Time after injection

High-risk primary
Cohort localized Pca n=3

A 0 min 60 min 90 min
e Intravenous : Whole Whole
ST 2 administration 45 min body body
H iti i i
e attenuation of 300 MBq dynamic ooy PET/CT
B correction and 18 PET scan
. F-rhPSMA- (total (total
anatomic of target ) )
X 7.3 duration, duration,
correlation area

28 min) 28 min)
Cohort castrationresistant
C metastatic Pca n=3

Venous blood sampling up to 120 min

Figure 9. Outline of Study I.

422 Study |l

Study I (NCTO03313726) was a prospective, single centre, pilot study that
investigated the effect of short-term ADT on PSMA uptake at different time points
using [%®Ga]-PSMA-11 PET/MRI. Nine patients with newly diagnosed,
histologically confirmed treatment-naive PCa underwent a [®*Ga]-PSMA-11
PET/MRI scan immediately before and at three time points after the administration
of degarelix (240 mg): at the means (ranges) of 1.5 (0.8-2.5) weeks, 2.9 (1.9-4.5)
weeks, and 6.2 (3.5-8.7) weeks, respectively. Serum PSA and testosterone samples
were collected before each PET scan. The study outline is represented in Figure 10.

GnRH-antagonist

Treatment 63Ga-PSMA el 68Ga-PSMA  8Ga-PSMA  8Ga-PSMA
naive Pca PET/MRI PET/MRI PET/MRI PET/MRI
n=9
PSA + testosterone PSA + testosterone PSA + testosterone  PSA + testosterone
] L | 1 L 1 >
' - ; . ' r >
-15 -1/-3 0 7-56 days

Figure 10. Outline of Study II.

423 Study Il

Study III (NCT03876912) was a prospective, single centre study that was designed
as a continuation of Study II. The purpose of this trial was to investigate the increase
of PSMA uptake (the PSMA flare) after short-term ADT as a possible marker of
tumour aggressiveness. Twenty-five men with newly diagnosed treatment naive
metastatic PCa were enrolled. The metastatic status of the patients was confirmed by
conventional imaging (CT and BS), performed within two weeks before their
enrollment. All the patients underwent a [ '*F]-PSMA-1007 PET/CT and a ['"*F]-FDG
PET/CT immediately before the administration of ADT (degarelix, 240 mg). ['*F]-
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FDG PET/CT was performed to assess the potential aggressiveness of the lesions.
Subsequently, ['*F]-PSMA-1007 PET/CT was performed three to four weeks after
ADT initiation. This time point was chosen according to the results of Study IL.
Serum PSA and testosterone were collected before each PSMA PET scan. The study
outline is represented in Figure 11.

GnRH-antagonist

Treatment naive 18F_FDG 18E_PSMA (Degarelix) 18E_PSMA
metastatic PCa (M1) PET/CT PET/CT PET/CT
n=25
PSA + testosterone PSA + testosterone
1 1 1 1 1 >
L) T T T T »
-15 -1/-3 0 28 days

Figure 11. Outline of Study III.

424  Study IV

Study IV (NCT03537391) was a prospective, single centre study that included 79
men with newly diagnosed histologically confirmed unfavourable intermediate- or
high-risk PCa. All the patients underwent contrast-enhanced abdominopelvic and
thoracic CT, [*™Tc]-HMDP planar BS, [**"Tc]-HMDP SPECT/CT, WBMRI with
DWI and ['*F]-PSMA-1007 PET/CT within a period of two weeks. The purpose of
the study was to compare the diagnostic performance of the imaging modalities in
the primary staging of PCa. Since this study focused on regional nodal staging, only
CT, WBMRI and ['*F]-PSMA-1007 PET/CT were evaluated. The results of the M-
staging had been reported separately (Anttinen et al. 2020).

4.3 Imaging protocols

4.3.1 Dynamic PET scans and blood sampling (Study [)

In Study I, dynamic PET imaging was performed. The patients underwent a 45-min
dynamic scan (Scan 1) of a target region, starting at the time of the ['*F]-rthPSMA-
7.3 administration. The dynamic scan was performed in list mode, and the target
region varied according to the patient’s cohort: for Cohort A, the prostate; and for
Cohort B and C, the most relevant lesion identified on standard of care imaging (CT
and BS). Care was taken to include at least one bone lesion and one lymph node
metastasis, if present. Moreover, when possible, the area that included the thoracic
or abdominal aorta was chosen. Two intravenous cannulae (IV) were positioned, one
in each arm. The right arm was the preferred arm for the administration of the
radiotracer, and the left arm was used for blood sampling. A vacuum mattress was
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used to position the subjects on the PET imaging bed and to ensure the same
positioning after the scan break.

Non-arterialised venous blood samples (2 mL) were collected starting after the
administration of ["*F]-thPSMA-7.3 and according to the following approximate
sampling schedule: 205,40 s, 60 s, 80 s, 100s, 120 s, 140 s, 160 s, 180 s, 4 min, 5
min, 7.5 min, 10 min, 15 min, 20 min, 30 min, 40 min, 50 min, 59 min, and 120 min
post-injection. Blood samples were collected into heparinised tubes, mixed, and
chilled on ice. Then, they were immediately divided into two aliquots, and one
aliquot was centrifuged in a cooled (+4° C) centrifuge at 2118 g for 5 min. Next, 700
pl of plasma was separated into another tube. Both the plasma and whole-blood
radioactivity were measured. Haematocrit was measured at the screening, at the
baseline (-120 min to -5 min, relative to injection), and at 45 min, 3 hours, 4 hours,
and at 24 hours post-injection (as part of the study safety laboratory evaluations).

4.3.2 PET/MRI and PET/CT scans

All the PET studies from the four studies were performed at the Turku PET Centre
at TYKS. The CT and WBMRI scans of the Study IV were performed at the
Radiology Department of TYKS. All the PET scans were carried out by the
investigating nuclear medicine physician, who was responsible for the preparation
of the patient and the administration of the radiopharmaceutical. In all the studies,
the administration of the radiopharmaceutical was performed through a IV cannula,
followed by a flush of saline.

In Study I, the PET scans were performed using a General Electric (GE)
Discovery MI PET/CT scanner (GE Healthcare, Milwaukee, WI, USA). A dynamic
45-min PET scan of a target area was performed, followed by two static 28-min PET
scans from the mid-thigh to the vertex (7 bed positions at 4 min/bed), starting at 60
min (Scan 2) and 90 min (Scan 3) post-injection. Low-dose CT scans (one of the
target area and one from vertex to mid-thigh before the first static scan) were
acquired for attenuation correction and anatomic correlation. The CT acquisition
parameters were a tube potential of 120 kV, a tube current modulated 10-120 mA,
and a noise index of 30.

In Study 11, the [**Ga]-PSMA PET/MRI scans were performed using a sequential
Philips Ingenuity PET/MRI scanner (Philips Healthcare, Cleveland, OH, USA). The
MRI scanning sequences included axial, coronal and sagittal T2-weighted turbo-
spin-eco (TSE) and DWI imaging of the prostate area (b-values 0, 50, 400 and 800
s/mm?2) using a dedicated external coil for the lower abdomen (Sense Torso XL).
These sequences were followed by whole-body T2-weighted and MRI-based
attenuation correction sequences. The PET scans were acquired from the mid-thighs
to the base of the skull and started at 60 min post-injection. PET imaging
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reconstructions were performed using the default reconstruction algorithm Blob-OS-
TF, a 3D ordered subset iterative TOF reconstruction technique. The reconstruction
used 3 iterations and 33 subsets in a 144x144 matrix with an isotropic voxel size of
4 mm. All the reconstructions included the necessary corrections for image
quantification: attenuation, random coincidences, scatter, dead-time, decay and
detector normalization.

In Studies 11 and IV, the ['®F]-PSMA-1007 PET/CT scans were carried out using
a GE Discovery MI PET/CT scanner (GE Healthcare, Milwaukee, WI, USA). The
patients underwent whole-body PET/CT scans from the mid-thigh to the vertex
starting at 60 min post-injection. Low-dose CT scans were acquired for attenuation
correction and anatomic correlation. The CT acquisition parameters were the same
as those in Study I: a tube potential of 120 kV, a tube current modulated between 10-
120 mA, and a noise index of 30. The PET scans were acquired in 3D mode with 2-
min/bed positions. The sinogram data were corrected for deadtime, decay and photon
attenuation and, then, reconstructed on a 256x256 matrix. For the image
reconstruction, a Bayesian penalised-likelihood iterative reconstruction algorithm
(Q.Clear) was utilised with a B value of 500 for ["*F]-PSMA-1007, incorporating
random and scatter corrections. The ["*F]-FDG PET/CT scans in Study IIT were
performed using the same PET/CT camera and following the same imaging protocol.
The PET scan started 50 min post-injection. The same algorithm (Q.Clear) was
utilised for image reconstruction using a 3 value of 350.

433  CTand WBMRI (Study V)

In Study IV, ceCT and WBMRI were performed. Abdominopelvic and thoracic
ceCT was carried out with a Discovery NM/CT 670 CZT, a digital SPECT/CT
imaging system, including an Optima CT540 subsystem (GE Healthcare, Tirat,
Hacarmel, Israel). A helical CT tomogram with a modulated mAs, a noise index ~
30, a rotation time of 0.5 s, a tube potential of 120 kV, a pitch of 0.938 and a 1.25-
mm slice thickness was acquired. Soft tissue, bone and lung kernels were used with
a 40 % dose reduction in the Adaptive Statistical Iterative Reconstruction (ASIR,
GE Healthcare, USA) algorithm. A biphasic contrast-enhanced CT protocol (arterial
phase at 10 s, followed by venous phase at 30 s) was performed. Contrast agent
(Omnipaque (iohexol)™ GE Healthcare, iodine concentration of 350 mg/ml) was
used, unless clinical contraindications were present.

The WBMRI imaging was performed using a Siemens Magnetom Avanto fit 1.5
T MR system (Siemens Healthcare GmbH, Erlangen, Germany). The WBMRI
acquisition protocol consisted of axial T2-weighted fat suppressed (FS) half-Fourier
single shot turbo spin-echo (HASTE) images, axial short-tau inversion recovery
(STIR) DWI, b-values 0, 50 and 900 s/mm?2 and coronal 3D T1-weighted volumetric
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interpolated breath-hold examination (VIBE) Dixon sequences. In addition, whole
spine sagittal T1- and T2-weighted STIR turbo spin-echo (TSE) sequences and axial
STIR DWI images from the level of the pelvis, with b values 0 and 1500 s/mm?2,
were acquired.

4.4 Radiopharmaceutical preparation

[**Ga]-PSMA-11, ['"*F]-PSMA-1007, ['®F]-thPSMA-7.3 and ['*F]FDG solutions for
injection were produced on site at the Radiochemistry Laboratory of Turku PET
Centre. During Study IV, ['*F]-PSMA-1007 was still not produced at the Turku PET
Centre. Therefore, the radiopharmaceutical was produced by MAP Medical
Technologies Oy, Curium Pharma (Helsinki, Finland).

["*F]-rhPSMA-7.3 was produced using a single-use cassette-based proprietary
automated synthesis platform for radiolabelling, purification and formulation
(Scintomics GRP, Scintomics GmbH, Fiirstenfeldbruck, Germany), and using an in-
house remotely operated sterile filtration device for aseptic filling.

The [**Ga]-PSMA-11 synthesis was performed in a Class C clean room by a fully
automated cassette-based synthesis device (Modular Lab, PharmTracer, Eckert &
Ziegler Eurotope GmbH, Berlin, Germany). ®*Ga was obtained from a ®Ge/**Ga
generator (GalliaPharm, 50 mCi, Eckert & Ziegler Radiopharma GmbH, Berlin,
Germany).

For Study IV, ["®F]-PSMA-1007 was manufactured by MAP Medical
Technologies Oy, Curium Pharma (Helsinki, Finland) using an automated cassette-
based synthesis unit (GE TRACERIlab Mx or ORA Neptis). The synthesis of
["®F]JPSMA-1007 at the Turku PET Centre was performed with TRASIS AlllnOne
synthesiser (TRASIS Radiopharma, Ans, Belgium) using the single-use cassettes
supplied by TRASIS and reagents supplied by ABX (ABX advanced biochemical
compounds Gmb, Radeberg, Germany). ['®F]-FDG was synthesised using a
FASTLab® synthesiser (GE Healthcare, Waukesha, W1, USA) and FDG-phosphate
cassettes.

In all the '®F-labelled radiopharmaceuticals, Fluorine-18 was produced with the
GE PETtrace cyclotron. For all the radiopharmaceuticals, the radiochemical and
chemical purities were evaluated by radio high-perfomance liquid chromatography
(HPLC) and the pH was measured from the final product.

4.5 Histopathological analysis

In Study IV, histopathological analysis of the lymph nodes was performed in patients
who had undergone lymphadenectomy. Surgical tissue specimens from PLND were
fixed in 10% buffered formalin for at least 24 h. The number of palpable lymph
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nodes identified on each side was determined, and the lymph nodes were cut into 3-
4 mm sections before routine tissue processing. Consecutive 4-um thick histological
sections were used for haematoxylin and eosin (H&E) staining and for
immunohistochemistry. Epitope unmasking was done by microwaving the slides in
a Tris-EDTA buffer. PSMA staining was carried out with a Lab Vision autostainer
(Thermo Fisher Scientific) using a mouse monoclonal PSMA antibody (Dako, clone
M3620, 1:100) and an Envision detection kit (EP192). Pan-cytokeratin staining was
carried out using a BenchMark ULTRA automated slide stainer (Ventana Medical
Systems, Tucson, Arizona, USA) and an anti-pan-cytokeratin antibody (clone
AE1/AE3/PCK26, 46.3 ug/ml).

4.6 Imaging interpretation and analysis

In all the studies, PSMA positivity was interpreted visually and semi-quantitatively
taking into account the current suggested procedure guidelines on PSMA PET
imaging, considering normal distribution and possible pitfalls (Ceci et al. 2021).
More specifically, PSMA uptake was considered malignant in the following
conditions:

- focal uptake above the local background in the prostate for the primary tumour
(for Study II with anatomical correspondence on MRI images).

- uptake above the blood pool with a corresponding CT/MRI finding (also
normally sized lymph nodes) in a site typical for PCa for lymph node
metastases.

- uptake above the blood pool with a corresponding CT/MRI finding in a site
typical for PCa for bone and visceral metastases.

4.6.1 Study |

In Study I, two experienced PET researchers (S.M. and K.K.) manually drew
volume-of-interest (Vol) regions on as many PCa lesions and healthy reference
tissues as were identified in the images of the target area. For primary prostate
tumours, the blood pool or skeletal muscle was used as the reference. For lymph
node metastases, the blood pool was used as the reference. For bone metastases,
healthy bone marrow or the blood pool from the same image was used as the
reference. Blood pool Vol regions were drawn on large arteries, usually the
abdominal aorta. If allowed by the size of the reference tissue, Vols were drawn over
at least four mid-tissue PET planes with the help of the correlating anatomic CT
image. Care was taken to avoid the surfaces of the reference tissues to prevent partial
volume effects in the measurement of radioactivity. The positions of the Vols were
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checked against all three PET scan sets and if any movement was observed, the Vol
position was adjusted accordingly.

The mean Vol radioactivity values of each lesion and its reference tissue, each
scan set, and each subject were extracted and individual time—activity concentration
curves (TACs) for each lesion and reference tissue were generated for each subject
(Figure 12).

Figure 12. Representative image of the analysis of the dynamic PET data using Carimas Software.
(a) Delination of the VOI in a para-aortic lymph node metastasis. (b) Time-activity curve
(TAC).

The Vol radioactivity concentrations from the two static PET scans were corrected
for the decay of "F to the administration time, and the corrected radioactivity
concentrations were added to the TACs of the dynamic scan to construct full 0-118
min regional TACs. The regional TACs and the venous plasma and blood TACs
were converted from radioactivity concentration units (Bg/mL and kBg/mL,
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respectively) into standardised uptake value (SUV) units (g/mL) to enable direct
comparisons of TACs between subjects.

The plasma-to-blood ratio as a function of time was calculated from the blood
and plasma sample data. As shown in the Results section, the plasma-to-blood ratio
remained constant and at a level that implied that ['®F]-thPSMA-7.3 remains in blood
plasma and does not enter the red cells of the blood during the relevant time period
from injection. In this case, the blood TAC can be converted to plasma TAC using
the following Equation:

Blood
Plasma=

1 — Haematocrit

where Blood is the radioactivity concentration in blood (g/mL); Plasma is the
radioactivity concentration in plasma (g/mL) and Haematocrit (HCT) is the average
HCT. The average HCT from the baseline, 45 minutes and 3 hour samples was used
to convert tha PET-image-based blood TAC to the plasma TAC. The over-time
averaged plasma-to-blood ratios were calculated for each subject, excluding the first
2 minutes, and these individual ratios were compared to the plasma-to-blood ratios
based on the HCT values. While the concentrations in the arterial plasma are
independent of blood sampling site, the venous plasma concentrations are dependent
on the clearance of the compound in the vascular bed and thus, the sampling site.
Depending on the radioligand, transient equilibrium between the arterial and venous
plasma may be reached sometime after administration of a radiotracer (Eary and
Mankoff 1998; Zanotti-Fregonara et al. 2011), and therefore, the initial phase of a
venous plasma TAC is distorted, unlike that of a simultaneous arterial plasma TAC.
On the other hand, image-derived blood TACs may be distorted by spill-out into
adjacent tissues at early timepoints and by spill-in from adjacent tissues at late time
points. At very early time points, the image-derived blood TACs were markedly
higher than the manually sampled blood TACs, and at later timepoints, they were
generally lower. Therefore, for all the subject scans, the plasma and blood TACs
were constructed as combinations of image-derived arterial TACs and manually
sampled venous blood TACs. The image-derived arterial TACs were utilised from
the administration time to the peak of each TAC, and manually sampled venous
TACs were utilised starting from their peak value.

The lesion-to-reference ratios were calculated at different timepoints, and the
ratios were plotted as a function of time. During the dynamic scan, the reference
tissue was measured at the same timepoints as the lesions. In the late static scans
with multiple bed positions, the measurement time points might have been somewhat
different, but insignificantly so because of the relatively slow observed changes in
the radioactivity uptake, especially in the reference tissues. The blood pool from the

60



Materials and Methods

image was used as the reference tissue to mimic the visual image analysis. For
comparison, the blood TACs based on venous blood sampling were used to calculate
the ratios.

Multiple-time graphical analysis (MTGA) (i.e., Patlak and Logan plots) was
performed for the lesion and reference tissue data, using the plasma TAC as the input
function. A compartmental model for the radioligand and tissues of interest is not
known at this stage of development. MTGAs are instead independent of the number
of tissue compartments, and the only assumptions of the approach are that the
radioactivity concentration in the plasma and the non-bound radioactivity
concentration in the tissue reach a dynamic equilibrium during the PET scan, and
that tissue either contains an irreversible uptake component or components (Patlak
plot), or does not contain any irreversible uptake components (Logan plot). In
addition, inaccuracies in the initial plasma TAC affect MTGAs less than
compartmental model analyses.

4.6.2 Study |l

In Study II, two experienced nuclear medicine physicians (S.M. and J.K.) analysed
the images while blinded to the results of the other reader. In the case of equivocal
findings, a consensus between the two readers was reached in a multidisciplinary
board meeting. The SUVmax values were calculated for PSMA-positive prostate and
metastatic lesions. Moreover, the SUVmax values were obtained from the salivary
glands, liver, spleen and kidneys. The changes in the SUVmax at different time
points after ADT were represented as delta(A)SUVmax. The lesions were divided
and analysed into two groups: the ‘decrease’ group of lesions in which the change in
SUVmax was constantly negative in every time point compared to the baseline; and
the ‘increase’ group of all other lesions. The two groups were further analysed by
evaluating the maximum increase and the maximum decrease in the SUVmax from
each type of lesion or normal organ. These changes in the SUVmax were reported
as mean proportions (ranges) and the time points when the changes occurred were
reported as mean weeks (ranges).

4.6.3 Study Il

In Study III, an experienced nuclear medicine physician (S.M.) reviewed the PSMA
and FDG PET/CT scans. All the metastases documented in conventional imaging
(CT and BS) that showed PSMA uptake at the baseline ['*F]-PSMA-1007 PET/CT
were included in the analysis. Then, all the PSMA-positive lesions were then
carefully matched with ['®F]-FDG PET/CT. Lesions with tracer uptake above the
blood pool were considered FDG-positive. The SUVmax values were calculated for
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all prostate and metastatic lesions. The changes in the PSMA uptake after ADT were
represented as delta(A)SUVmax. Then, the PSMA-positive lesions were divided into
two groups. The first group included all the lesions with a ASUVmax > +20%
(PSMA flare), and the second group consisted of the remaining lesions that exhibited
either a decrease or no change (<20%) in the SUVmax. The FDG SUVmax was
further divided into three categories: < the blood pool (FDG-negative), > the blood
pool up to 10 (mild to moderate uptake), and > 10 (strong uptake).

4.6.4 Study IV

In Study IV, there was a total of six readers (four radiologists and two nuclear
medicine physicians, I.J., M.S., LK., S.K., S.M. and J.S.), two for each of the three
imaging modalities. Each imaging modality was independently reviewed by the
same pair of experienced modality-based experts who were blinded for the other
modalities. The pelvic lymph nodes were reported as malignant, equivocal or benign.
Both optimistic (equivocal lesions interpreted as benign) and pessimistic (equivocal
lesions interpreted as malignant) analyses were performed to resolve the equivocal
lesion status. In the CT and WBMRI, the lymph node diameter (short diameter > 8
mm) and morphology (rounded) were used to determine malignancy. In the MRI,
diffusion restriction was also used to assess nodal invasion, especially in normal-
sized lymph nodes.

The reference standard diagnosis was used to validate the reported lesions. It
included histopathological data (when available) or alternatively lymph nodes were
considered malignant if at least three of the following criteria were met: (1)
concordance between the primary imaging modalities; (2) increase in the size or
number of lymph nodes during the follow-up imaging; (3) decrease in the size or
number of lymph nodes during the follow-up imaging in response to treatment; (4)
increase in the serum PSA suggesting progression; (5) decrease in the serum PSA in
response to treatment; (6) increase in the PSMA uptake during follow-up imaging
(when available); (7) decrease in the PSMA-uptake during the follow-up imaging
(when available) in response to treatment.

4.7 Software for imaging analysis

In Study I, the Carimas image analysis tool (version 2.10, Turku PET Centre, Turku,
Finland) was used to measure the radioactivity concentrations in the target lesions
and reference tissues in both the dynamic and static PET images.

The analysis of the PET/CT or PET/MRI scans in Studies II-IV was performed
using an AW 4.5 or 4.7 workstation (General Electrics (GE) Healthcare). In Study
IV, the WBMRI and CT images were analysed using Weasis Medical Viewer
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(version 3.5.3, University Hospital of Geneva, Switzerland) and Vue PACS (version
12.2.0.1007, Carestream Health Inc, Rochester, USA).

In Studies I and II, data were collected using an Excel data sheet; and in Studies
IIT and IV data were collected using a Research Electronic Data Capture (REDCap)
database (Harris et al. 2019).

4.8 Statistical analysis

In all the studies descriptive data were presented as mean or median values and their
standard deviations or ranges, including interquartile intervals in Studies III and I'V.
In Studies II and IV, Cohen’s Kappa (95%CI) was calculated to evaluate the inter-
reader agreement. In Study III, Pearson’s correlation oefficient was used to assess
the correlation between the PSMA SUVmax and the FDG SUVmax as well as the
correlation between the PSMA ASUVmax, FDG SUVmax and APSA. Welch's
analysis of variance (ANOVA) was used to compare the PSMA ASUVmax to the
different classes of FDG SUVmax.

In Study 1V, the sensitivity, specificity and accuracy were reported with a 95%
CI and compared between modalities with Fisher’s exact test. For both the patient-
and lesion-based statistical analyses, the correct side of the pelvis (right or left) was
considered to achieve correct agreement with the reference standard diagnosis.
Pearson’s correlation coefficient was used to study the correlation between the
PSMA SUVmax and the lesion size.

In all the studies, P values < 0,05 were considered statistically significant.
Statistical analysis was carried out using JMP® software.

4.9 Ethics

All the studies were conducted in compliance with the current revision of the
Declaration of Helsinki. which guides physicians and medical research involving
human subjects (64" World Medical Association General Assembly, Fortaleza,
Brasil, 2013). All the studies were approved by the local ethics committee of the
Hospital District of Southwest Finland.
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5 Results

5.1 Study |

The primary objective of Study I was to assess the kinetics of ['*F[rhPSMA-7.3
radiotracer. Nine patients (three for each Cohort) completed the dynamic and total
body scans. Their mean age was 66 years (range: 55 to 80 years). The mean
administered radioactivity was 301 MBq (range: 284 to 322 MBq). The magnitude
of the administered activity (300 MBq) was chosen following the results in healthy
volunteers (Tolvanen et al. 2021). The healthy volunteer dosimetry data
demonstrated that a 300 MBq administered activity would result in a total effective
dose of 4.2 mSv which was considered acceptable, considering the objectives and
endpoints of the study. The patient’s characteristics are presented in Table 11.

Table 11. Patient’s characteristics of Study |. Modified from Malaspina et al., 2021.

Patient Gleason ISUP PSA (ng/mL) T-stage? Time from
grade (biopsy Grade before the diagnosis to
or surgery) at Group at PET/CT scan PET/CT scan
diagnosis diagnosis | (screening visit) (months)

A-001 (Cohort A) 443 3 21 pT3a 3

A-002 (Cohort A) 4+3 3 76 pT3a 1

A-003 (Cohort A) 4+5 5 6.1 pT2c 2

B-001 (Cohort B) 3+5 4 20 cT3 1
B-002 (Cohort B) 4+5 5 35 cT3 2
B-003 (Cohort B) 4+5 5 3.9 pT1b 1

C-001° (Cohort C) 4+4 4 170 pT2b* 177

C-002° (Cohort C) 3+3 1 17 pT3* 195

C-003 (Cohort C) 3+5 4 64 pT2* 70

2The pathological T-stage of the patients in Cohort A (newly diagnosed localised PCa) and Cohort
B patient B-003 (newly diagnosed hormone-sensitive metastatic PCa) was determined from the
results of radical prostatectomy performed after the ['®F]-rhPSMA-7.3 PET/CT scan. The
pathological T-stage of the patients in Cohort C (castration-resistant metastatic PCa) was
determined from the results of the radical prostatectomy performed at diagnosis.

® For Cohort C patients the PSA at diagnosis was 9,4 ng/ml, 9,1 ng/ml and 6,2 ng/ml for patient C-
001, C-002 and C-003, respectively. Metastases occurred after 14, 12 and 5 years from the
diagnosis for patient C-001, C-002 and C-003, respectively.
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An overview of the PET images of the nine patients is presented in Figure 13. The
patients in Cohort A had pathological PSMA uptake that was confined in the prostate
gland. Among the patients in Cohort B and C, one had locally advanced disease with
lymph node metastases in the pelvis, and the remaining five patients had distant
metastases (two in the bone, one in the extraregional lymph nodes and two in the
bone + extraregional lymph nodes).

Ko "-,' LR
Cohort A )

o g
ey o oA
¥ | A -
) LR owd

Cohort B u Q "
o " L
-‘.
Cohort C R;;\ h ﬁ
* L;- _. 3 }‘-
] ’ =

Figure 13. Maximum intensity projection (MIP) images of the nine patients of the study.

A total of 44 lesions were identified and analysed in the selected target regions: 6
prostate or prostate bed lesions (4 primary and 2 recurrent tumours), 26 lymph node
metastases, and 12 bone metastases. The tissue radioactivity concentrations (SUV)
and lesion-to-reference ratios as a function of time increased at least up to the end of
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the second scanning session (Figure 14 and Figure 15), suggesting a significant
irreversible uptake component. The increases were not substantial after the first
whole-body scan, and optimal visual detection of primary tumours and/or metastases
was achieved at 60 minutes post-injection.
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Figure 14. SUV (g/ml) as a function of time (min) using both dynamic and static data. Modified from
original publication I.
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Figure 15. Lesion-to-reference ratios as function of time (min) using both dynamic and static data.
Modified from original publication I.

In detail, the mean (SD) SUVs at 35-45, 60-88 and 90—118 min were 8.4 (5.6), 10.1
(7) and 10.6 (7.5) g/ml, respectively, for prostate lesions, 11.2 (4.3), 13 (4.8) and 14
(5.2) g/ml for lymph node metastases and 4.6 (2.6), 5.7 (3.1) and 6.4 (3.5) g/ml, for
bone metastases. The mean (SD) percentage of the SUV increases from the earliest
(35—45 min) to the later (60—88 and 90—118 min) scan time frames were 17% (8) and
23% (7), respectively for the prostate, 19% (17) and 29% (20) for the lymph node
metastases, and 23% (12) and 40% (18), respectively for the bone lesions. Between
the two later scans the mean (SD) SUV increases in the prostate, lymph node and
bone lesions were 5% (3), 8% (7) and 14% (8), respectively. The mean (SD) lesion-
to-reference ratios at 35-45 min, 60-88 min and 90-118 min were 14.5 (9.6), 20.8
(14.6) and 23.6 (16.4) for the prostate, 7 (3.5), 8.7 (4.2) and 9.1 (4.5) for the lymph
node metastases, 3.4 (1.4), 5.4 (2) and 7.3 (2.5) for the bone lesions, respectively.
The mean (SD) lesion-to-reference ratio percentages of the increases from the
earliest (35—45 min) to the later (60—88 min and 90—118 min) time frames were 40%
(10) and 59% (9) for the prostate, 65% (27) and 125% (47) for the lymph node
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metastases, and 25% (19) and 32% (30) for the bone lesions. Between the later scans,
the ratios increased by a mean (SD) of 14% (5), 35% (12) and 5% (10) for the
prostate, lymph node and bone lesions, respectively.

The blood radioactivity concentrations decreased rapidly after
radiopharmaceutical administration, as ['®F]-thPSMA-7.3 was distributed in the
blood pool and in the tissues of the body. The average (SD) haematocrit during the
PET investigations was 0.41 (0.04). The plasma-to-blood ratio was stable during the
scans, with an average of 1.66 when calculated from the samples collected starting
at 2 min after the radiopharmaceutical administration (Figure 16). Assuming that all
the radioactivity present in the blood remains in the plasma compartment (Equation),
plasma-to-blood ratio amounts to a haematocrit level of 0.40.
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Figure 16. Plasma-to-blood ratio of each patient (from original publication ).
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Figure 17. Patlak plots from data collected from dynamic and static imaging (118 minutes).
Modified from original publication 1.

The MTGA for irreversible uptake kinetics (Patlak plot) reached linearity about 10
min post-injection (Figure 17). The net influx rate (Ki) of the radioligand (calculated
as the slope of the linear part of the plot) was clearly higher in the suspected disease
lesions than in the reference tissues. The linearity and positive slopes indicate a
strong irreversible uptake component. However, downward curvature was also seen
in most subjects, especially when the static late scans were included in the plot,
which suggests that some reversible component were present at later time points.
This will lead to a time-dependent underestimation of the Ki with the Patlak plot.
The MTGA for reversible uptake kinetics (Logan plot) led to almost vertical curves
for the suspected disease lesions, with a strong upward curvature. The slopes could
not be reliably determined from the high-uptake regions, as data noise leads to even
negative slopes in some cases. Therefore, scans could not be reliably analysed using
Logan plots. The Patlak plot Ki was used as a surrogate standard measure to compare
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the other results with. The SUVs showed a good correlation with the Patlak Ki
values, and the tissue-to-blood ratios also appeared to be well correlated with the
Patlak Ki results (Figure 18).
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Figure 18. Comparison of the Patlak K; results with the SUV and tissue-to-blood ratios. Modified
from original publication I.

5.2 Study Il

The primary objective of Study II was to investigate the time-course trend of PSMA
uptake in PSMA avid PCa lesions in response to short-term ADT treatment. Nine
patients were included in the study. Eight completed all the four [®*Ga]PSMA-11
PET/MRI scans, and one patient was scanned only three times due to withdrawal
from the study. The patient’s characteristics are presented in Table 12. The median
age of the patients was 70 years (range: 64-78), and their median serum PSA and
serum testosterone at the baseline scan were 25 ng/ml (range: 7-280) and 13 nmol/L
(range: 7-26), respectively.

Table 12. Patient’s characteristics of Study Il (from original publication ).

Patient Age (years) PSA, ng/ml S-Testo, nmol/L  Gleason score cTNM

1 64 21 26 4+5 T2cN1M1
2 69 25 13 4+5 T3aNOMO
3 69 7 19 5+5 T3aNOMO
4 77 7 7 4+5 T1bN1M1
5 66 280 10 4+5 T2aNOM1
6 71 52 9 5+4 T3aN1M1
7 78 54 23 5+4 T4N1MO

8 70 26 18 5+4 T1bN1M1
© 70 © 12 5+3 T2aNOMO
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The median administered activity of [®*Ga]PSMA-11 was 154 MBq (range: 124-
168) and the PET scans were performed at median of 63 min (range: 58-68) post
injection.

At the baseline, before the administration of ADT (degarelix 240 mg), three
patients had disease localised in the prostate gland with or without involment of the
seminal vesicles, one had metastases in the regional lymph nodes, and five had
distant metastases, two in the extra-regional lymph nodes and three in the bone. After
the administration of ADT, all the patients reached castration levels of serum
testosterone (< 1,7 nmol/L) within two weeks (Figure 19). During the observational
period, a continuous decrease of the PSA values occurred, with a mean decrease of
55% (range: 13-90) at two weeks (Figure 19).

S-Testo, nmol/L

0 4 E 0 1 2 3 4 5 6 7 8 9
ADT Time, weeks ADT Time, weeks

Figure 19. Time course trends of serum testosterone and PSA. Grey line, single patient; blue line,
mean trend; and dotted line, initiation of androgen deprivation therapy (ADT). Modified
from original publication II.

A patient-based overview of the lesions and the time-course trend of the SUVmax at
different scanning time points is shown in Figure 20. In seven patients, a
heterogenous upregulation of the PSMA uptake was observed in the metastatic
and/or prostate lesions. In the two remaining patients, the SUVmax had a decreasing
trend in all the lesions after ADT. A lesion-based analysis is represented in Table
13. In total 16 prostate/seminal vesicles lesions, 16 lymph nodes and 23 bone lesions
were included in the analysis. An increase in the SUVmax after ADT was observed
in 31%, 44% and 57% of the prostate, lymph node and bone lesions, respectively.
The highest increase in the PSMA uptake was observed in the bone lesions, with a
mean SUVmax increase of 76% (range 8-238) at a mean time-point of 4 weeks
(range 3-9). The respective mean SUVmax increase in the lymph nodes and prostate
were 29% and 19%, respectively. Despite the decrease in the SUVmax none of the
lesions disappeared during the observational period. Upregulation of the PSMA
uptake was also observed in normal organs (Table 13), but less evidently than in the
PCa lesions. The salivary glands were the organs that showed the highest
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upregulation of PSMA uptake with a mean SUVmax increase of 23% (range 5-45)
in the parotid gland at a mean time point of 3 weeks (range: 1-6). In the other organs
(liver, spleen and kidney) the mean percentage of the SUVmax changes was less
than 20%.
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Figure 20. Patient-based changes in the SUVmax after the administration of ADT (from original
publication Il). Orange line, prostate lesions; blue line, lymph node metastases; green
lines, bone metastases; dotted vertical line, initiation of androgen deprivation therapy
(ADT).
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In one patient with already known bone metastases new bone uptakes appeared at
the second PSMA PET scan with anatomical correspondence detected already at the
baseline PSMA PET/CT (Figure 21).

Figure 21. MRI and fused PET/MRI images of patient n.ro 8. Two new bone uptakes detected at
two weeks post-ADT (red arrows) that presented anatomical correspondence on MRI
images (orange arrows).

53  Study Il

The primary objective of Study III was to assess the flare of the PSMA uptake in
PCa lesions after the administration of ADT and its correlation with glucose
metabolism. The study included 25 patients, all of whom completed all the PET
scans. The patients’ demographics are presented in Table 14.
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Table 14. Patient’s characteristics of Study Ill (from original publication IlI).

Age Median (IQR; range)
Years 74 (70-78; 63-84)
PSA at baseline Median (IQR; range)
ng/ml 49 (33-140; 15-5000)
S-testo at baseline Median (IQR; range)
nmol/L 12 (7-17; 2-27)
Biopsy GGG? n (%)
1 0(0)
2 0(0)
3 3(12)
4 4 (16)
5 18 (72)
Clinical T-category n (%)
cT1 0(0)
cT2 2(8)
cT3 19 (76)
cT4 4 (16)

The median age was 74 (IQR 70-78; range: 63-84), the median serum PSA at the
time of the baseline PSMA PET/CT scan was 49 ng/ml (IQR 33-140; range: 15-
5000) and the median serum testosterone levels was 12 nmol/L (IQR 7-17; range 2-
27). All the patients reached castration testosterone levels (< 1.7 nmol/L) within the
time of the second PSMA PET/CT scan, which was performed at a median of 27
days (IQR 21-30; range: 20-33) after the administration of ADT (degarelix 240 mg).
The median administered activity of ['*F]-PSMA-1007 was 255 MBq (IQR 251-259;
range: 241-278), and the respective median activity of ["*F]-FDG was 368 MBq
(IQR 333-381; range: 278-398). The serum PSA decreased in all the patients at three
to four weeks after ADT administration, with a median decrease of 87% (IQR 81-
92; range 32-99).

All the patients had pathological uptake in the prostate, and 10 patients had PSMA
uptake in the seminal vesicles. All the patients had pathologically PSMA-positive
lymph nodes in the pelvis. Among the distant metastases, nine patients had bone +
extraregional lymph node metastases (retroperitoneal and mediastinal), two had bone,
lymph nodes and lung metastases, one patient had only extraregional lymph node
metastases and the remaining 13 patients had metastases only in the bone. An overview
of the PCa lesions and the respective SUVmax value at the baseline ['*F]-PSMA-1007
PET/CT is shown in Figure 22. In all the men, a heterogeneous upregulation of the
PSMA uptake was observed, in either the prostate, lymph nodes or bone metastases,
with considerable intra-patient variability (Figure 23).
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In total, 57 prostate, 314 LN and 406 bone lesions were analysed. The results of the
lesion-based analysis are presented in Table 15. A flare in the PSMA uptake was
observed in 26% of the bone metastases (ASUVmax of +50%, IQR 32-72; range 20-
161), and the respective percentages for the lymph node metastases and the prostate
lesions were 11% (ASUVmax +60%, IQR 32-114; range: 20-222) and 11%
(ASUVmax 45%, IQR 20-106; range: 23-134), respectively. All the remaining
lesions showed either no change (= 20%) or decrease in the PSMA uptake.
Nevertheless, none of the lesions disappeared (uptake below the blood pool) in the
second PSMA PET scan.

At the baseline, among the PSMA-positive lesions, 27 (47%) prostate, 144 (46%)
lymph node, 254 (63%) bone and 3 (60%) lung lesions were positive on the
[®F]JFDG PET/CT. In the lymph node metastases and, more evidently, in the bone
metastases, a significant positive correlation was observed between the intensity of
the baseline PSMA SUVmax and the FDG SUVmax (Figure 24). This correlation
suggests that the intensity of the PSMA uptake is linked to the aggressiveness of the
metastases. Moreover, a negative correlation was observed between the intensity of
the FDG uptake (SUVmax) and the changes in the PSMA uptake after ADT
(ASUVmax) (Figure 25), which suggests that the PSMA flare is linked to less
aggressive metastases. The prostate lesions did not show significant correlations
with the FDG uptake.

The correlation between the PSMA ASUVmax and the changes in the serum PSA
(APSA) is shown in Figure 26. The results showed a negative correlation among
metastatic lesions (p<0.001), which indicates that the PSMA flare phenomenon was
less evident in the patients who experienced a rapid decrease in their serum PSA. In
10 patients, who already had bone metastases at the baseline, new uptakes (that were
not included in the analysis) appeared in the second PSMA PET/CT scan in response
to the ADT treatment (median SUVmax 5; IQR 5-10; range 4-18). An example is
illustrated in Figure 27.

Table 15. Changes in the PSMA uptake after ADT administration (from original publication I1).

Lesion type Lesions (n) Increase ASUVmax%, No change/Decrease ASUVmax% median
at baseline (220%) of median (IQR; (<20%) of PSMA (IQR; range)
PSMA PET PSMA uptake, range) uptake, n (%)
n (%)
Prostate 57 6 (11%) +45% 49 (89%) -28%
(20-106; 23-134) (-45—-7; -78-14)
Lymph nodes 314 33 (11%) +60% 281 (89%) -51%
(32-114; 20-222) (-74—21; -99-9)
Bone 406 104 (26%) +50% 302 (74%) -33%
(32-72; 20-161) (-53—15; -90-14)
Visceral 5 5 (100%) -40%
(Lung) (-49—-22; -53—16)
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Figure 24. Correlation between the baseline PSMA SUVmax and the FDG SUVmax in the bone
lesions (a) and the lymph node metastases (b). Modified from original publication III.
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Figure 25. Correlation between the PSMA ASUVmax and the FDG SUVmax in the bone lesions

(a) and the lymph node metastases (b). Modified from original publication III.
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Figure 26. Correlation between the PSMA ASUVmax and APSA in the bone lesions (from original
publication III).
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7N

SUVmax 12.1

Figure 27. New bone uptake on the C3 vertebra detected in the ['®F]PSMA-1007 PSMA PET/CT
four weeks after ADT administration. The uptake was not seen in the baseline
['®F]PSMA and ['®F]FDG PET/CT scans.

5.4 Study IV

The primary objective of Study IV was to compare the diagnostic performance of
["*F]-PSMA-1007 PET/CT, WBMRI and CT in the primary nodal staging of patients
with unfavourable intermediate- or high-risk PCa. Seventy-nine patients were
included in the study. The patient’s characteristics are shown in Table 16.
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Table 16. Patient’s characteristics of Study IV (from original publication 1V).

Age median ([IQR] range)
years 72 ([66-77] 52-87)
PSA median ([IQR] range)
ng/ml 12 ([7-23] 3-2000)
Clinical T-category @ n (%)
cT1 7 (11)
cT2 37 (46)
cT3 27 (33)
cT4 8 (10)
Biopsy GGG n (%)
1b 3(4)
2 1(1)
3 29 (37)
4 13 (16)
5 33 (42)

a Clinical T-category was determined based on transrectal ultrasound and
digital rectal examination before any imaging.

b All patients with GGG 1 had PSA >20 ng/ml.

GGG: Gleason Grade Group

All the patients completed all the imaging modalities, except for one patient who,
due to claustrophobia, did not complete the WBMRI scan. Seventeen patients (22%)
were treated surgically with RALP and PLND. For those who were not treated with
surgery (n=62), pelvic follow-up imaging was performed in 56/62 (90%) patients:
CT in 15 patients, MRI with DWI in 31 patients and ['*F]-PSMA-1007 PET/CT in
10 patients. The median follow-up period was 21 months (IQR 19-25; range: 16-29).
The median age was 72 years (IQR 66-77; range: 52-87) and the median PSA was
12 (IQR 7-23; range: 3-2000). The median interval between the first and last imaging
was 8 days (IQR 6-12; range: 1-44). The median administered activity of ['®F]-
PSMA-1007 was 250 MBq (IQR 246-256; range 206-279), and the PET/CT scans
were acquired at a median of 60 min (IQR 60-60; range 59-63) from tracer injection.
According to the EAU risk group classification, 17/79 (22%) patients belonged to
the unfavourable intermediate group and the rest (62/79, 78%) to the high-risk group.
According to the ground truth, 41 patients had a localised disease, 18 had pelvic
lymph node metastases and 20 had distant metastatic disease, of which 13/20 also
had metastases in the regional lymph nodes. Overall, 31 patients (39%) had
metastases in the pelvic lymph nodes. In 8/31 (26%) patients, pelvic lymph node
metastases were detected only by ['*F]-PSMA-1007 PET/CT, while both CT and
WBMRI were reported as negative. The sensitivity, specificity, accuracy, positive
and negative predictive values (PPV and NPV) in the optimistic and pessimistic
analysis at the patient level are reported in Table 17.
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Results

["*F]-PSMA-1007 PET/CT was significantly superior to WBMRI with DWI and CT
in sensitivity, accuracy and NPV, while maintaining high specificity and PPV. The
inter-reader agreement for ['®F]-PSMA-1007 PET/CT at the patient-level was
superior to that for the other imaging modalities (Table 18)

Table 18. Inter-reader agreement in optimistic and pessimistic analysis at the patient level (from
original publication V).

Kappa (95%Cl) optimistic Kappa (95%Cl) pessimistic
CT 0.69 (0.41-0.97) 0.51 (0.27-0.75)
WBMRI with DWI 0.47 (0.21-0.74) 0.40 (0.17-0.63)
['*F]-PSMA-1007 PET/CT 0.89 (0.78-0.99) 0.86 (0.75-0.98)

CT, computed tomography; WBMRI, whole-body magnetic resonance imaging; DWI, diffusion-
weighted imaging; '®F-PSMA-1007 PET/CT, prostate specific membrane antigen positron emission
tomography-CT.

At the lesion-level, 206 lymph nodes were interpreted as malignant (the reference
standard diagnosis). The number of true positive, false positive and false negative
lesions for each imaging modality and reader are shown in Table 19. The detection
rate of lymph node metastases by ['*F]-PSMA-1007 PET/CT was 83%, compared to
58% by WBMRI with DWI and 52% by CT. The detection rates for each imaging
modality and reader in the group of patients that underwent PLND is shown in Table
20.
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SUVmax

Out of all the metastatic lesions detected by ['*F]-PSMA 1007 PET/CT, 126/170
(74%) were smaller than the anatomical cut-off value of 8 mm, of which 90 lymph
nodes had a short diameter between 5 and 8 mm and 36 lymph nodes had a short
diameter < 5 mm (Figure 28). Of those 17 patients who were treated surgically with
RALP and PLND, five had pelvic lymph node metastases. ['*F]-PSMA-1007
PET/CT was concordant with the histopathology in 14/17 (82%) patients, and the
corresponding numbers for WBMRI with DWI and CT were 12/17 (71%) and 11/17
(65%), respectively. Out of the five patients with histologically confirmed
metastases, the metastases of three patients were detected by ['*F]-PSMA PET/CT
(an example is illustrated in Figure 29) but it failed to detect lymph node metastases
in two patients (an example is shown in Figure 30).

\

Figure 28. SUVmax values of metastatic lymph nodes (reference standard) divided according to
lymph node short diameter (from original publication VI). The analysis of Reader 1 (with
a higher detection rate) is presented.

b

<5mm 5-8 mm
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Figure 29.
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Imaging and histopathological findings of patient n. 48 (from original publication V).

['8F]-PSMA-1007 PET/CT clearly identified one pelvic lymph node metastasis (short
diameter: 6 mm) on the right (a-b) which was retrospectively identified by CT (c) and
WBMRI (d). The histopathological examination confirmed one lymph node metastasis
on the right (maximum diameter 7 mm) with intense PSMA and pan-cytokeratin staining
in the immunohistochemistry (e). On the other hand, ['®F]-PSMA-1007 PET/CT did not
detect another lymph node metastasis found in the histopathological examination on the
left (maximum diameter 8,5 mm, f). This lymph node showed less intense
immunohistochemical PSMA staining when that than on the right.



Results

High_magniﬁcation

Figure 30. Imaging and histopathological findings of patient n. 44 (from original publication VI).
['®F]-PSMA-1007 PET/CT (a) failed to detect one lymph node metastasis with maximum
diameter of 2,5 mm in the histopathological specimens (b), although the lymph node
showed intense PSMA staining in the immunohistochemistry.
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6.1 Biodistribution and kinetics of novel
rh-PSMA-3.7 tracer

Study I was a prospective Phase I study that assessed the uptake kinetics of ['8F]-
rhPSMA-7.3 in nine patients with PCa in order to optimise its use for PET/CT
imaging. ["*F]-ThPSMA-7.3 has been investigated as part of this same trial in healthy
volunteers, in which it demonstrated favourable safety, biodistribution and radiation
dosimetry (Tolvanen et al. 2021).

We observed high uptake in PCa lesions within the first hour and increases in the
tissue radioactivity concentration and the lesion-to-reference ratios at least until the end
of the scanning sessions (118 min post-injection). This might suggest that later time
points could provide more optimal imaging, as it has been previously demonstrated for
other PSMA tracers (Afshar-Oromieh et al. 2013, 2015; Giesel et al. 2017; Rahbar et
al. 2018). However, according to the results of our study, the increases were not
substantial after the first whole-body scan. Therefore, considering logistical reasons for
the diagnostic use of ['*F]-thPSMA-7.3 PET in clinical practice, the optimal time for
the assessment of both prostate tumours and metastatic lesions is between 60 min and
90 min post-injection, and 60 min can be considered the optimal time for commencing
the PET scan. In contrast with the aforementioned studies with other PSMA tracers, we
did not evaluate later time points (> 2 h post injection) in this study. This might be a
limitation, as this information could be useful in a radiometabolic treatment setting.
However, this study was designed primarily to investigate the uptake kinetics of
rhPSMA 7.3 specifically to optimise its diagnostic use.

The radioactivity concentrations in the blood decreased rapidly after ['*F]-
rthPSMA-7.3 administration as ['*F]-thPSMA-7.3 was distributed in the blood pool
and in the reference tissues. Our data showed that the plasma-to-blood ratio remained
constant over the scanning period and at a level that implied that ['*F]-rthPSMA-7.3
remains in blood plasma and does not enter the red blood cells during the relevant
time period after injection. As demonstrated by our previous studies with ['*F]-FDG
(Eskelinen et al. 2015; Minn et al. 1995), combining venous sampling and image-
based arterial or venous estimates as input functions for the TACs is a useful
technique in kinetic studies. In this study, combining venous blood sampling data
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with initial arterial data from a blood pool in the PET images we improved the
otherwise underestimated initial phase of the plasma TACs. Generally, if a blood
pool of sufficiently high quality can be identified from PET images, then venous
sampling can be replaced with a blood pool-derived estimation from the PET image,
thus eliminating the need for blood sampling for radioactivity analyses.

The general increase in the tissue-to-blood ratios with time suggests a significant
irreversible uptake component. The MTGA data further confirmed this; the Patlak
plots suggested that ['®F]-thPSMA-7.3 uptake kinetics in lesions and relevant
reference tissues are dominated by irreversible components, but some reversible
components were also present. This is as expected for a radiotracer that can bind
reversibly to its specific target molecule on cell membranes but can also be
internalised into cells, and possibly slowly recirculated back to the cell surface. The
downward curvature of the Patlak plot leads to Ki estimates that are dependent on
the scan duration and on the selection of the time range used for the slope estimation
from the plot. If the uptake kinetics were fully irreversible during the PET scan, the
Patlak slope would have been time-independent after an initial equilibration period.
This would be a considerable advantage over the SUV and ratio methods, which can
provide only time-dependent measures. Therefore, the curvature of the plots prevents
a bias-free, scan duration-independent assessment of the slope (the net influx rate Ki
in the case of Patlak plots). Thus, a longer and more laborious dynamic PET protocol
with blood sampling may not offer such quantitative advantages over the simpler
SUV and ratio methods.

Since Patlak Ki estimates are dependent on the selected line fit time range, the
results are reported from different time frames. The decreases over time suggest that
extending the PET scan duration beyond 90 min may not improve the detectability of
lesions, and may even do the opposite, if Patlak analyses are used. Taken all together,
the different analyses presented here provided concordant results. The findings
indicate that simplified measures of ['®F]-thPSMA-7.3 PET uptake are sufficient,
thereby eliminating the need for dynamic PET scans and/or blood sampling.

The static PET scans at 60 min were further analysed to assess lesion
detectability and the results were presented in a different publication (Malaspina et
al. 2022). Despite the presentation of mainly descriptive results, ['*F]-thPSMA-7.3
showed a good detection of both primary and metastatic PCa lesions with no
significant interference from bladder activity. In particular, the ['*F]-thPSMA-7.3
findings on the patients referred for radical prostatectomy (Cohort A) were correlated
with the histopathology including PSMA staining, and showed good accuracy in
detecting intraprostatic lesions with ISUP grade > 3 (Malaspina et al. 2022).

Based on our results and the data in the literature, rhPSMA-7.3 appears to be a
promising ligand for diagnosis and potentially treatment of PCa, with its possible
strengths and limitations over other PSMA agents (Table 21).
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Table 21. Advantages and disadvantages of rhPSMA over other PSMA agents.

Advantages

rhPSMA can be labelled to both diagnostic ('8F) and therapeutic (alfa- and
beta-emitters) isotopes (true theranostic pair)

8F-rhPSMA has longer half-life than 8Ga-PSMA, which can allow a central
production

8F-rhPSMA has lower positron range than ®Ga-PSMA, which results in
higher image contrast and resolution

8F-rhPSMA has lower uptake in the urinary bladder than 8Ga-PSMA

"77Lu-rhPSMA has favourable dosimetry and tumour retention compared to
77Lu PSM I&T 2

Disadvantages

8F-rhPSMA has possibly a higher incidence of non-specific uptakes
compared to 8Ga-PSMAP

8F-rhPSMA has higher uptake in the urinary bladder than "®F-PSMA-1007
a Feuerecker et al. 2022 ® Kroenke et al. 2020

6.2 KBYI?iOIOQy of PSMA expression in relation to

Studies II and III prospectively investigated the changes in PSMA uptake after short-
term ADT. Our pilot study on nine treatment-ndive PCa patients demonstrated a
heterogeneous transient increase in the PSMA expression using [*®Ga]-PSMA
PET/MRI. This was most evidently seen at three to four weeks after the initiation of
the treatment, especially in the bone metastases. This phenomenon was confirmed in
our larger cohort of treatment-ndive metastatic PCa patients (Study III) and,
interestingly, it was negatively correlated with the FDG uptake, which suggests that
the PSMA flare phenomenon in patients with hormone-sensitive PCa seems to be
linked to less aggressive disease.

The upregulation of the PSMA expression by short-term ADT has been already
demonstrated by preclinical studies on cell lines or animal models (Bakht et al. 2017;
Meller et al. 2015; Wright et al. 1996). The PSMA flare phenomenon was
successively confirmed in a few clinical studies on small patient cohorts (Aggarwal
et al. 2018; Emmett et al. 2019). Aggarwal et al. demonstrated a heterogencous
increase in the SUVmax in eight patients, scanned with [*Ga]-PSMA-11 PET before
and after the initiation of ADT within a variable period of two to four weeks. The
SUVmax increased in 68% and in 41% of the lesions in hormone-sensitive men
(n=4) and in castration-resistant men (n=4), respectively. The other study, conducted
by Emmet et al., also included both hormone-sensitive (n=8) and castration-resistant
men (n=7). Although in that study the increase was more evidently seen in castration-
resistant men, our data and the study by Aggarwal et al. showed that the increase

90



Discussion

also occurs in hormone-sensitive men. In fact, in the study by Emmet et al., of those
eight men with hormone-sensitive disease, four had GS 7 PCa. It might well be, that
the upregulation is more evidently seen in poorly differentiated tumours.

It is known that long-term ADT (> three months) can significantly reduce the
PSMA uptake in PCa lesions (Afshar-Oromieh et al. 2018; Tseng et al. 2022).
Therefore, a relevant clinical question is whether the initiation of ADT could also
interfere with PSMA PET results. In both of our studies (Studies II and III), none
of the lesions disappeared after four weeks of treatment, which suggests that
ongoing short-term ADT (at least up to one month) does not represent a
contraindication for performing a PSMA PET scan. On the other hand, it has been
hypothesised that the increased PSMA expression at three to four weeks might
improve the detection rate of primary staging PSMA PET scans. However, no
change in staging results was observed in any of our patients in both studies. Yet
Study III included patients who already had distant metastases, thus this aspect
could not be reliably assessed. One might speculate that short-term ADT could
increase the diagnostic accuracy of PSMA PET also in patients with BCR. Given
the higher incidence of the flare in the bone, the benefit would be most likely
minor. However, no studies about the PSMA flare in BRC patients have been
published yet.

The upregulation of PSMA expression might have interesting applications in
theranostics. Although ['7"Lu]-PSMA RLT is currently used in CRPC, a pilot study
on the safety and feasibility of PSMA RLT in hormone-sensitive patients was
recently published (Privé et al. 2021) and the first randomized trial on RLT in
hormone-sensitive oligometastatic patients is ongoing (NCT04443062). If RLT is
proven to be effective in hormone-sensitive disease, it would be reasonable to
hypothesise that the timing between the administration of ADT and ['7'Lu]-PSMA
RLT is crucial. ADT could increase the tumour targeting and therefore increase the
efficacy of ['""Lu]-PSMA treatment during the time window of the maximum PSMA
uptake. There are ongoing trials already investigating the possible synergistic effect
of PSMA RLT and enzalutamide in patients with CRPC (NCT04419402). In the
future, the same phenomenon could be investigated in a hormone-sensitive setting
as well.

The possible association between the flare in PSMA uptake and glucose
metabolism had not been investigated so far. It is well known that FDG uptake and
its intensity are associated with more aggressive PCa (Jadvar 2013; Oyama et al.
1999). Given the metastatic status of our patient cohort, the presence of FDG-
positive lesions was expected. Interestingly, we observed a negative correlation
between the flare in the PSMA uptake and the intensity of the FDG uptake in the
bone metastases and, to a lesser degree, in the lymph node metastases. This suggests
that lesions presenting with the flare and milder FDG uptake might be less aggressive
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than lesions without the flare and with a stronger FDG uptake. Therefore, this flare
phenomenon might be able to identify more aggressive metastases, and potentially
predict the response to ADT and the progression to CRPC.

Bone flare is a phenomenon that has already been observed in BS as either an
increase in metabolic activity or the presence of new lesions within a few weeks to
a few months of oncological treatments in PCa and other malignancies. This
phenomenon is considered as a sign of a favourable response to treatment
(Conteduca et al., 2021). In our study, 22/23 patients with bone metastases
presented with flare of PSMA uptake after ADT in the bone. Moreover, 10 of them
exhibited new PSMA bone uptakes without anatomical correspondence at the
second PSMA PET scan. Whether these new PSMA uptakes are true metastases
remains to be confirmed by a longer follow-up. Nevertheless, these uptakes were
also negative in the baseline FDG PET scan, which corroborates our observation
of the presence of PSMA flare in lesions with mild or no FDG-uptake, suggesting
a less aggressive behaviour. In view of this, the PSMA flare might resemble the
flare observed in BS. Although it has been hypothesised that the PSMA flare in the
bone might be caused by an increased osteoblastic reaction or T-cell mediated
immune response (Conteduca et al., 2021), we demonstrated that the flare is not
bone-specific, as it is also seen in lymph node metastases, prostatic lesions and
normal organs.

It is possible that a similar immune response might also occur in those tissues.
Nevertheless, it is unlikely that this would be the only mechanism involved in the
increase in the PSMA uptake and, ultimately, the exact physiology of the PSMA
flare phenomenon is still not completely understood. A recent study on genomically
characterized patient-derived xenografts (PDX) observed increases in the PSMA and
androgen receptor (AR) mRNA as well as in the tumour microdensity after ADT in
castration-sensitive models (Roy et al. 2021). Moreover, this study observed that the
model that exhibited increased PSMA and AR mRNA had an intact phosphatase and
tensin homolog (PTEN) gene, whereas the model with PTEN loss exhibited
repressed AR transcriptional signaling. Given that the loss of the PTEN gene is
usually associated with more aggressive disease, these findings might corroborate
our hypothesis that the PSMA flare is a marker of less aggressive disease. In view of
this, understanding the possible molecular mechanisms and genetic phenotypes that
modulate the heterogenecous PSMA responses to ADT might help to better
understand the flare phenomenon.

Moreover, the possible clinical significance of the flare phenomenon requires
further clarifications. Although the increase in sensitivity is most likely limited,
identifying patients at risk of rapid progression would allow for the implementation
of appropriate follow-up strategies or further therapies. This would be particularly
beneficial in patients with oligometastatic disease as we could selectively treat

92



Discussion

metastases that are prone to progress with SRT. Results from a recent randomized
trial demonstrated that SRT improved the outcomes of patients with oligometastatic
PCa (Phillips et al. 2020). However, SRT on metastases that are visible only in
PSMA PET imaging is still experimental.

In this study, FDG PET was used to select potentially aggressive PCa lesions
and, through that, to investigate the possible correlation between FDG uptake and
the PSMA flare phenomenon. Based on the results of our study, we do not
recommend the use of FDG PET in the clinical practice for the primary staging of
PCa. However, it would be scientifically interesting to observe whether FDG-
positivity could have a predictive value in the development of castration resistance.
Moreover, as we hypothesise about the PSMA-flare, FDG-positivity could also
have a potential role in selecting aggressive lesions for metastases-targeted
therapies. Longer follow-up will hopefully provide insight into these aspects. Very
recently, the results of a prospective randomised trial on ['""Lu]-PSMA-617 in
metastatic CRPC demonstrated that a high FDG-positive tumour volume is a
predictive and prognostic biomarker of a lower response to treatment (Buteau et
al. 2022).

In Study III, we observed that the decrease in the serum PSA was negatively
correlated with the presence of the PSMA flare. In other words, the PSA decreased
more rapidly in patients most of whose lesions did not present with the PSMA
flare. One might expect that a rapid decrease in serum PSA after ADT would be
the result of rapid PCa cell death and therefore would predict better response to
therapy (Arai Y, Yoshiki T 1990; Facchini et al. 2016). Interestingly, however,
studies have observed that a slower decrease in serum PSA, particularly a longer
time to nadir, is associated with better response and longer survival (Choueiri et
al. 2010; Ji et al. 2017; Sasaki et al. 2011; Tomioka et al. 2014). The mechanisms
responsible for the association between a rapid decline in PSA and a worse
prognosis are still not clear. One explanation might be that a rapid fall in PSA is
related to a transcriptional effect on PSA production rather than cell death. Another
possibility is that the rapid removal of hormone-sensitive cells can stimulate the
growth of castration-resistant cells (Sasaki et al. 2011; Tomioka et al. 2014). Our
results seem to be consistent with this concept, since the serum PSA decreased
more rapidly in the patients with potentially more aggressive lesions according to
the lower incidence of the PSMA flare. However, the follow-up time for serum
PSA in our cohort was too short to draw reliable conclusions, and longer follow-
up is needed to confirm our hypothesis.
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6.3 Clinical utility of PSMA PET in primary nodal
staging

Study IV prospectively compared standard (CT) and next generation imaging
modalities (['"*F]-PSMA-1007 PET/CT and WBMRI with DWI) in the primary nodal
staging of men with unfavourable intermediate- and high-risk prostate cancer.
["*F]-PSMA-1007 PET/CT outperformed the other imaging modalities in terms of
sensitivity, accuracy, NPV and inter-reader agreement, while maintaining high
specificity and PPV. In our cohort, 31 patients had metastases in pelvic lymph nodes,
87% of which were detected by ['*F]-PSMA-1007 PET/CT, while the detection rates
of WBMRI and CT were 45% and 26%, respectively.

The performance of [®*Ga]-PSMA-11 PET/CT in primary nodal staging has been
assessed in prospective and retrospective studies that used histopathology as a
reference and demonstrated sensitivity of around 60% and a high specificity (> 95%)
(Table 22) (van Leeuwen et al. 2017; Maurer et al. 2016). Subsequently, prospective
multicentre studies performed both with ®®Ga- and 'F-labelled tracers have
confirmed the good diagnostic accuracy of PSMA PET/CT in detecting lymph node
metastases (Hope et al. 2021; Jansen et al. 2020; van Kalmthout et al. 2020; Pienta
et al. 2021). These studies demonstrated consistently high specificity (>95%).
However, the sensitivity was modest (40%) (Table 22). The reasons why sensitivity
in large trials remained modest and below that of single centre studies are not
obvious, although they may be related to the inhomogeneity of different scanners,
reconstruction algorithms, and local reading paradigms.

Recent retrospective studies have evaluated the performance of ['*F]-PSMA-
1007 and ["F]-thPSMA-7/7.3 in primary N-staging using histopathology
confirmation. These studies reported variable sensitivity that was only partially in
concordance with our studies (from 30% to 80%), while maintaining high specificity
(> 95%)(Table 22) (Ingvar et al. 2022; Kroenke et al. 2020; Langbein et al. 2022;
Sprute et al. 2021). This could again be explained, to some extent, by differences in
the patient population or in the study methodology. Our results are in line with the
recent data from the proPSMA trial, the first prospective randomized multicentre
study that compared [**Ga]-PSMA PET/CT and conventional imaging in the primary
staging of PCa. In this study the sensitivity and specificity of [**Ga]-PSMA PET/CT
and conventional imaging in a subanalysis for nodal staging were 83% versus 23%
and 99% versus 96%, respectively (Hofman et al. 2020). Two non-randomized
prospective comparative studies on smaller patient cohorts also showed higher
performance of [**Ga]-PSMA PET/CT compared to MRI and/or CT (Petersen et al.
2019; Tulsyan et al. 2017).

Our data showed that that 74% of all lymph node metastases detected by ['*F]-
PSMA-1007 PET/CT were smaller than the anatomical cut-off value of 8 mm (short
diameter) used in CT and MRI, which explained the superior sensitivity of PSMA
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PET. This result was partially expected, as it is known that in PCa the lymph node
size is not necessarily correlated with the presence of metastases (Heesakkers et al.
2008; Tiguert et al. 1999). In 82% of the cases, ['®F]-PSMA-1007 PET/CT was
concordant with histology. However, there were histologically confirmed nodal
metastases (n=9) with the longest diameter of < 4 mm that ['*F]-PSMA-1007
PET/CT did not detect. This finding was also confirmed in recent studies on ['*F]-
PSMA-1007, which showed very limited sensitivity in small lymph nodes (< 3 mm)
detected by histopathology (Ingvar et al. 2022; Langbein et al. 2022). However,
given the limited resolution of PET/CT scanners for lesion < 5 mm, the limited
detection of very small metastases or micrometastases was expected. The varying
detectability of lesions in PSMA PET might also be due to the heterogeneity in
PSMA expression, as we observed variable intensity in the immunohistochemical
PSMA staining between positive metastatic lymph nodes (Figure 6, Figure 29 and
Figure 30). Nevertheless, none of the lymph node metastases detected by H&E were
negative in the PSMA-immunostaining, in line with recently published data
(Petersen et al. 2019).
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6.4 Strengths and Limitations

Overall, the main strength of this doctoral thesis is its investigation of PSMA, an
advanced target for PCa PET imaging, in a translational way, encompassing the
kinetics of a novel radiopharmaceutical for imaging and possibly therapy of PCa, the
physiology of PSMA expression, up to the use of this target in the clinical practice.
Another strength is that all the studies are distinct single-centre prospective
registered clinical trials. Study I, a prospective Phase I trial, laid the basis for the
design of two Phase III trials (NCT04186819 and NCT04186845), whose soon-to-
be published results will determine the role of ['*F]-thPSMA-7.3 in the diagnosis of
PCa. Moreover, the effect of short-term ADT on PSMA expression and the
performance of PSMA PET/CT in primary staging compared to other imaging
modalities are two topics of great interest for the nuclear and clinical uro-oncology
community, which we only very recently started to address and understand better.
To our knowledge, the correlation between the PSMA flare and FDG uptake has not
been investigated yet. Moreover, in Study IV, a clear strength was that all the patients
prospectively underwent three different imaging modalities (['*F]-PSMA-1007
PET/CT, WBMRI with DWI and CT) in a very short time window and that a long
follow-up was available to validate the reference standard diagnosis in lesions that
lacked histological confirmation.

The studies are not without limitations. One limitation of Studies I and II was the
small cohort of patients (n=9), which limited the drawing of firm conclusions.
However, a small number of study participants is not uncommon for Phase I or proof-
of-concept studies. Moreover, in the same way that the results of Study I were used
to determine the optimal time window for PET imaging with ['®F]-thPSMA-7.3 in
the aforementioned Phase III trials, the results of Study II were used to design the
optimal time point in Study III for investigating the PSMA flare phenomenon in a
larger cohort of patients. Another limitation of Study II is that the small patient
cohort was not homogeneous, and the intervals of the scans varied. Nevertheless, by
including a more heterogeneous cohort we were able to demonstrate that the PSMA
flare is not exclusively seen in metastatic patients and, despite some variations in the
scans’ time interval, eight out of nine patients completed the study by undergoing
four sequential [**Ga]-PSMA PET/MRI scans.

The use of SUVmax as the only parameter to describe PSMA uptake can also be
considered as a limitation. However, in each of the four studies, all the patients were
scanned with the same camera in order to minimise possible technical variation and
no significant difference in the injected activities and scanning times was observed.
Moreover, in Study III a 20% SUVmax cut-off to define the increase in the PSMA
uptake was used to avoid any possible variation due to aspects of technical
reproducibility. In addition, tumour volume measurements are predominantly used
in therapy response assessment, which was not the case in any of the studies. The
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absence of histopathological verification of potential metastases, except for the
patients in Study II who underwent PLND, was another limitation. In particular, with
the use of ['*F]-PSMA-1007, there was a higher risk of non-specific bone uptakes.
However, in Studies I-III the presence of bone metastases was confirmed by
conventional imaging prior to PSMA PET scans and only lesions with
correspondence on anatomical imaging (CT/MRI) were included in the analysis. In
Study 1V, long follow-up was available to support the standard reference diagnosis.

Regarding Studies II and III, which investigated the PSMA flare, follow-up data
are still needed to assess the potential clinical role of this phenomenon in predicting
the aggressiveness of metastatic lesions. All the patients in Study III are currently
receiving follow-up, which consists of ['*F]-PSMA-1007 PET/CT once a year until
the onset of CRPC. Hopefully, these future results will provide further insights into
the matter. Finally, a limitation of the comparative study on primary nodal staging
(Study IV) was that the effect of PSMA PET/CT in patients management or
treatment decision-making was not prospectively investigated. However, outcome
data showing the survival benefit of detecting metastatic disease at the initial
diagnosis by PSMA PET/CT are still lacking.

6.5 Implications and future perspectives

This thesis work deepens our knowledge of the role of PSMA as a target for PCa
imaging, and concomitantly raises important clinical questions to be addressed in
future studies. The introduction of PSMA PET has revolutionised the work-up of
PCa patients, providing excellent opportunities for diagnostic and treatment
applications.

PSMA PET/CT has very recently this year gained a place in the EAU guidelines
as an accurate and potentially cost-effective imaging method for the primary staging
of high-risk PCa, based on valid results from different prospective studies, in
particular the proPSMA trial (Hofman et al. 2020). With the increasing use of PSMA
PET, pelvic nodal metastases are diagnosed at an earlier stage, postponing the need
for salvage treatments. Moreover, more and more often we are able to detect
oligometastatic disease that would have been missed by conventional imaging. The
improved sensitivity of PSMA PET compared to conventional imaging is driving the
adoption of metastasis-directed therapy in men with limited volume metastatic
disease. The treatment of PSMA-avid disease with stereotactic ablative body
radiation has shown to improve progression-free and distant-metastasis-free survival
(Phillips et al. 2020). However, these treatments are still experimental and further
studies are needed to confirm whether the diagnosis of metastases at an earlier stage
would have a survival benefit.
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Understanding the complex physiology of PSMA is paramount to better define
the role of PSMA PET in the clinical practice. We have demonstrated, in line with
other studies, that short-term ADT is not a contraindication to performing a PSMA
PET scan, rather it could improve the detection of PCa lesions by increasing PSMA
uptake. More interestingly, it seems that the upregulation of PSMA expression by
hormonal treatment could be an important predictive biomarker and it could be
related to tumour aggressiveness. Authors hypothesized that the upregulation in a
castration-resistant state might identify a more aggressive phenotype (Emmett et al.
2019; Zukotynski et al. 2021). According to our results, based on the correlation with
FDG uptake, the PSMA flare in hormone-sensitive disease might instead be linked
to less aggressive disease. It is well possible that PCa cells react differently to
androgen deprivation according to the state of the disease. Future research and in
particular longer follow-up will provide more insight into this matter.

Theranostics are currently driving the future of nuclear medicine. In recent years,
the development and use of PSMA RLT with '”’Lu have strongly increased. RLT
with 2Ac is a valid alternative to !”’Lu, although the development of alpha therapies
still limits the availability of the treatments. Development of valid theranostic
PSMA ligands, that can be easily labelled with both diagnostic and therapeutic
radioisotopes, is needed. Although the FDA recently approved the theranostic ligand
PSMA-617 for use in therapeutic applications([!”’Lu]-PSMA-617), this ligand in the
form of [*®Ga]-PSMA-617 is not used for diagnostic imaging. Therefore, no true
theranostic pair is currently available. Moreover, ['®F]-labelled ligands have
progressively replaced their ®*Ga-labelled counterparts for their favourable technical
properties that will potentially allow the availability of PSMA-targeted imaging in
all localities with an existing PET infrastructure. In this context, rhPSMA7.3 could
be a promising theranostic agent. We have demonstrated that ['*F]-rhPSMA-7.3 is
an accurate tracer for the diagnosis of PCa. The results of the recently completed
Phase I1I trials (NCT04186845 and NCT04186819) will hopefully confirm this.

The role of PSMA RLT has been established in patients with CRPC. However,
we still face challenges in determining the suitable dose for treatment as well as in
predicting outcomes in terms of responders and non-responders. PSMA and FDG
PET (and their combination) could be important predictive biomarkers in PSMA
RLT, as it has recently been shown (Buteau et al. 2022). Evidence has recently
suggested that PSMA RLT can be safely administered in a hormone-sensitive state
(Privé et al. 2021). In this context, the combination of PSMA RLT with other
systemic therapies to create a synergistic effect and improve treatment efficacy is of
great scientific interest. For example, ongoing trials are investigating the
combination of enzalutamide and ['""Lu]-PSMA, in the attempt to exploit the
upregulation caused by hormonal treatment (NCT04419402). There are other trials
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that are investigating combination of ['""Lu]-PSMA with PARP inhibitors or
immunotherapy (NCT03874884 and NCT03658447).

The increasing use of PSMA-ligands in imaging and therapy together with the
development of several distinct PSMA-targeted radiotracers, highlight the need to
standardise the interpretation of PSMA findings. The PROMISE criteria and the
EANM's E-PSMA criteria suggest the adoption of a standardised visual score for
grading PSMA uptake as well as a five-point scale for assessing reader’s confidence
about a finding on PSMA PET (Ceci et al. 2021; Eiber et al. 2018). Ultimately,
nuclear medicine physicians and radiologists could provide a structured report of the
PSMA PET scan, including a molecular imaging (mi) TNM classification (Eiber et
al. 2018). A structured report, apart from improving the clarity and consistency of
the report, would facilitate data mining for future research studies. Moreover, with
the rapid advancement of artificial intelligence (Al), a standardised and structured
report would provide discrete data for Al system training. In this context,
standardisation of PSMA activity measurements on PET imaging is also needed,
particularly for theranostic applications. Volumetric measurements of tumour
burden are currently used to assess eligibility and response to treatment (Gafita et al.
2022). With the increasing datasets regarding PSMA imaging, Al algorithms are
gradually improving their performance (Johnsson et al. 2022). Possibly in the future
Al-based methods will be introduced in clinical practice for staging or response
assessment of patients with PCa.

The knowledge that PSMA is not a ‘prostate-specific’ ligand is creating
interesting opportunities for a new theranostic wave. In particular, tumours other
than PCa that have demonstrated high uptake on PSMA PET imaging and that have
limited treatment options available, such as recurrent glioblastoma multiforme,
iodine-refractory metastatic thyroid cancer and metastatic or recurrent RCC, might
benefit from PSMA RLT. The results of future prospective trials on both PSMA
imaging and therapy in non-prostatic tumours, including studies on dosimetry and
tracer kinetics, are being awaited.

Recently a new PET ligand, fibroblast activation protein inhibitor (FAPI) has
attracted significant interest due to its demonstration of performance and tumour
uptake that are comparable to those of FDG in many types of cancers (Giesel et al.
2021; Kratochwil et al. 2019) FAP is a type Il transmembrane serine protease that
is overexpressed by stromal fibroblasts in most epithelial carcinomas. There is
preliminary evidence FAPI expression is elevated in patients with advanced CRPC
and that PSMA negative PCa lesions have shown intermediate to high uptake of
FAPI, usually matching FDG uptake (Khreish et al. 2020; Kratochwil et al. 2019).
If this would prove correct, FAPI would become a promising theranostic agent in
advanced PCa and would be particularly useful in the case of PSMA-negative
disease.
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V4 Conclusions

This thesis investigated PSMA as a target for PET imaging of PCa. It evaluated
aspects related to novel tracer kinetics, the physiology of PSMA expression in
relation to ADT and the diagnostic performance of PSMA PET in primary nodal
staging.

The main conclusions are as follows:

1. Study I have showed that a novel theranostic agent, ['*F]-tThPSMA 7.3,
has favourable kinetics and is a promising radiotracer for diagnostic and
potentially therapeutic applications in PCa.

2. Studies II and III demonstrated that short-term ADT upregulates PSMA
expression in treatment-naive PCa patients, causing a flare of PSMA
uptake, most evidently seen in bone metastases at four weeks after
initiation of treatment. This phenomenon does not seem to significantly
increase the sensitivity of PSMA PET/CT in primary staging; on the other
hand, short-term ADT (up to one month) does not interfere with the
interpretation of PET results. It seems that in hormone-sensitive disease
low or absent PSMA flare could be associated with more aggressive
disease, as we demonstrated a negative correlation between the PSMA
flare and the intensity of FDG uptake.

3. In Study IV, ['®F]-PSMA-1007 PET/CT demonstrated to be an effective
imaging method in the primary nodal staging of patients with
unfavourable intermediate- and high-risk PCa, showing superior accuracy
and sensitivity compared to WBMRI and CT while maintaining high
specificity.
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Abstract

Purpose This phase 1 open-label study evaluated the uptake kinetics of a novel theranostic PET radiopharmaceutical,
18E_thPSMA-7.3, to optimise its use for imaging of prostate cancer.

Methods Nine men, three with high-risk localised prostate cancer, three with treatment-naive hormone-sensitive metastatic
disease and three with castration-resistant metastatic disease, underwent dynamic 45-min PET scanning of a target area imme-
diately post-injection of 300 MBq '*F-rhPSMA-7.3, followed by two whole-body PET/CT scans acquired from 60 and 90 min
post-injection. Volumes of interest (Vols) corresponding to prostate cancer lesions and reference tissues were recorded.
Standardised uptake values (SUV) and lesion-to-reference ratios were calculated for 3 time frames: 35-45, 60-88 and 90—
118 min. Net influx rates (K;) were calculated using Patlak plots.

Results Altogether, 44 lesions from the target area were identified. Optimal visual lesion detection started 60 min post-injection. The
'®F_thPSMA-7.3 signal from prostate cancer lesions increased over time, while reference tissue signals remained stable or decreased.
The mean (SD) SUV (g/mL) at the 3 time frames were 8.4 (5.6), 10.1 (7) and 10.6 (7.5), respectively, for prostate lesions, 11.2 (4.3),
13 (4.8) and 14 (5.2) for lymph node metastases, and 4.6 (2.6), 5.7 (3.1) and 6.4 (3.5) for bone metastases. The mean (SD) lesion-to-
reference ratio increases from the earliest to the 2 later time frames were 40% (10) and 59% (9), respectively, for the prostate, 65%
(27) and 125% (47) for metastatic lymph nodes and 25% (19) and 32% (30) for bone lesions. Patlak plots from lesion Vols signified
almost irreversible uptake kinetics. K;, SUV and lesion-to-reference ratio estimates showed good agreement.

Conclusion 'SF-rhPSMA-7.3 uptake in prostate cancer lesions was high. Lesion-to-background ratios increased over time, with
optimal visual detection starting from 60 min post-injection. Thus, '*F-thPSMA-7.3 emerges as a very promising PET radio-
pharmaceutical for diagnostic imaging of prostate cancer.

Trial Registration NCT03995888 (24 June 2019).

Keywords '®F - Kinetics - PET/CT - PSMA - thPSMA
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selected as the lead thPSMA compound for clinical develop-
ment based on preclinical assessments [3]. '*F-thPSMA-7.3 is
a single diastereoisomer form of '®F-rhPSMA-7, which has
been shown to have good diagnostic efficacy in patients with
primary and recurrent prostate cancer [4-6].

Prior to the start of this investigation, '*F-thPSMA-7.3 was
administered to six healthy volunteers to evaluate its safety,
biodistribution in healthy organs and radiation dosimetry [7].
In the present phase 1 open-label study, we report the results
of an evaluation of the uptake kinetics of this novel radiophar-
maceutical in primary prostate tumours, local recurrence,
lymph node metastases and bone metastases in patients with
newly diagnosed high-risk localised prostate cancer, in treat-
ment-naive patients with hormone-sensitive metastatic disease
and in patients with castration-resistant metastatic disease.
The safety and lesion detectability results from the current
study will be presented separately.

Material and methods
Subjects

Participants were recruited from three distinct patient popula-
tions (referred to as Cohorts A—C). All participants had histo-
logically confirmed adenocarcinoma of the prostate without
neuroendocrine differentiation or small cell features.

Cohort A comprised patients with newly diagnosed, high-
risk prostate cancer as defined by the NCCN Guidelines [8]
who were scheduled for radical prostatectomy. Cohort B
consisted of patients who had newly diagnosed, treatment-
naive hormone-sensitive metastatic prostate cancer. Patients
in Cohort C had castration-resistant metastatic prostate cancer
[9], defined as a level of serum testosterone <1.7 nmol/Lplus
biochemical progression (three consecutive rises in PSA
1 week apart) or radiological progression (appearance of
new lesions using RECIST criteria [10]), while receiving
androgen-deprivation therapy. The metastatic status in both
Cohort B and C patients was defined as a quantifiable number
or a high likelihood of metastases documented by standard-of-
care imaging (computed tomography [CT] and/or bone scin-
tigraphy) performed in the 12-week period preceding enrol-
ment into this trial.

Between October 18, 2019 and March 17, 2020, 10 pa-
tients were assigned to these groups. One Cohort C pa-
tient’s PET scan was deemed not to be evaluable for the
purposes of this kinetic analysis according to the
predetermined study evaluability criteria as the target re-
gion with documented disease was outside of the region
scanned for kinetic evaluation. The remaining nine
evaluable subjects were assigned to Cohorts A—C, with
three patients in each.
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Radiopharmaceutical preparation

E_thPSMA-7.3 was produced on site at Turku PET Centre
using a single-use cassette-based proprietary automated syn-
thesis platform for radiolabelling, purification and formulation
(Scintomics GRP, Scintomics GmbH, Fiirstenfeldbruck,
Germany), and using an in-house remotely operated sterile
filtration device for aseptic filling, in accordance with GMP
and Turku PET Centre’s standard procedures.

Imaging procedures

Patients were requested not to eat for at least 4 h before the
administration of '®F-rThPSMA-7.3 but drinking of water was
allowed and encouraged. Patients were encouraged to void
just before '*F-rhPSMA-7.3 was administered and between
Scans 1 and 2 (detailed below). Two i.v. cannulae were posi-
tioned, one in each arm. Diuretics were not administered for
the purposes of imaging.

Scans were conducted using a GE Discovery MI PET/CT
scanner (GE Healthcare, Milwaukee, WI, USA). Patients
underwent a 45-min dynamic scan (Scan 1) starting at the time
of '®F-rhPSMA-7.3 administration and two whole-body 28-
min PET scans from mid-thigh to vertex (7 bed positions at
4 min/bed), starting at 60 min (Scan 2) and 90 min (Scan 3)
post-injection. The first scan was performed in list mode and
the target region was based on the target lesion for each pa-
tient: for Cohort A patients this was the prostate gland and for
Cohort B and C patients it was the most relevant lesion iden-
tified on standard-of-care imaging. In case of multiple metas-
tases, the target area that included the largest number of le-
sions was selected. Care was taken to include at least one bone
lesion and one lymph node metastasis, when both present.
Moreover, when possible, the area that included the thoracic
or abdominal aorta was chosen.

A vacuum mattress was used to position the subjects on the
PET imaging bed and to ensure the same positioning after the
break between dynamic and whole-body scans. Low-dose CT
scans (one of the target area and one from vertex to mid-thigh)
were acquired for attenuation correction and anatomic corre-
lation. The CT acquisition parameters were: tube potential
120 kV, tube current 10-120 mA, noise index 30, resulting
in an effective dose of 1.4 mSv for the target area and 5.3 mSv
for the scan from vertex to mid-thigh. The CT scan was
followed by a bolus injection of '®F-rhPSMA-7.3.

The patients received a target radioactivity of 300 MBq
(+10%) of '®F-thPSMA-7.3, as informed by dosimetry data
from healthy volunteers [7]. An administered activity of
300 MBq would result in a total effective dose of 4.2 mSv
which was considered acceptable for the purposes of this in-
vestigation. All results were corrected for radiochemical decay
from the time of administration. Scans were read according to
the current interpretation guidelines for PSMA PET/CT [11]
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by one nuclear medicine physician (S.M) with 3 years of ex- SUV was calculated using Eq. 1:
perience reading PSMA PET scans. o .
SUV = Radioactivity concentration(kBq,/ml)
In vitro radioactivity concentrations Weight of the subject(Kg) ()

Non-arterialised venous blood samples (2 mL) were collected
starting after the administration of '*F-thPSMA-7.3 and ac-
cording to the following approximate sampling schedule: 20 s,
405s,605s,80s,100s,120s, 1405, 160 s, 180 s, 4 min, 5 min,
7.5 min, 10 min, 15 min, 20 min, 30 min, 40 min, 50 min,
59 min and 120 min post-injection. Blood samples were col-
lected into heparinised tubes, mixed and chilled on ice. They
were promptly divided into two aliquots, and one aliquot was
centrifuged in a cooled (+4 °C) centrifuge at 2118 g for 5 min.
Next, 700 ul of plasma was separated into another tube. Both
plasma and whole blood radioactivity was measured.

In vivo radioactivity concentrations from imaging
data

Experienced PET researchers (K.K. and S.M.) manually drew
volume of interest (Vol) regions on as many lesions and
healthy reference tissues as were identified in the images of
the target area. Blood pool Vol regions were drawn on large
arteries, usually the abdominal aorta. If allowed by reference
tissue size, Vols were drawn over at least four mid-tissue PET
planes with the help of the correlating anatomic CT image.
Care was taken to avoid the surfaces of the reference tissues to
prevent partial volume effects in the measurement of radioac-
tivity. The positions of the Vols were checked against all three
PET scan sets and if any movement was observed, the Vol
position was adjusted accordingly. Finally, the mean Vol ra-
dioactivity values of each lesion/reference tissue, each scan set
and each subject were extracted and individual time—activity
concentration curves (TACs) for each lesion/reference tissue
were generated for each subject. The Vol radioactivity con-
centrations from the two static PET scans were corrected for
the decay of 18F to the administration time, and the corrected
radioactivity concentrations were added to the TACs of the
dynamic scan to construct full 0—118 min regional TACs.
Regional TACs and venous plasma and blood TACs were
converted from radioactivity concentration units (Bg/mL and
kBg/mL, respectively) into standardised uptake value (SUV) units
(g/mL) to enable direct comparisons of TACs between subjects.

Administered activity (MBq)

Calculations based on the time-activity concentration
curves

Plasma and blood TACs

To explore the relationship between the radioactivity concen-
trations in blood and plasma, the plasma-to-blood ratio as a
function of time was calculated using the collected blood and
plasma samples. The plasma-to-blood ratio remained constant
(see the “Results” section) suggesting that '*F-rhPSMA-7.3
and any potential radioactive metabolites remain in blood
plasma and do not enter the red blood cells. Thus, the blood
TACs can be converted to plasma TACs using Eq. 2:

Blood radioactivity
1—-Haematocrit

Plasma radioactivity = (2)
Haematocrit (i.e. the volume proportion of red blood cells
in blood) was measured at screening, at baseline (—120 to
—5 min, relative to injection), at 45 min, 3 h, 4 h and at 24 h
post-injection (as part of the study safety laboratory evalua-
tions). The average haematocrit value from the baseline, 45-
min, and 3-h samples was used to convert PET image-based
blood TACs to plasma TACs. Plasma-to-blood ratios aver-
aged over time were calculated for each subject from the ac-
tual plasma and whole blood data, excluding the first 2 min,
and these individual ratios were compared to the estimated
plasma-to-blood ratios based on the haematocrit values.

The plasma and blood TACs were constructed as combina-
tions of image-derived arterial TACs and manually sampled ve-
nous blood TACs to correct the expected discrepancies between
the individual TACs that occur as a result of the time taken to
reach transient equilibrium between arterial and venous plasma
[12, 13]. Image-derived arterial blood pool TACs were utilised
from the time of administration until the peak of each TAC, and
manual sample venous TACs were utilised starting from their
peak value. Because of the sparse sampling [14], the function in
Eq. 3 was fitted to the combined plasma and blood TACs:

Jif 15Ty

0
0= { A (t_Tap)_Az—AﬂeiA'(H“") + Aze 2 (Tw) 4 Ay () Jf 1> Tep G)

The fitted function parameters (coefficients A, 3, eigen-
values of the system A;_3, and appearance time of

radioactivity T,,) were used to construct smooth plasma
and blood TACs.
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Lesion-to-background ratios

Relative radioactivity uptake in possible cancer-associated
lesions and in healthy reference tissues was analysed. For
bone metastases, healthy bone marrow was used as the
reference tissue. For lymph node metastases, combined
initial imaging blood pool and venous blood was used as
the reference tissue. For primary prostate tumours, skeletal
muscle was used as the reference region. Lesion-to-
reference ratios (SUV ratios) were calculated and plotted
as a function of time, and ratios at the end of the dynamic
scan (35-45 min) and during Scans 2 and 3 (60-88 min
and 90-118 min, respectively) were calculated. During the
dynamic scan, reference tissues were measured at the same
time points as the lesions. In the late static scans with
multiple bed positions, the measurement time points may
have been somewhat different, but insignificantly so be-
cause of the relatively constant radioactivity uptake values,
especially in the reference tissues.

Multiple-time graphical analysis

Multiple-time graphical analysis (MTGA) was performed for
the target lesion and reference tissue data, using plasma TAC
as an input function [15]. Compartmental models for the ra-
diopharmaceutical and tissues of interest [16] have not been
defined at this stage of development, and MTGAs (Patlak plot
for irreversible and Logan plot for reversible uptake kinetics)
are independent of the number of tissue compartments. We
constructed Patlak and Logan plots from the data and fitted a
line to the linearly increasing phase of the plot to determine the
net influx rate (K;) in the case of a Patlak plot or the volume of
distribution (V) in the case of a Logan plot. Fractional uptake
rates (FUR), related to the Patlak plot K; [17], were calculated
at different time points by dividing the Vol concentration by
the area under the curve of the plasma TAC.

Software

The Carimas image analysis tool (version 2.10, Turku PET
Centre, Turku, Finland) was used to measure radioactivity
concentrations in target lesions and reference tissues at differ-
ent time points post-injection. Data were processed using a
spreadsheet program (Excel, Microsoft Corporation) and in-
house software (tpcclib 0.7.6, Turku PET Centre, Turku,
Finland).

Statistical analysis

Descriptive data are presented as mean values and their stan-
dard deviations from the mean.
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Results
Patients

Nine caucasian males with prostate cancer were included in
this analysis. The participants had a mean age of 66 years
(range 55 to 80 years) and a mean body mass index of
26.9 kg/m? (range 21.9 to 30.6 kg/m?). PSA levels at the
screening visit had ranges of 6.1-21 ng/mL for Cohort A,
3.9-35 ng/mL for Cohort B and 17-170 ng/mL for Cohort
C. Testosterone levels for Cohort C patients before the PET
scan were 0.05, 0.58 and 0.61 nmol/L, respectively. The mean
administered activity of 'F-rhPSMA-7.3 was 301 MBq
(range 284 to 322 MBq). The molar activity (GBq/pumol) for
each patient at the time of injection is presented in Online
Resource Table 1. The variation in injected mass is thought
to have no significant effect on 'SF-rhPSMA-7.3
biodistribution and tumour uptake [18].

A total of 44 lesions were identified and analysed in the
selected target regions: 6 prostate/prostate bed lesions (4 pri-
mary and 2 recurrent tumours), 26 lymph node metastases and
12 bone metastases. In detail, within the target area, 18p_
rthPSMA-7.3 identified lesions in the prostate gland in all
Cohort A patients. One patient in Cohort C was found to have
two sites of disease in the prostate bed. Lymph node lesions
were found in two patients in Cohort B and in all three patients
in Cohort C. Bone metastases were found in two patients in
Cohort B and in one patient in Cohort C. No visceral metas-
tases were identified. The great majority of lesions (36/44)
were already confirmed by standard-of-care imaging. In pa-
tient B-03 and C-03, '*F-thPSMA 7.3 PET/CT detected addi-
tional pelvic lymph nodes (1 and 3, respectively) that were
smaller than the anatomical cut-off value used in CT (short
axis of 8 mm), but that showed clearly pathological PSMA-
uptake. Moreover, patient C-04, who already had confirmed
nodal metastases, presented with four strong bone uptakes in
the target area that were not clearly visualised by conventional
imaging. Given also the already known metastatic status of the
patients, these lesions were considered as metastatic. The le-
sions that were found in whole-body static scans outside of the
target area of the dynamic scan will be reported in a separate
publication.

Blood and plasma data

Plasma and blood TACs were well fitted with the function
specified in the “Material and methods” section. Blood radio-
activity concentrations decreased rapidly after administration,
as '®F-rhPSMA-7.3 was distributed in the blood pool and in
the reference tissues, but radioactivity concentrations in blood
remained above the average whole-body radioactivity concen-
tration (SUV >1 g/ml). The average (SD) haematocrit during
the PET investigations was 0.41 (0.04). The plasma-to-blood
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ratio was stable during the scans, with an average of 1.66
when calculated from samples collected starting from 2 min
after radiopharmaceutical administration (Online Resource
Fig. 1). Assuming that all radioactivity present in blood re-
mains in the plasma compartment (Eq. 2), this plasma-to-
blood ratio amounts to a haematocrit level of 0.40.

Volume of interest time activity concentration curves

Radioactivity concentrations, scaled for administered dose
and subject weight (SUV, g/mL), as a function of time, are
shown in Fig. 1 for the dynamic and static scan data com-
bined. Target lesion uptake increased during the scanning ses-
sions, although in less active lesions the increases were mod-
est during the whole-body PET sessions. The mean (SD)
SUVs at 35-45, 60-88 and 90118 min were 8.4 (5.6), 10.1
(7) and 10.6 (7.5) g/ml, respectively, for prostate lesions, 11.2
(4.3), 13 (4.8) and 14 (5.2) g/ml for lymph node metastases,
and 4.6 (2.6), 5.7 (3.1) and 6.4 (3.5) g/mlfor bone metastases.
The mean (SD) percentage of SUV increases from the ear-
liest (35-45 min) to the later (60-88 and 90-118 min) scan
time frames were 17% (8) and 23% (7), respectively, for the
prostate, 19% (17) and 29% (20) for lymph node metastases,
and 23% (12) and 40% (18) for bone lesions. Between the two
later scans, the mean (SD) SUV increase in prostate, lymph
node and bone lesions were 5% (3), 8% (7) and 14% (8),
respectively. The absolute values of SUV for each lesion
and reference tissue are shown in Online Resource Table 2.

Lesion-to-background ratios

The lesion-to-reference tissue ratio curves are shown in
Figs. 2, 3, and 4, with healthy bone marrow, combined initial
imaging blood pool and venous blood, and muscle as refer-
ence tissues, respectively. Tissue-to-blood ratios generally in-
creased with time, suggesting a significant irreversible uptake
component. The mean (SD) lesion-to-reference ratios at 35—

45, 60-88 and 90-118 min were 14.5 (9.6), 20.8 (14.6) and
23.6 (16.4) for the prostate, 7 (3.5), 8.7 (4.2) and 9.1 (4.5) for
lymph node metastases and 3.4 (1.4), 5.4 (2) and 7.3 (2.5) for
bone lesions, respectively.

The mean (SD) lesion-to-reference ratio percentages of in-
creases from the earliest (35—45 min) to the later (60-88 and
90-118 min) time frames were 40% (10) and 59% (9) for the
prostate, 65% (27) and 125% (47) for lymph node metastases
and 25% (19) and 32% (30) for bone lesions, respectively.
Between the later scans, ratios increased by a mean (SD) of
14% (5), 35% (12) and 5% (10) for prostate, lymph node and
bone lesions, respectively. The absolute values of ratios for
each lesion/reference tissue are presented in Online Resource
Table 3.

Uptake kinetics

Tissue radioactivity concentrations and lesion-to-reference ra-
tios increased at least until the end of the PET scanning period
(118 min post-injection). The increases were not substantial
after the first static scan, and optimal visual detection of pri-
mary tumours and/or metastases was achieved in the first
whole-body scan, starting 60 min post-injection.

MTGA for irreversible uptake kinetics (Patlak plot)
reached linearity about 10 min post-injection (Online
Resource Fig. 2). The K; values of 1*F-rhPSMA-7.3 (calculat-
ed as the slope of the linear part of the plot) were clearly higher
in suspected disease lesions than in reference tissues (Online
Resource Table 4). The Patlak data suggest that '*F-rhPSMA-
7.3 uptake kinetics in lesions and relevant reference tissues is
dominated by irreversible components, but reversible compo-
nents were also apparent. Since the lesion uptake kinetics of
18F_rhPSMA-7.3 were found to be mainly irreversible, and as
all patient scans could be reliably analysed using Patlak plots,
but most patient scans could not be analysed using Logan
plots, the Logan plot V results are not reported here. SUVs
that were calculated from the final time frame of the dynamic
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Fig. 1 Representative SUV (g/ml) results as a function of time (min) using both the dynamic and static scan data. Left panel presents data from a patient
in Cohort A, middle panel from a patient in Cohort B and right panel from a patient in Cohort C
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Fig. 2 Representative lesion-to-bone-marrow ratios as a function of time. Plots displayed from patients with bone metastases (Cohort B left and middle

panels, and Cohort C, right panel)

scan (35—45 min post-injection) and the two static scans were
in good agreement with Patlak K; values (Fig. 5, left panel),
considering that the measured plasma input function was not
used in the calculation of SUV and the usage of SUV in
interindividual comparisons is based on the assumption of
similar total plasma clearance. Tissue-to-blood ratios (obtain-
ed using venous blood sampling) also appeared to agree well
with the Patlak K; results (Fig. 5 middle panel).

FUR provides an estimate of the Patlak K;, using the static
PET scan data and the measurement of plasma TAC from the
time of '"®F-rhPSMA-7.3 administration. FUR values also
matched well with the Patlak K; values (Fig. 5, right panel).

Discussion

This phase 1 open-label study evaluated the uptake kinetics of
'8F_thPSMA-7.3 in nine patients with prostate cancer in order
to optimise its use for PET/CT imaging.

Following administration, 'SF-rhPSMA-7.3 uptake in the
reference tissues was of a similar level to that noted in healthy
volunteers [7]. We observed high uptake in prostate cancer
lesions within the first hour and both the tissue radioactivity
concentration and lesion-to-reference ratios increased at least
until the end of the scanning sessions (118 min post-injection).

This might suggest that later time points could provide more
optimal imaging, as has been previously demonstrated for
other PSMA-tracers [19-22]. However, according to the re-
sults of our study, the increases were not substantial after the
first whole-body scan (Scan 2). Therefore, considering logis-
tical reasons for diagnostic use in clinical practice, the optimal
time for '*F-rhPSMA-7.3 PET for the assessment of both
primary prostate tumours and metastatic lesions is between
60 and 90 min post-injection and the optimal timing to com-
mence scanning is 60 min post-injection. In contrast with the
studies mentioned above with other tracers, we have not eval-
uated later time points (> 2 h post-injection) in the present
study. This might be a limitation, considering that this infor-
mation could be useful in a radiometabolic treatment setting.
However, this study was designed to investigate the uptake
kinetics of rhPSMA 7.3 specifically to optimise its diagnostic
use.

Radioactivity concentrations in the blood decreased rapidly
after '®F-rhPSMA-7.3 administration as '*F-thPSMA-7.3 was
distributed in the blood pool and in the reference tissues. Our
data show that the plasma-to-blood ratio remained constant
over the scanning period and at a level implying that 'SF-
rhPSMA-7.3 remains in blood plasma and does not enter the
red blood cells during the relevant time period from injection.
As demonstrated by our previous studies with 'SF-FDG [23,
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Fig.3 Representative lesion-to-blood (combined initial image blood pool and venous blood) ratios as a function of time. Plots displayed from patients in

Cohort B (left panel) and Cohort C (middle and right panels)
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24], combining venous sampling and image-based arterial/
venous estimates as input functions for the TACs is a useful
technique in kinetic studies. Here, combining venous blood
sampling data with initial arterial data from a blood pool in the
PET images improved the otherwise underestimated initial
phase of the plasma TACs. Generally, if a blood pool of high
enough quality can be identified from PET images, then ve-
nous sampling can be replaced with a blood pool-derived
estimation from the PET image, thus removing the need for
blood sampling for radioactivity analyses.

The general increase in tissue-to-blood ratios with time sug-
gests a significant irreversible uptake component. The MTGA
data further confirm this; the Patlak plots suggest that 'SF-
rthPSMA-7.3 uptake kinetics in lesions and relevant reference
tissues is dominated by irreversible components, but some re-
versible components were also apparent. This is as expected for
a radiopharmaceutical that can bind reversibly to its specific
target molecule residing on cell membranes but can also be
internalised into cells when bound to its receptor, and possibly
slowly recirculated back to the cell surface. Downward curva-
ture of the Patlak plot leads to K estimates that are dependent
on the scan duration and on the selection of the time range used
for the slope estimation from the plot. If the uptake kinetics
were fully irreversible during the PET scan, the Patlak slope
would be time-independent after an initial equilibration period;
this would be a considerable advantage over SUV and ratio
methods which can only provide time-dependent measures.
The curvature of the plots prevents a bias-free, scan duration-

24 ° 10

independent assessment of the slope (net influx rate K; in the
case of Patlak plots). Thus, a dynamic PET protocol with blood
sampling may not offer such quantitative advantages over the
simpler SUV and ratio methods that would support the use of a
longer and more laborious imaging protocol.

Since Patlak K; estimates are dependent on the selected line
fit time range, and FUR estimates on the PET time frame used
for the calculations, the results are here reported from different
time frames. The decreases over time suggest that extending
the PET scan duration beyond 90 min may not improve the
detectability of lesions, possibly even the opposite, if Patlak or
FUR analyses are employed.

Taken together, the different analyses presented here pro-
vided concordant results. The findings indicate that neither
dynamic PET scans nor blood sampling should be required
in clinical applications of '®F-rhPSMA-7.3 imaging of pa-
tients with prostate cancer.

The present study is not without limitations. Although not
uncommon for studies of this nature, the small number of
study participants limits the conclusions that can be drawn
from these data. Nevertheless, the present results have already
been used to determine the optimal time window for PET
imaging following administration of '*F-thPSMA-7.3 in the
ongoing pivotal phase 3 trials of '®F-rhPSMA-7.3 in newly
diagnosed patients [LIGHTHOUSE; NCT04186819] and in
patients with biochemical recurrence of prostate cancer
[SPOTLIGHT; NCT04186845], and the results of these trials
are eagerly awaited.
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Conclusions

18F_thPSMA-7.3 uptake kinetics in prostate cancer lesions
and relevant reference tissues are dominated by irreversible
components. Uptake in prostate cancer lesions and lesion-to-
background ratios increased over time, with the optimal
timing for '*F-thPSMA-7.3 PET imaging for the assessment
of both primary prostate tumours and metastatic lesions
appearing to be between 60 and 90 min post-injection. The
optimal timing to commence scanning is therefore 60 min
post-injection. In the clinical setting, simplified measures of
'8F_thPSMA-7.3 uptake are sufficient for optimal detection of
prostate cancer lesions, removing the need for dynamic PET
scans and/or blood sampling. Thus, '*F-ThPSMA-7.3 emerges
as a very promising radiopharmaceutical for diagnostic imag-
ing of prostate cancer, with possible further applications in
theranostics.
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Abstract

Purpose Based on in vitro studies, it is known that androgen deprivation therapy (ADT) increases prostate-specific membrane
antigen (PSMA) expression. Therefore, we hypothesised that ADT improves the performance of PSMA-PET imaging in primary
staging of prostate cancer. The purpose of the study was to demonstrate the time course effect of ADT on PSMA uptake in
different types of metastatic lesions evaluated with **Ga-PSMA-11 PET/MRL

Methods Nine men with treatment-naive prostate cancer were enrolled to a prospective, registered (NCT03313726) clinical trial.
A %Ga-PSMA-11 PET/MRI was performed once before and 3 times post-ADT (degarelix, Firmagon). Change of maximum
standardised uptake values (SUVmax) in prostate, lymph nodes, bone metastases, and physiologically PSMA-avid organs were
evaluated in a time frame of 1-8 weeks.

Results All patients reached castration levels within 10 days, and 50% decrease in prostate-specific antigen (PSA) concentration
was observed 14 days post-ADT. A heterogeneous increase in PSMA uptake was observed 3 to 4 weeks post-ADT. This
phenomenon was definitively more evident in bone metastases: 13 (57%) of the metastasis, with a mean (range) SUVmax
increase of 77% (8-238%). In one patient, already having bone metastases at baseline, three new bone metastases were observed
post-ADT. Of lesions with reduced SUVmax, none disappeared.

Conclusions Both in patient and region level, increase in PSMA uptake post-ADT is heterogenous and is seen most evidently in
bone metastases. Preliminary results on a small cohort of patients suggest the clinical impact of ADT on improving the perfor-
mance of *®*Ga-PSMA PET in staging seems to be minor. However, the optimal imaging time point might be 3 to 4 weeks post-
ADT. Since none of the metastases with decreasing SUVmax disappeared, it seems that short-term usage of ADT does not
interfere with the interpretation of ®*Ga-PSMA PET.

Trial registration NCT03313726, registered 18 October 2017; EUDRA-CT, 2017-002345-29.

Keywords Prostate cancer - PSMA - PET - androgen deprivation therapy - ADT

Introduction PSMA) has been rapidly taken into clinical use in many

European countries [1-3], although its utility in primary stag-

Currently, small-molecule imaging with gallium- or fluoride-
labelled prostate-specific membrane antigen (*3Ga/'®F-
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ing of prostate cancer still needs further validation [4-6]. At
present, according to the majority of published data, the main
indication of ®®Ga-PSMA PET imaging is re-staging in pres-
ence of biochemical recurrence, especially at low prostate-
specific antigen (PSA) values [7]. However, in recent years,
there has been also a growing evidence on the promising role
of %*Ga-PSMA PET imaging in nodal and distant staging in
patients with high-risk disease [8].

Based on in vitro studies and animal models, it is known
that administration of androgen deprivation therapy (ADT)
increases PSMA expression [9, 10]. Although this notion
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was primarily published more than 20 years ago [9], first
clinical case report was published only 2 years ago. Hope
et al. demonstrated a 7-fold increase in maximum standardised
uptake value (SUVmax) of PSMA uptake after the initiation
of ADT [10]. However, in two recent series, the effect of ADT
on PSMA-PET findings was deemed as heterogeneous [11,
12]. However, in both of these series, all the metastases were
analysed as whole and no region-based analysis was per-
formed. In addition, no data is present if increase is also seen
in physiologically avid organs. According to previous pub-
lished data, we hypothesised that ADT might improve the
performance of PSMA-PET imaging in primary staging of
prostate cancer. In addition, the hypothesis was that different
regions of prostate cancer (primary tumour in prostate and
metastases in lymph nodes, bone, viscera) and physiologically
avid organs as well (salivary glands, kidneys, liver, and
spleen) respond differently to ADT.

The purpose of the current study is to demonstrate in pa-
tient and region-based analysis of the time course effect of
ADT on PSMA uptake observed in repeated **Ga-PSMA-11
PET/MRI scans in men with newly diagnosed, treatment-
naive prostate cancer patients.

Materials and methods
Study population and design

In this prospective, registered (NCT03313726) clinical trial,
men with newly diagnosed, treatment-naive, high-risk pros-
tate cancer with high risk for metastases were enrolled. In
seven patients, 12-core TRUS-guided biopsies were per-
formed, while in two patients suffering from urinary retention,
the diagnosis was made from specimens obtained from trans-
urethral resection of the prostate (TURP). The inclusion
criteria were (1) histologically confirmed adenocarcinoma of
the prostate and (2) no previous surgical, radiation, or endo-
crine treatment of the prostate cancer. Exclusion criteria were
(1) presence of uncontrolled serious infection and (2) contra-
indications for MRI imaging. Also, since 5-alpha-reductase
inhibitors, namely finasterid and dutasterid, affect the steroid
pathway and possibly the PSMA uptake, men with prior usage
of 5-alpha-reductase inhibitor medication in the past
12 months were excluded.

A %8Ga-PSMA-11 PET/MRI was performed before and 3
times after the subcutaneous administration of ADT
(degarelix). The post-ADT PSMA-PET/MRI scans were per-
formed at a mean (range) of 1.5 (0.8-2.5) weeks, 2.9 (1.9-4.5)
weeks, and 6.2 (3.5-8.7), respectively.

PSA and testosterone blood samples were collected before
every scan. After the study, all patients were treated based on
current institutional guidelines.

@ Springer

Ethical issues

The study was conducted in compliance with the current re-
vision of Declaration of Helsinki guiding physicians and med-
ical research involving human subjects (64th World Medical
Association General Assembly, Fortaleza, Brazil, 2013). All
patients signed a written informed consent, and the study re-
ceived the approval of Finnish Medicines Agency (FIMEA;
EUDRA-CT, 2017-002345-29) and the Ethical Committee of
the Hospital District of Southwest Finland.

PSMA-PET/MRI imaging protocol

PSMA-PET/MRI scans were performed using a sequential
Philips Ingenuity time-of-flight (TF) PET/MR scanner
(Philips Healthcare, Cleveland, OH). All patient received an
intravenous injection of %*Ga-PSMA-11 (mean + SD admin-
istered activity, 153 + 10 MBq). After 20 min from radiotracer
injection, MRI scanning protocol started with T2-weighted
turbo-spin-eco sequences in transaxial, coronal, and sagittal
direction, and diffusion-weighted sequence using a dedicated
external coil for the lower abdomen (SENSE-TORSOXL).
Subsequently, whole-body T2-weighted and an MRI-based
attenuation correction sequence were obtained. PET whole-
body acquisition from the orbital region to the mid-thighs
(approximately 10 table positions, 4 min/table) started 64 +
3 min (mean £ SD) from radiotracer injection. PET imaging
reconstructions were performed using the default reconstruc-
tion algorithm “Blob-OS-TF”, a 3D ordered subset iterative
TOF reconstruction technique. The reconstruction used 3 iter-
ations and 33 subsets in 144 x 144 matrix with an isotropic
voxel size of 4 mm. All reconstructions included the necessary
corrections for image quantification: attenuation, random,
scatter, dead-time, decay, and detector normalisation.

Image analysis

Image analysis was performed using an AW 4.5 workstation
by General Electrics (GE) Healthcare. Two experienced nu-
clear medicine physicians analysed the images blinded for the
results of the other reader but unblinded for other imaging
modalities and clinical data available. In case of equivocal
findings, a consensus between the two readers was reached
in a multidisciplinary board meeting.

Volumes of interest (VOIs) were drawn on PSMA pos-
itive prostate lesions, lymph nodes, and bone metastases.
Similar VOIs were drawn in salivary glands (parotid, sub-
mandibular, and sublingual), liver, spleen, and kidneys
(avoiding the renal pelvis). PSMA uptake was measured
using the standardised uptake value maximum (SUVmax)
values and ASUVmax at different time points was calcu-
lated compared to the pre-ADT scan.



Eur J Nucl Med Mol Imaging (2020) 47:665-673 667

Table 1 Patient characteristics.

PSA, prostate-specific antigen; S- Age (years) PSA (ng/h) S-Testo (nmol/L) Gleason score cT cN cM

Testo, serum testosterone; c7,

clincal T stage; cN, clinical N Patient 1 64 21 26 4+5 2¢ 1 1

stage; cM, clinical M stage Patient2 69 25 13 4+5 32 0 0

according to PSMA-PET Patient3 69 7 19 545 a0 0 0
Patient 4 77 7 7 4+5 1b 1 1
Patient 5 66 280 10 4+5 2a 0 1
Patient 6 71 52 9 5+4 3a 1 1
Patient 7 78 54 23 5+4 4 1 0
Patient 8 70 26 18 5+4 1b 1 1
Patient 9 70 9 12 543 2a 0 0

Findings on PSMA-PET scans were interpreted according
to the current suggested procedure guideline on **Ga-PSMA
PET imaging, taking into consideration normal biodistribution
of the tracer and possible pitfalls [13]. PSMA-positivity was
defined as a focal tracer uptake higher than adjacent back-
ground on prostate, suspicious bone, and lymph node lesions,
without using a strict cut-off value of SUVmax to indicate or
confirm malignancy. Moreover, any anatomical or functional
correspondence on MRI imaging, such as altered signal on
T2w and/or diffusion restriction on DWI or LN diameter
and morphology, was also used in guiding the interpretation.

Statistical methods
In order to differentiate the effect of ADT in region level in
Figs. 2 and 3, and Table 3, lesions were divided and analysed
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in two groups: “decrease”, lesions in which, when comparing
to baseline, change in SUVmax was constantly negative in
every time point; “increase”, all other lesions. In Table 3, the
two groups were further analysed by evaluating the maximum
increase and maximum decrease in SUVmax from each lesion
by selecting a time point at which the highest or the lowest
SUVmax occurred. At this specific time point, the change in
SUVmax was described as mean proportion (range) and the
time point as mean weeks (range). To evaluate inter-reader
agreement, Cohen’s Kappa (95% CI) was calculated.

Results

Nine patients were included in the study. Patients’ character-
istics are shown in Table 1. At baseline, five had metastatic
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Fig. 1 Patient-based changes in SUVmax after the administration of ADT (degarelix). Orange line, prostate lesions; blue line, lymph node metastases;
green lines, bone metastases; dotted vertical line, initiation of androgen deprivation therapy (ADT)
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Fig. 2 Lesion-based SUVmax trend in prostate lesions (a), lymph nodes
(b), and bone metastases (c). Blue lines, lesions with decreasing SUVmax
trend compared with baseline; red lines, lesions with increasing SUVmax
trend compared with baseline; dotted vertical line, initiation of androgen
deprivation therapy (ADT)

prostate cancer (other than regional lymph nodes and/or
bone), while four patients presented with local or locally ad-
vanced disease. Visceral metastases were not present in any of
the patients. All patients reached castration levels (serum tes-
tosterone < 1.7 nmol/L) within a period of 10 days after the
initiation of ADT. Eight patients completed all the four PET/
MRI scans, while one patient performed only three scans due
to study withdrawal.

@ Springer

Patient-based observations are depicted in Fig. 1. In two
patients (patients no. 2 and no. 7), no increase in SUVmax was
observed, whereas in 7 (78%) patients, a heterogeneous
change in PSMA uptake occurred. In patient no. 8, who had
two bone metastases already at baseline, three new bone me-
tastases were observed post-ADT.

A region-based analysis of the primary tumour in prostate,
metastatic lesions, and the uptake pattern in physiologically
avid organs is depicted in Figs. 2 and 3, and in Table 2. Also,
the specific locations of the metastases are presented in
Table 3. All the lesions in baseline and in follow-up, except
for a discordance in two parailiac lymph node metastases,
were detected by the two readers, Cohen’s Kappa 0.89 (95%
CI, 0.79-0.99). After a consensus reading, in total, 16 pros-
tate, 16 lymph node, and 23 bone lesions were detected and
analysed.

There was a marked increase in SUVmax (maximum in-
crease in SUVmax of 76%) in more than half of the bone
metastasis and a less pronounced and not so frequent increase
in lesions in prostate (29%), and lymph nodes (19%). The
increase was observed within the first 3 to 4 weeks post-
ADT. In all lesions, which were considered “decrease”,
the maximum SUVmax decrease was 50% or less.
Despite the decrease, none of the lesions disappeared
during the follow-up.

The most pronounced increase in physiologically avid
organs was observed in parotid glands (23%), and sub-
mandibular glands (22%). In other physiologically avid
organs, the increase was less than 20%. The decrease
was seen very seldom or not at all, and the mean de-
crease was less than 20% (Fig. 4).

Discussion

In this prospective registered study, a heterogeneous increase
of PSMA uptake was observed after ADT in treatment-naive
prostate cancer patients in repeated **Ga-PSMA PET/MRI
scans. The most evident increase in SUVmax was observed
3 to 4 weeks post-ADT especially in bone metastasis. In one
patient, with bone metastases already at baseline, three new
bone metastases, which were already visible anatomically on
MRI images, were observed. Of those lesions with decreasing
SUVmax, none disappeared.

It has already been demonstrated that in both androgen-
sensitive and androgen-resistant human prostate adenocarci-
noma cells (LNCaP), the expression of PSMA is upregulated
post-ADT and downregulated in the presence of testosterone
or DHT [14-16]. Although a case report published by Hope
et al. corroborated these preclinical studies, demonstrating a 7-
fold increase in PSMA SUVmax values after the initiation of
ADT, our results are in line with the two very recently pub-
lished studies [10-12]. Aggarwal et al. performed a study in
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Fig. 3 SUVmax trend in parotid a
glands (a), liver (b),
submandibular glands (c), spleen
(d), sublingual glands (e), and
kidneys (f) after initiation of ADT
(degarelix): blue lines, lesions

ADT
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with decreasing SUVmax; red

SUVmax trend compared with
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eight patients, scanned with **Ga-PSMA-11 PET before and
after the initiation of ADT within a variable period of 2—
4 weeks. The study demonstrated a heterogeneous increase
in SUVmax, in 68% and in 41% of lesions in castration-

Table 2 Location of

metastases Lymph nodes n (%)
Parailiacal 13 (33)
Mesorectal 13)
Para-aortic 2(5
Bone n (%)
Humerus 1(3)
Sternum 2(5
Scapula 1(3)
Ribs 2(5)
Cervical vertebra 1(3)
Thoracic vertebra 3(7)
Lumbar vertebra 4 (10)
Iliac bone 7(17)
Sacrum 13)
Femur 13

Time (weeks)

sensitive men (n=4) and in castration-resistant men (n=4),
respectively. The other study, conducted by Emmet et al.,
studied also both castration-sensitive (n=8) and castration-
resistant men (n = 7). Although they showed that the increase
was more evidently seen in castration-resistant men, in the
light of our data and the study by Aggarwal, it seems that
the increase occurs also in castration-sensitive men. In fact,
in the study by Emmet et al., of those eight men with
castration-sensitive disease, half of them had Gleason score
7 prostate cancer. It might well be that the increase is more
evidently seen in poorly differentiated tumours. Also, our
study clearly demonstrates the biological difference between
testosterone flare and PSMA flare. Since degarelix directly
inhibits the action of GnRH, no PSA flare occurs, and serum
testosterone decreases rapidly. Despite the rapid decrease in
testosterone levels, the increase in PSMA uptake was still
observed.

ADT is the gold standard treatment in patients with meta-
static prostate cancer. The effect of continuous long-term ADT
on reducing the visibility of castration-sensitive prostate can-
cer lesions on PSMA-PET has already been investigated;
however, it is still uncertain if initiation of ADT could interfere
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Table 3 Maximum increase and maximum decrease of maximum
standardised uptake values. (SUVmax) in prostate, lymph node, bone
lesions, and normal PSMA-avid organs. SUVmax is presented in

proportional change and the time point at which the maximum
SUVmax occurred is presented in weeks. Paired organs are analysed as
a mean of right and left

Maximum increase

Maximum decrease

Lesion/normal organ n SUVmax (%), Time point (weeks); n SUVmax (%); Time point (weeks);
mean (range) mean (range) mean (range) mean (range)
Primary tumour (prostate) 5 29 (6-84) 43 (3.0-4.8) 11 —46 (— 64-(—4)) 5.8 (1.0-8.6)
Lymph node metastases 7 19 (11-41) 2.7 (1.0-4.8) 9 —48 (—86—(—4)) 5.2 (1.1-8.7)
Bone lesions 13 76 (8-238) 43 (2.5-8.7) 10 =50 (= 77-(—20)) 7.7 (2.5-8.7)
Parotid glands 8 23 (5-45) 3.3(1.1-5.9) 1 -8 3.5
Submandibular glands 8 22 (5-49) 4.1 (1.7-8.5) 1 - 14 2.5
Sublingual glands 9 15 (8-22) 2.7 (1.7-4.0) - - -
Liver 9 7 (2-13) 2.8 (0.9-5.9) - - -
Spleen 6 16 (2-36) 4.0 (1.9-8.0) 3 —19 (—6(—14)) 1.6 (0.8-3.0)
Kidneys 8 10 (7-18) 3.6 (0.8.7.0) 1 -19 8.7

with the staging results [17]. According to our preliminary
findings, as none of the lesions disappeared during the obser-
vational period, ongoing short-term ADT does not represent a

Fig. 4 T2W-MRI (a), PET (b),
and fused PET/MRI (¢) images of
patient no. 8 at baseline and

2.5 weeks after ADT (degarelix).
A new bone metastasis in L2
vertebra was detected. The lesion
was already visible at baseline
T2W-MRI images but PSMA
uptake occurred 2.5 weeks after
the initiation of ADT

contraindication on performing a staging PSMA-PET.
Although ADT did not significantly increase PSMA-PET
staging performance as only in one patient new metastases

2.5 weeks

SUVmax: 3.8
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were found, PSMA activity in the majority metastatic lesion
reached the highest uptake 3 to 4 weeks post-ADT. Therefore,
this time window might improve the detection rate, providing
better lesion to background ratio. This aspect might be inter-
esting especially in an oligometastatic disease, where bone
metastases detected could then be selectively treated with ra-
diotherapy. However, further studies are warranted to investi-
gate the possible clinical impact of the phenomenon.

Since this is the first study where changes in PSMA
SUVmax values were analysed on a region-based analysis,
the fact that we observed the increase most evidently in bone
metastasis is also interesting. This notion is supported also by
two case reports demonstrating a similar increase of PSMA
uptake in bone metastasis [18, 19]. Although the biology of
the phenomenon is not known, authors hypothesised that in-
crease of PSMA uptake in bone might be caused by osteoblas-
tic turn over or bone reparation processes. However, most
probably, this is not the case, since we observed the increase
also in lymph nodes, in primary tumours, and in some of the
physiologically avid organs suggesting a more general rather
than organ-specific mechanism. This is, in fact, the first study
to report that changes in PSMA-PET findings post-ADT are
not restricted only to tumour tissue.

One might also question whether this flare phenome-
non is dependent on the different mechanisms of action of
ADT treatments. However, our results with GnRH antag-
onist therapy are similar with previous studies, in which
LhRH agonist, antiandrogens, or new androgen signalling
pathway modulators were administered [10-12, 16].
Given these facts, it seems rather evident that PSMA is
connected to the androgen pathway [10-12, 16]. More
recently, also mTOR pathway with mTOR inhibitor,
rapamycin has shown to be linked to increase in PSMA
uptake [16, 20]. Taken this all together, one might
hypothesise that the observed effects of ADT on PSMA
uptake in lesion level depict the androgen sensitivity of
the specific lesions and also potentially the heterogeneity
in aggressiveness of the lesions. Therefore, could it be
possible to select those lesions that are prone to progress
or are insensitive to ADT and selectively treat only those
lesions? To understand this phenomenon, further studies
with larger number of patients and longer follow-up are
warranted.

Moreover, understanding what lies behind this phenome-
non might raise a great interest from a theragnostic perspec-
tive. A preclinical study on a mouse model of castration-
resistant prostate cancer (CRPC) demonstrated that pre-
treatment with enzalutamide for 21 days followed by 177Lu-
PSMA radioligand therapy (RLT) resulted in a significantly
enhanced RLT-induced DNA-damage. However, pre-
treatment with androgen receptor blockade did not show any
additive effect on tumour growth reduction, suggesting that
ADT might not necessarily guarantee an increased efficacy of

RLT [21]. Nevertheless, considering the heterogeneity of
PSMA expression and the lack of clinical studies about this
specific theragnostic aspect, the possible synergistic effect of
ADT + RLT still needs to be defined.

Moreover, although '""Lu-PSMA radionuclide therapy is
at the present moment used in castration-resistant prostate
cancer patients, there are ongoing clinical trials to study its
use also in castration-sensitive patients [22]. If proven to be
effective in castration-sensitive men, according to our data, it
would be reasonable to hypothesise that the timing between
administration of ADT and of '”"Lu-PSMA radionuclide ther-
apy is crucial. ADT could increase the tumour targeting and
therefore increase the efficacy of '”’Lu-PSMA treatment dur-
ing the time window of maximum PSMA uptake.

Also, our finding of increased PSMA uptake in normal
salivary glands post-ADT needs to be taken into account as
a possible increased therapy-related risk factor for significant
xerostomia in patient candidates for '”’Lu-PSMA therapy.

The study has some limitations. First, the cohort is small
and underpowered to infer firm conclusions. In addition, there
is variability in time intervals of the scans between the differ-
ent patients. Therefore, the results should be considered pre-
liminary and the study as a proof of concept. However, all the
patients were thoroughly examined, and eight of the nine pa-
tients completed the study by undergoing four sequential
PSMA-PET/MRI scans. In addition, the strength of the study
is its truly prospective and registered nature. Second, the co-
hort is heterogenous. However, this can also be seen as an
advantage since with this cohort, we are able to demonstrate
that, although the increase is minor, PSMA flare is not merely
seen in metastatic patients.

Conclusions

Both in patient and region level, a heterogeneous increase
of PSMA uptake was observed post-ADT, observed most
evidently in bone metastases. The highest response on
PSMA uptake was observed 3 to 4 weeks after ADT.
Although the impact of ADT on ®Ga-PSMA PET staging
performance was minor in this small patient cohort, more
research is needed to investigate whether ADT could sig-
nificantly improve detection rate and have clinical impact
in patients with oligometastatic disease. Moreover, results
were encouraging that short-term usage of ADT does not
seem to represent a contraindication to perform 68Ga-
PSMA PET for staging purpose, since none of the lesions
disappeared.
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Abstract

Purpose Short-term androgen deprivation therapy (ADT) is known to increase heterogeneously prostate-specific membrane
antigen (PSMA) expression. This phenomenon might indicate the potential of cancer lesions to respond to ADT. In this
prospective study, we evaluated the flare on ['*FJPSMA-1007 PET/CT after ADT in metastatic prostate cancer (PCa). Given
that aggressive PCa tends to display FDG uptake, we particularly investigated whether the changes in PSMA uptake might
correlate with glucose metabolism.

Methods Twenty-five men with newly diagnosed treatment-naive metastatic PCa were enrolled in this prospective registered
clinical trial. All the patients underwent ['*FJPSMA-1007 PET/CT immediately before and 3—4 weeks after ADT initiation
(degarelix). Before ADT, ['®F]FDG PET/CT was also performed. Standardized uptake values (SUV)max of primary and
metastatic lesions were calculated in all PET scans. Serum PSA and testosterone blood samples were collected before the
two PSMA PET scans. The changes in PSMA uptake after ADT were represented as ASUVmax.

Results All the patients reached castration levels of testosterone at the time of the second ['*FIPSMA-1007 PET/CT.
Overall, 57 prostate, 314 lymph nodes (LN), and 406 bone lesions were analyzed. After ADT, 104 (26%) bone, 33 (11%)
LN, and 6 (11%) prostate lesions showed an increase (>20%) in PSMA uptake, with a median ASUVmax of + 50%, + 60%,
and +45%, respectively. Among the lesions detected at the baseline [*FJPSMA-1007 PET/CT, 63% bone and 46% LN
were FDG-positive. In these metastases, a negative correlation was observed between the PSMA ASUVmax and FDG
SUVmax (p <0.0001). Moreover, a negative correlation between the ASUVmax and the decrease in serum PSA after ADT
was noted (p <0.0001).

Conclusions A heterogeneous increase in PSMA uptake after ADT was detected, most evidently in bone metastases. We
observed a negative correlation between the PSMA flare and the intensity of glucose uptake as well as the decrease of serum
PSA, suggesting that lesions presenting with such flare might potentially be less aggressive.

Trial registration NCT03876912, registered 15 March 2019.

Keywords Prostate cancer - PSMA - PET - ['*F]IPSMA-1007 PET/CT - ADT - Androgen deprivation therapy
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Introduction

Androgen deprivation therapy (ADT) by surgical castra-
tion or administration of luteinising-hormone-releasing-
hormone (LHRH) analogues is considered the first-line
treatment in metastatic hormone-sensitive prostate cancer
(PCa) [1, 2]. Despite favorable response rates, the onset of
castration-resistance (CRPC) in patients with metastases
is typical and could occur even within 1-2 years from the
initiation of ADT [3, 4].

Therefore, defining the extent of the disease and the
best treatment approach in metastatic PCa is paramount,
in order to delay its progression towards CRPC and, possi-
bly, prolong patients’ survival. Prostate-specific membrane
antigen (PSMA) PET has gained increasing acceptance in
the imaging of PCa, including its recent usage in primary
staging setting [5-7]. PSMA is a type II membrane glyco-
protein that is overexpressed in the prostate compared to
other tissues, and its expression is tenfold higher in PCa
cells compared to healthy prostate [8].

Preclinical studies on cell lines and animal models
have demonstrated that short-term ADT upregulates
the expression of PSMA in PCa cells in both hormone-
sensitive and castration-resistant states [9, 10]. This
phenomenon has been successively investigated in a few
prospective clinical studies using PSMA PET imaging
on PCa patients [11-13]. A heterogeneous increase in
PSMA uptake, known as the PSMA flare, was observed
in PCa lesions after short-term ADT, with considerable
inter- and intrapatient variability.

In our previous prospective clinical trial on a cohort
of 9 treatment-naive PCa patients, we demonstrated a
heterogeneous increase in PSMA uptake after 3—4 weeks
of ADT, most evidently seen in bone lesions, followed
mainly by a decrease of the uptake at 6-8 weeks after the
initiation of the treatment [13]. Based on these prelimi-
nary results, we hypothesized that lesions exhibiting the
flare in PSMA uptake might have a distinctive potential
to response to ADT. However, research on this phenom-
enon is still limited, and the underlying biology of the
PSMA flare remains uncertain and needs further clarifi-
cation. Moreover, there is no consensus on the interpreta-
tion and the possible clinical significance of the flare on
PSMA PET imaging.

The current prospective clinical trial represents a
continuation of our previous study [13], and its aim is
to assess the PSMA flare phenomenon after short-term
ADT in a larger cohort of treatment-naive metastatic
PCa patients. In particular, since aggressive PCa tends
to display FDG uptake [14], we investigated whether the
changes in PSMA uptake after ADT might correlate with
glucose metabolism.

@ Springer

Materials and methods
Subjects and study design

Men with newly diagnosed treatment-naive metastatic PCa
were enrolled in this prospective registered clinical trial.
The inclusion criteria were (1) histologically confirmed
adenocarcinoma of the prostate without neuroendocrine
differentiation, small cell, or ductal features; (2) absence
of previous surgical, radiation, or hormonal treatment of
PCa; and (3) clinical stage Tany Nany M1. The exclu-
sion criteria included (1) presence of uncontrolled serious
infection and (2) presence or history of malignances other
than PCa.

The metastatic status of the patients was defined as a
quantifiable number of metastases documented by stand-
ard-of-care imaging (CT and/or bone scintigraphy) per-
formed within 2 weeks from enrolment. All the patients
underwent ['8F]PSMA-1007 PET/CT immediately before
and 3-4 weeks after the subcutaneous administration of
ADT (degarelix, 240 mg). This time point was chosen
as the most suitable to assess the flare in PSMA uptake
according to the results of our previous study [13]. Before
the initiation of ADT, a ['®F]JFDG PET/CT scan was per-
formed during the same week of the baseline ['*FIPSMA-
1007 PET/CT to evaluate the aggressiveness of the PSMA-
positive lesions. In addition, serum PSA and testosterone
blood samples were collected before the two ['*FIPSMA-
1007 PET/CT scans. The change in serum PSA levels
between these two time points was defined as APSA.

Imaging protocol

All PET/CT scans were carried out using a GE Discov-
ery MI PET/CT scanner (GE Healthcare, Milwaukee, WI,
USA). Fasting for 6 h was required before administration
of ['8F]FDG. The patients underwent whole-body PET/CT
scans from mid-thigh to the vertex starting at 60 min and
50 min after receiving intravenous injection of ['*F]PSMA-
1007 and ["®*F]FDG, respectively. Low-dose CT scans were
acquired for attenuation correction and anatomic correla-
tion. The CT acquisition parameters were as follows: tube
potential of 120 kV, tube current modulated between 10
and 120 mA, and noise index of 30. The PET scans were
acquired in 3-dimensional mode with 2 min/bed positions.
The sinogram data were corrected for deadtime, decay, and
photon attenuation and, then, reconstructed on a 256 X 256
matrix. Image reconstruction utilized a Bayesian penalized-
likelihood iterative reconstruction algorithm (QClear) with a
B value of 500 for ['*FIPSMA-1007 and 350 for ['*F]FDG,
incorporating random and scatter corrections.
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Radiopharmaceutical preparation

The synthesis of ['®F]PSMA-1007 and ['*F]FDG solutions
for injection was conducted on-site at the Radiopharma-
ceutical Chemistry Laboratory of Turku PET Centre. ['$F]
FDG was synthesized following an analogous procedure as
described previously [15]. A FASTLab® synthesizer (GE
Healthcare, Waukesha, WI, USA) and FDG-phosphate
cassettes were used for the production. The radiochemical
purity exceeded 98%. ['®FIPSMA-1007 was synthesized
with TRASIS AllInOne synthesizer (TRASIS Radiopharma,
Ans, Belgium) using the single-use cassettes supplied by
TRASIS and reagents supplied by ABX (ABX advanced
biochemical compounds Gmb, Radeberg, Germany). The
radiochemical purity exceeded 93%.

Imaging analysis and interpretation

Image analysis was performed using an AW 4.5 workstation
(General Electrics (GE) Healthcare). An experienced nuclear
medicine physician (S.M.) reviewed all the PET scans.

The PSMA PET findings were reported according to the
current suggested procedure guidelines, taking the normal
biodistribution and the possible pitfalls of the tracers into
consideration [16]. All the metastases documented on con-
ventional imaging (CT and bone scintigraphy) that showed
PSMA-uptake at the baseline ['*FIPSMA-1007 PET/CT
were included in the analysis. Moreover, lesions were con-
sidered malignant on PSMA PET imaging if the following
criteria were met: ['*FJPSMA-1007 focal uptake above the
local background in the prostate for T-staging; [®FJPSMA-
1007 uptake above the blood pool with corresponding CT
finding (also normally sized lymph nodes) in a site typical
for prostate cancer for N-staging; ['*FJPSMA-1007 uptake
above the blood pool with corresponding CT finding (e.g.,
sclerotic or lytic bone lesion) in a site typical for prostate
cancer for M-staging.

All the PSMA-positive lesions were then carefully
matched with ['®FIFDG PET/CT. Lesions with tracer uptake
above the blood pool were considered FDG-positive.

The standardized uptake value (SUV)max of the PSMA-
avid lesions in the prostate and in PCa metastases was cal-
culated. The changes in PSMA uptake after ADT were rep-
resented as ASUVmax. The PSMA-positive lesions were
then divided into two groups. The first group included all
the lesions with a ASUVmax > +20% (PSMA flare) while
the second group consisted of the remaining lesions exhib-
iting either a decrease or no change (<20%) of SUVmax.
The FDG SUVmax was further divided into three catego-
ries: <blood pool (FDG-negative), > blood pool up to 10
(mild to moderate uptake), and > 10 (strong uptake). All data
were collected using a RedCap database [17].

Statistical analysis

The descriptive data are presented as a median value, inter-
quartile range (IQR), and range. Pearson’s coefficient was
used to assess the correlation between PSMA SUVmax and
FDG SUVmax as well as the correlation between PSMA
ASUVmax, FDG SUVmax, and APSA. Welch’s analysis of
variance (Anova) was used to compare PSMA ASUVmax
to different classes of FDG SUVmax. p values <0.05 were
considered statistically significant. Statistical analysis was
carried out using JMP® pro 16 software.

Results

Twenty-five patients were prospectively enrolled in the study
and completed all the three PET scans. The patients’ char-
acteristics are presented in Table 1. Their median age was
74 years old (IQR 70-78; range 63—84), and the median PSA
before the initiation of ADT was 49 ng/ml (IQR 33-140;
range 15-5000). The median time interval from the base-
line ['®F]PSMA-1007 PET/CT scan to the administration
of ADT was 2 days (IQR 1-3; range 0-8). The median time
interval between the baseline ['*FIPSMA-1007 PET/CT and
the ['*F]FDG scan was 1 day (IQR 1-2; range 1-6). The
second ['8F]JPSMA-1007 PET/CT scan was performed after
a median of 27 days (IQR 21-30; range 20-33) from ADT
initiation. The median administered activity of ['*FIPSMA.-
1007 and ['®F]FDG were 255 MBq (IQR 251-259; range
241-278) and 368 MBq (IQR 333-381; range 278-398),
respectively. Scanning time after the radiotracer injection

Table 1 Patients’ demographics

Age Median (IQR; range)
Years 74 (70-78; 63-84)
PSA at baseline Median (IQR; range)

ng/ml 49 (33-140; 15-5000)

S-testo at baseline Median (IQR; range)

nmol/L 12 (7-17; 2-27)
Biopsy GGG* n (%)

1 0(0)

2 0(0)

3 3(12)

4 4 (16)

5 18 (72)
Clinical T-category n (%)

cT1 0(0)

cT2 2(8)

cT3 19 (76)

T4 4(16)

Gleason grade group
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was 60 min (median, IQR 59-60) for ['*F]PSMA-1007 and
50 min (median, IQR 50-50) for ['*F]FDG. All the patients
reached castration levels (testo < 1.7 nmol/L) within the time
of the second ['®FIPSMA-1007 PET/CT scan. Serum PSA
decreased in all the patients at 3—4 weeks after ADT, with a
median decrease of 87% (IQR 81-92; range 32-99).

All the patients presented with strong PSMA uptake in
the prostate gland at the baseline, 10 of whom presented
uptakes that extended to the seminal vesicles. All the
patients had PSMA-avid lymph node (LN) metastases in the
pelvis, while 12 of them also had pathological uptakes in ret-
roperitoneal and/or mediastinal LNs. Twenty-three patients
presented with PSMA-positive bone lesions. Finally, two
patients had PSMA-avid lung nodules. An overview of the
positive lesions detected at the baseline ['*F]IPSMA-1007
PET/CT for each patient is depicted in Supplemental Fig. 1.

In all the men, an increase of PSMA uptake after ADT
was observed in at least one bone and/or lymph node metas-
tasis (Supplemental Fig. 2). In particular, except for one
man, all patients with bone metastases (n=22) exhibited
flare of PSMA uptake in the bone at the second PSMA PET
scan, despite significant inter-patient variability (Supple-
mental Fig. 2). A total of 57 prostate/seminal vesicle, 314
LN (250 regional and 64 extra-regional), 406 bone and 5
lung lesions that were positive on the baseline ['*FJPSMA-
1007 PET/CT were included in the analysis. The changes
observed in the PSMA uptake after ADT at the lesion level
are represented in Table 2. An increase in PSMA uptake
was observed in 26% of the bone lesions, with a median
ASUVmax of +50% (IQR 32-72; range 20-161). This flare
in PSMA uptake was more evident in the bone metastases
compared to the LN or prostate, where 11% and 11% of
the lesions showed a median PSMA increase (ASUVmax)
of +60% (IQR 32-114; range 20-222) and +45% (IQR
20-106; range 23—-134), respectively. The lung nodules did
not show any flare in PSMA uptake. The remaining lesions
showed either a decrease or no change in PSMA uptake
(Table 2). No lesion became PSMA-negative (uptake below
the blood pool) at the second PSMA PET scan.

Table 2 Changes in PSMA uptake after ADT

At the baseline, among the PSMA-positive lesions, 27
(47%) prostate, 144 (46%) LN, 254 (63%) bone, and 3 (60%)
lung lesions were positive on the [!®F]FDG PET/CT. On
comparing the intensity of baseline PSMA SUVmax and
FDG SUVmax in the bone metastases, a positive correla-
tion was observed (p <0.001) (Fig. 1). Moreover, the com-
parison of the changes in PSMA uptake after ADT (ASUV-
max) and the FDG SUVmax showed a negative correlation
(p<0.001), indicating that lesions presenting the PSMA
flare had less intense FDG uptake (Fig. 2). Similar corre-
lations were observed in the lymph nodes (Supplemental
Figs. 3—4), while correlations in the prostate lesions were
not significant (Supplemental Figs. 5-6). The comparison
between PSMA ASUVmax and FDG uptake, including the
FDG-negative lesions (SUVmax < blood pool), is depicted
in Fig. 3. A significant difference in the PSMA ASUVmax
was observed between the bone metastases with strong FDG
uptake (SUVmax > 10) and those having either a moder-
ate FDG uptake or uptake <blood pool (»p <0.001). Similar
results were observed in the lymph nodes, but not in the
prostate lesions (Supplemental Figs. 7-8). The correlation
between PSMA ASUVmax and changes in serum PSA
(APSA) is depicted in Fig. 4. The results showed a negative
correlation (p <0.001), indicating that the PSMA flare phe-
nomenon was less evident in patients experiencing a rapid
decrease in serum PSA (Fig. 4).

Ten patients with known bone lesions presented with new
PSMA bone uptakes at the second ['FIPSMA-1007 PET/
CT scan (median SUVmax 5; IQR 5-10; range 4-18). An
example is illustrated in Fig. 5. None of these uptakes was
positive on the ['®F]FDG PET/CT scan.

Discussion

In this prospective trial, we demonstrated that short-term
ADT increased PSMA uptake in metastatic treatment-naive
hormone-sensitive PCa. This PSMA flare was observed in all
the patients, most evidently in bone metastases. According

Lesion type Lesions (n) at Increase (>20%) of ASUVmax%, median No change/decrease ASUVmax% median (IQR;
baseline PSMA  PSMA uptake, n (%) (IQR; range) (<20%) of PSMA uptake, range)
PET n (%)
Prostate 57 6 (11%) +45% 49 (89%) —28%
(20-106; 23-134) (—45t0—=7;-78 to 14)
Lymph nodes 314 33 (11%) +60% 281 (89%) -51%
(32-114; 20-222) (=74 1t0-21;-99 t0 9)
Bone 406 104 (26%) +50% 302 (74%) -33%
(32-72; 20-161) (=53 to—15;—-90to 14)
Visceral (lung) 5 - - 5 (100%) —40%

(=49 to—22;—53 to— 16)
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Fig. 1 Correlation between
baseline PSMA SUVmax and
FDG SUVmax in bone lesions 60

F(1,252)=77,87, PValue=<,0001
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S

Baseline PSMA SUVmax
@
8

20

Fig.2 Correlation between
PSMA ASUVmax and FDG
SUVmax in bone lesions

F(1,262)=43,67, PValue=<,0001

PSMA ASUVmax

-20

-40

to the negative correlation between FDG uptake and changes
of PSMA uptake after ADT, the flare phenomenon seems to
be linked to less aggressive behavior of the lesions.

The possible association between the flare in PSMA
uptake and glucose metabolism had not been investigated
so far. It is well known that FDG uptake and its intensity
is associated with more aggressive PCa [14, 18, 19]. Given
the metastatic status of our patient cohort, the presence

15
FDG SUVmax

of FDG-positive lesions was expected. Interestingly, we
observed a negative correlation between the flare in PSMA
uptake and the intensity of FDG uptake in bone metastases
and, to less extent, in lymph node metastases. This suggests
that lesions presenting with the flare and milder FDG uptake
might be less aggressive compared to lesions without the
flare and with stronger FDG uptake. Therefore, this flare
phenomenon might be able to identify more aggressive
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Fig. 3 Box plot for PSMA 30
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metastases, and potentially predict the response to ADT and
the progression to CRPC.

Bone flare is a phenomenon that has already been
observed in bone scintigraphy as either an increase in met-
abolic activity or the presence of new lesions within few
weeks to few months of oncological treatments in PCa as
well as other malignances. This phenomenon has been con-
sidered as a sign of favorable response to treatment [20]. In
our study, 22/23 patients with bone metastases presented

@ Springer
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with flare of PSMA uptake after ADT in the bone. Moreo-
ver, ten of them exhibited new PSMA bone uptakes without
anatomical correspondence at the second PSMA PET scan.
Whether these new PSMA uptakes are true metastases or
hormone-sensitive tissue reaction as part of the flare remains
to be confirmed by longer follow-up. Nevertheless, these
uptakes were negative also in the baseline FDG PET scan.
This finding is consistent with our observation of the pres-
ence of PSMA flare in lesions with mild or no FDG-uptake,
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SUVmax 10.5

Fig.5 New PSMA bone uptake on L1 vertebra detected in the ['*F] PSMA-1007 PET/CT after ADT. The uptake was not seen in the ['*FJFDG
PET/CT scan. a Baseline ['*F] PSMA-1007 PET/CT. b ['F] PSMA-1007 PET/CT after ADT. ¢ Baseline ['*FJFDG PET/CT

suggesting a less aggressive behavior. In view of this, the
PSMA flare might resemble the flare observed in bone scin-
tigraphy. The possible pathogenesis of the flare in bone tis-
sue might be caused by the healing processes of new bone
formation after short-term treatment. In addition, an immune
response, specifically a T-cell reaction accompanied by the
release of pro-inflammatory cytokines might possibly be
involved in the flare phenomenon [20].

However, we demonstrated that the phenomenon is not
bone-specific, as the increase in PSMA uptake was also
observed in the lymph nodes and prostate lesions. It is possible
that a similar immune response might be occurring in those
tissues as well. Nevertheless, it is unlikely that this would
be the only mechanism involved in the increase in PSMA
uptake. A recent study on genomically characterized patient-
derived xenografts (PDX) observed increases in PSMA and
androgen receptor (AR) mRNA as well as tumor microdensity
after ADT in castration-sensitive models [21]. Moreover, this
study observed that the model exhibiting increased PSMA and
AR mRNA had an intact PTEN gene, while the model with
PTEN loss exhibited repressed AR transcriptional signaling.
Given that the loss of PTEN gene is usually associated with
more aggressive disease, these findings might corroborate our
hypothesis of the PSMA flare as a marker of less aggressive
disease. In view of this, understanding the possible molecular
mechanisms and genetic phenotypes that modulate the het-
erogeneous PSMA responses to ADT might help to better
understand the flare phenomenon.

The possible clinical significance of the PSMA flare still
requires further clarification. Given the heterogeneity of the
phenomenon, increase in the diagnostic performances is most
likely limited, as no changes in staging were observed in our
cohort of patients. On the other hand, identifying patients at
risk of rapid progression would allow the implementation of
appropriate follow-up strategies or further therapies. In particu-
lar, knowing that certain metastases are potentially more prone
to progress might help in selectively treat those with stereotac-
tic radiotherapy. However, this might not always be feasible in

high-volume disease. Moreover, the impact of targeted radio-
therapy of metastatic lesions on patient outcome is still under
debate. Another aspect to consider is whether the PSMA flare
might have an impact on the planning of radionuclide therapies.
A recent prospective pilot study demonstrated the safety and the
feasibility of ["""Lu]PSMA treatment in hormone-sensitive meta-
static PCa [22]. In this scenario, hormone-sensitive patients who
exhibit more evident PSMA flare after ADT could have increased
binding sites for radionuclide therapy. Further prospective trials
are needed to confirm whether ADT-related PSMA flare could
improve the outcome of ['7’Lu]PSMA therapy.

In this study, FDG PET has been used to select potentially
aggressive PCa lesions and, through that, to investigate the
possible correlation between FDG uptake and the PSMA flare
phenomenon. Based on the results of our study, we would not
recommend the use of FDG PET in the clinical practice for
primary staging of PCa. However, it would be scientifically
interesting to observe whether FDG-positivity could have a
predictive value in the development of castration resistance.
Moreover, as we hypothesize about the PSMA-flare, FDG-
positivity could also have a potential role in selecting aggres-
sive lesions for metastases-targeted therapies. Longer follow-
up will hopefully give insight into these aspects.

We observed that the decrease in serum PSA is correlated
negatively with the presence of the PSMA flare; in other
words, PSA decreased more rapidly in patients whose major-
ity of lesions did not present with the PSMA flare. Serum
PSA and several other PSA-related parameters, such as PSA
at diagnosis, PSA nadir, time to nadir, and percentage of
decrease, have been widely accepted as prognostic factors to
predict response to therapy [23, 24]. One might expect that a
rapid decrease in serum PSA after ADT would be the result
of rapid PCa cell death and therefore would predict better
response to therapy [23, 25]. However, interestingly, some
studies have observed that a slower decrease in serum PSA,
particularly meaning a longer time to nadir, is associated with
better response and longer survival [26-29]. The mechanisms
responsible for the association between a rapid decline in PSA
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and a worsening prognosis are still not clear. One explanation
might be that the rapid fall of PSA is related to a transcriptional
effect on PSA production rather that cell death. Another pos-
sibility is that a rapid removal of hormone-sensitive cells can
initiate the growth of castration-resistant cells [27, 28]. Our
results seem to be consistent with this concept, since the serum
PSA decreased more rapidly in patients with potentially more
aggressive lesions. If proven right, this might corroborate the
hypothesis of the PSMA flare as a favorable prognostic factor.
However, the follow-up time for serum PSA in our cohort is
too short to draw conclusions and longer follow-up is needed
to confirm this hypothesis.

Our results regarding the PSMA flare in hormone-sensitive
patients are consistent with the previous prospective studies
that investigated the effect of short-term ADT on PSMA
uptake [10, 11, 13]. Emmet et al. reported a reduction of
PSMA uptake after short-term ADT in 8 hormone-sensitive
PCa patients, according to a patient-based analysis and a single
median SUVmax value [12]. However, despite similar patient
characteristics and imaging time-points, our study was per-
formed on a larger cohort of patients and the image analysis
was lesion-based. These considerations are likely to explain
the differences in the reported findings.

The use of SUVmax as the only parameter for tracer uptake
might be a limitation of this study. However, we used a 20% as a
cut-off to define the increase in PSMA uptake in order to avoid
any possible variation in the SUVmax due to technical reproduc-
ibility aspects. Moreover, all the patients were scanned with the
same camera in order to minimize possible technical variation
and no differences in injected activities or scanning times were
observed. The presence of only one PET reader might also be
considered as a limitation. However, the aim of this study was not
to assess the diagnostic performance of [\*FJPSMA-1007 PSMA
PET, but rather to investigate the phenomenon of the flare in
PSMA uptake in patients with already known distant metastases.
Moreover, we had already assessed the inter-reader agreement
in our previous trial [13] that did not demonstrated significant
differences between the readers. Finally, the absence of histologi-
cal verification of potential metastases, especially in the bone,
might be another limitation, considering that non-specific bone
uptakes might be encountered in ['*FJPSMA-1007 PET imaging
[6]. However, the presence of bone metastases was confirmed
on conventional imaging performed within 2 weeks from enrol-
ment. Moreover, to avoid the risk of possible false-positive bone
uptakes, only those PSMA uptakes with corresponding finding
on CT (sclerotic or lytic lesion) were included in our analysis.

Conclusion
A heterogeneous flare in PSMA uptake after short-term

ADT was observed in metastatic treatment-naive PCa
patients, most evidently in bone lesions. There seems to

@ Springer

be a negative correlation between the PSMA flare and
the intensity of FDG uptake, suggesting that lesions pre-
senting with the flare might potentially be less aggres-
sive. Moreover, serum PSA decreased less rapidly in
patients with a higher number of lesions exhibiting the
PSMA flare, which might also potentially be a sign of
less aggressiveness. It is still unclear whether the flare
phenomenon could predict a better response to ADT.
Longer follow-up is needed to confirm these hypotheses.
All the patients in the current trial will receive follow-up
and will be scanned with ['*FIPSMA-1007 PET/CT at
an interval of 1 year and at onset of CRPC. The future
results will hopefully provide further insight into this
matter.
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Abstract

Purpose To prospectively compare '®F-prostate-specific membrane antigen (PSMA)-1007 positron emission tomography
(PET)/CT, whole-body magnetic resonance imaging (WBMRI) including diffusion-weighted imaging (DWI) and standard
computed tomography (CT), in primary nodal staging of prostate cancer (PCa).

Methods Men with newly diagnosed unfavourable intermediate- or high-risk PCa prospectively underwent '*F-PSMA-1007
PET/CT, WBMRI with DWI and contrast-enhanced CT within a median of 8 days. Six readers (two for each modality)
independently reported pelvic lymph nodes as malignant, equivocal or benign while blinded to the other imaging modalities.
Sensitivity, specificity and accuracy were reported according to optimistic (equivocal lesions interpreted as benign) and pessi-
mistic (equivocal lesions interpreted as malignant) analyses. The reference standard diagnosis was based on multidisciplinary
consensus meetings where available histopathology, clinical and follow-up data were used.

Results Seventy-nine patients completed all the imaging modalities, except for one case of interrupted WBMRI. Thirty-one
(39%) patients had pelvic lymph node metastases, which were detected in 27/31 (87%), 14/31 (45%) and 8/31 (26%) patients by
8F_PSMA-1007 PET/CT, WBMRI with DWI and CT, respectively (optimistic analysis). In 8/31 (26%) patients, only 'SF-
PSMA-1007 PET/CT detected malignant lymph nodes, while the other two imaging modalities were reported as negative. At the
patient level, sensitivity and specificity values for '*F-PSMA-1007 PET/CT, WBMRI with DWI and CT in optimistic analysis
were 0.87 (95%CI 0.71-0.95) and 0.98 (95%CI 0.89-1.00), 0.37 (95%CI 0.22—-0.55) and 0.98 (95%CI 0.89-1.00) and 0.26
(95%C1 0.14-0.43) and 1.00 (95%CI 0.93—-1.00), respectively.

Conclusion 'SF-PSMA-1007 PET/CT showed significantly greater sensitivity in nodal staging of primary PCa than did WBMRI
with DWI or CT, while maintaining high specificity.

Clinical trial registration Clinicaltrials.gov ID: NCT03537391

Keywords Prostate cancer - Primary staging - Lymph node metastasis - '*F-PSMA-1007 PET/CT - WBMRI - CT
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Introduction

The presence of pelvic lymph node metastases at initial stag-
ing is an important prognostic factor in primary prostate can-
cer (PCa) [1]. Following radical treatment of localized PCa,
such as prostatectomy or external beam radiotherapy, some
men are diagnosed with nodal recurrence [2]. This can be
partly attributed to the inability of conventional imaging
methods to correctly stage patients at the time of initial diag-
nosis. A more accurate determination of the initial extent of
the disease using next-generation imaging modalities could
improve therapeutic planning and possibly treatment outcome
[3].

Abdominopelvic imaging with conventional computed to-
mography (CT) is still recommended in primary nodal staging
of PCa, although the sensitivity of CT in detecting lymph node
metastases is modest [4]. Pelvic magnetic resonance imaging
(MRI) with diffusion-weighted imaging (DWI) is the method
of choice for assessing local tumour extent, and it plays an
important role in the detection of regional lymph node metas-
tases [5]. Moreover, determining the overall extent of PCa
with whole-body MRI (WBMRI) has gained increasing inter-
est [6] .

Prostate-specific membrane antigen (PSMA) positron
emission tomography (PET) imaging has recently been
introduced in PCa imaging [7]. Accumulating evidence
supports the use of PSMA PET/CT for the restaging of
PCa after biochemical recurrence. However, there is less
evidence supporting its use in primary staging, and yet
the data are mainly limited to °®Ga-labelled PSMA
tracers. Alternatively, novel 18F_labelled PSMA ligands,
such as '®F-PSMA-1007 [8], are able to offer longer
half-life, superior energy characteristics and higher image
resolution compared with *®Ga-labelled tracers. In addi-
tion, '®F-PSMA-1007 is only minimally excreted by the
urinary tract, an advantage in pelvic imaging. There is
preliminary evidence that 'F-labelled PSMA tracers
might have a higher incidence of benign uptake in bone
tissue and unspecific lymph nodes [9, 10], although no
prospective comparative studies with ®Ga-labelled tracer
are available.

To date, only a limited number of studies evaluating 18p_
labelled PSMA tracers in the detection of PCa regional lymph
node metastases have been published [11-13].

We have previously prospectively compared the diagnostic
performance of next-generation (‘*F-PSMA-1007 PET/CT,
WBMRI with DWI and SPECT/CT) and conventional imag-
ing modalities (CT and bone scintigraphy) in primary distant
metastasis staging of PCa [10].

Using the same patient cohort, the aim of the current study
was to prospectively compare '*F-PSMA-1007 PET/CT,
WBMRI using DWI and CT in primary nodal staging of
men with unfavourable intermediate- and high-risk PCa.

@ Springer

Material and methods
Study design and patient population

This is a prospective non-randomized registered
(NCT03537391) single-centre trial that included patients with
newly diagnosed histologically confirmed unfavourable
intermediate- or high-risk PCa (International Society of
Urological Pathology grade group >3 and/or prostate-
specific antigen [PSA] >20 and/or ¢T > T3). Exclusion criteria
included any previous PCa imaging for metastasis staging,
PCa treatment before enrolment and contraindications for
MRI. Administration of androgen deprivation therapy
(ADT) at enrolment was permitted if necessary for symptom-
atic very high-risk PCa patients. All participants underwent
99MTc_HMDP planar bone scintigraphy, **™Tc-HMDP
SPECT/CT, contrast-enhanced abdominopelvic and thoracic
CT, WBMRI with DWI and '*F-PSMA-1007 PET/CT within
2 weeks of enrolment and without a prespecified sequence.
Since the current study solely focused on regional nodal stag-
ing, the following imaging modalities were evaluated:

1. Standard imaging: contrast-enhanced CT
2. Imaging under evaluation: WBMRI with DWI and '®F-
PSMA-1007 PET/CT

Imaging modalities

Contrast-enhanced CT Abdominopelvic and thoracic CT was
performed with a Discovery NM/CT 670 CZT, a digital
SPECT/CT imaging system, including Optima CT540 sub-
system (GE Healthcare, Tirat, Hacarmel, Israel). A helical
CT tomogram with a modulated mAs (noise index ~30), a
rotation time of 0.5 s, 120 kVp, a pitch of 0.938 and 1.25-
mm slice thickness was acquired. Soft tissue, bone and lung
kernels were employed with a 40% dose reduction in the
Adaptive Statistical Iterative Reconstruction (ASIR, GE
Healthcare, USA) algorithm. A biphasic contrast-enhanced
CT protocol (arterial phase of 10 s, followed by venous phase
at 30 s) was performed. Contrast agent (Omnipaque
(iohexol)™ GE Healthcare, iodine concentration of
350 mg/ml) was used unless clinical contraindications were
present.

Whole-body MRI WBMRI imaging was performed using a
Siemens Magnetom Avanto fit 1.5 T MR system (Siemens
Healthcare GmbH, Erlangen, Germany). WBMRI acquisition
protocol consisted of axial T2-weighted fat suppressed (FS)
half-Fourier single shot turbo-spin echo images (HASTE),
axial short-tau inversion recovery (STIR) DWI, b-values 0,
50, 900 s/mm? and coronal 3D T1-weighted volumetric inter-
polated breath-hold examination (VIBE) Dixon sequences. In
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addition, whole spine sagittal T1- and T2-weighted STIR tur-
bo spin-echo (TSE) sequences and axial STIR DWI images
from the level of the pelvis, b values 0, 1500 s/mm?>, were
acquired.

'8F-PSMA 1007 tracer synthesis and PET/CT '*F-PSMA-1007
tracer was manufactured by MAP Medical Technologies Oy,
Curium Pharma (Helsinki, Finland), as previously described
[14].

The PET/CT study was carried out with Discovery MI
digital PET/CT system (GE Healthcare, Milwaukee, WI,
USA), with a 128 slice CT and a 3D PET imaging capability.
The PET imaging field of view (FOV) was 70 cm in diameter
and 20 cm in axial length. Transmission scan for attenuation
correction was performed using a low-dose (noise index 30,
automatic 3D current modulation, 10-120 mAs and 120 kVp)
CT protocol. A static emission scan was acquired from vertex
to mid-thigh (6 bed positions, 2 min/bed). The sinogram data
were corrected for deadtime, decay and photon attenuation
and reconstructed in a 256 x 256 matrix. Image reconstruction
utilized a Q. Clear method (a Bayesian penalized likelihood
reconstruction algorithm for PET) with 3 value of 500 incor-
porating random and scatter corrections. The final in-plane
FWHM (full-width half-maximum) of the systems is <5 mm.

Imaging interpretation and reference standard

There were a total of six readers (4 radiologists and 2 nuclear
medicine physicians), two for each of the three imaging mo-
dalities. Each imaging modality was independently reviewed
by the same pair of experienced modality-based experts,
blinded for the other modalities.

The pelvic lymph nodes were reported as malignant,
equivocal or benign, and these data were collected on an
electronic database [15]. Both optimistic (equivocal lesions
interpreted as benign) and pessimistic (equivocal lesions
interpreted as malignant) analyses were performed to re-
solve equivocal lesion status. Lesions were interpreted in
all modalities according to clinical expertise and following
current guidelines [3, 16]. In CT and WBMRI, lymph node
diameter (short diameter >8 mm) and morphology
(rounded) were used to determine malignancy. In MRI,
diffusion restriction was also used to assess nodal invasion,
especially in normal-sized lymph nodes. In '*F-PSMA-
1007 PET/CT, lymph nodes in a typical site of PCa metas-
tasis and with tracer uptake (expressed as standardized up-
take value [SUVmax]) above the blood pool were consid-
ered malignant. Imaging studies were interpreted using
Advantage Workstation (version 4.7, GE Healthcare,
Buc, France), Weasis Medical Viewer (version 3.5.3,
University Hospital of Geneva, Switzerland) and Vue
PACS (version 12.2.0.1007, Carestream Health Inc.,
Rochester, USA).

For the validation of all reported lesions, the reference stan-
dard diagnosis was utilized, which included histopathological
specimens (when available), information from all primary im-
aging modalities, follow-up imaging and clinical follow-up
data. When histopathology was not available, lymph nodes
were considered malignant when at least three of the follow-
ing criteria were met: (1) concordance between primary imag-
ing modalities, (2) increase in size or number of lymph nodes
during follow-up imaging, (3) decrease in size or number of
lymph nodes during follow-up imaging in response to treat-
ment, (4) increase in serum PSA suggesting progression, (5)
decrease in serum PSA in response to treatment, (6) increase
in PSMA uptake during follow-up imaging (when available),
and (7) decrease in PSMA uptake during follow-up imaging
(when available) in response to treatment.

The reference standard diagnosis was determined at the
lesion level in a regularly organized consensus meeting by a
multidisciplinary team including two urologists, one
uropathologist, two radiologists (CT and MRI specialists)
and two nuclear medicine physicians.

Histopathological analysis

Surgical tissue specimens from pelvic lymph node dissection
(PLND, i.e., removal of lymphatic tissue around external and
internal iliac vessels and obturator nerve starting from the
ureter crossing and extending to the pelvic wall) were fixed
in 10% buffered formalin for minimum of 24 h. The number
of palpable lymph nodes identified on each side was deter-
mined, and the lymph nodes were cut in 3—4 mm sections
before routine tissue processing. Consecutive histological sec-
tions of 4 um thickness were used for haematoxylin and eosin
(H&E) staining and for immunohistochemistry. Epitope
unmasking was done by microwaving the slides in Tris-
EDTA buffer. PSMA staining was carried out with a Lab
Vision autostainer (Thermo Fisher Scientific) using a mouse
monoclonal PSMA antibody (Dako, clone M3620, 1:100) and
Envision detection kit (EP192). Pan-cytokeratin staining was
carried out using BenchMark ULTRA automated slide stainer
(Ventana Medical Systems, Tucson, Arizona, USA) and anti-
pan-cytokeratin antibody (clone AE1/AE3/PCK26, 46.3
pg/ml). All the histological slides were reviewed by one
board-certified experienced uropathologist blinded to the im-
aging modality results.

Statistical analysis

The sample size estimation for this clinical trial has been pre-
viously described [10]. Descriptive statistics including medi-
an, interquartile range (IQR) and range were used. Sensitivity,
specificity and accuracy were reported with 95% confidence
interval (CI) and compared between modalities with Fisher’s
exact test. For both patient- and lesion-based statistical
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analysis, correct side of the pelvis (right or left) was consid-
ered to achieve correct agreement with the reference stan-
dard diagnosis. The inter-reader agreement was assessed
using Cohen’s Kappa (95% CI). Pearson’s r was used to
study correlation between PSMA SUVmax and lesion’s size.
p-values less than 0.05 were considered statistically signifi-
cant. Statistical analyses were performed with JMP®
System, version 14.2.0 for MacOS (SAS Institute Inc.,
Cary, NC, USA).

Results

Seventy-nine patients were included in this study. All pa-
tients underwent all imaging modalities except for one case
of interrupted WBMRI due to unexpected claustrophobia.
Patient characteristics are summarized in Table 1. The me-
dian age was 72 years (interquartile range [IQR] 66—77;
range 52-87), and median PSA was 12 (IQR 7-23; range
3-2000). The median interval between the first and last im-
aging was 8 days (IQR 6—-12; range 1-44). The median ad-
ministered activity of '*F-PSMA-1007 was 250 MBq (IQR
246-256; range 206-279), and PET/CT scan was acquired at
a median of 60 min (IQR 60—60; range 59-63) from tracer
injection. The median follow-up period was 21 months (IQR
19-25; range 16-29). Five patients received ADT therapy at
enrolment due to symptomatic very high-risk PCa. In all of
these patients, metastatic disease was detected, and all imag-
ing modalities were performed within 3 weeks from enrol-
ment. In particular, the median interval between the initiation
of ADT and '®*F-PSMA PET/CT was 7 days (IQR 3-17;
range 2-22).

According to EAU risk group classification, 17/79 (22%)
patients belonged to unfavourable intermediate- and the rest
to high-risk group (62/79, 78%). Consensus staging results
after all imaging reports were as follows: 41 patients had
localized disease, 18 had locally advanced disease, and 20
had distant metastatic disease.

Thirty-one (39%) patients were deemed to have pelvic
lymph node metastatic disease, which, in optimistic analysis,
was detected in 27/31(87%), 14/31(45%) and 8/31 (26%) pa-
tients by '*F-PSMA-1007 PET/CT, WBMRI with DWI and
CT, respectively. In 8/31 (26%) patients, only '*F-PSMA-
1007 PET/CT was able to detect metastatic lymph nodes,
while the other two imaging modalities were reported as neg-
ative. Sensitivity, specificity and accuracy values at the
patient-level are given in Table 2. '*F-PSMA-1007 PET/CT
significantly outperformed WBMRI with DWI and CT in sen-
sitivity and accuracy. Inter-reader agreement for '*F-PSMA-
1007 PET/CT at the patient-level was superior compared to
WBMRI with DWI and CT, with Kappa values of 0.89, 0.47
and 0.69, respectively, in optimistic analysis (Supplementary
Table S1).
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Table 1  Patient demographics
Age Median ([IQR] range)
Years 72 ([66-77] 52-87)
PSA Median ([IQR] range)
ng/ml 12 ([7-23] 3-2000)
Clinical T-category * n (%)
cT1 7(11)
cT2 37 (46)
cT3 27 (33)
cT4 8 (10)
Biopsy GGG n (%)
1* 3(4)
2 1(1)
3 29 (37)
4 13 (16)
5 33 (42)
Primary treatment® n (%)
RALP 5(6)
RALP + PLND 17 (22)
EBRT 37 (47)
TULSA 203)
ADT 17 (21)
Watchful waiting 1(1)

PSA prostate-specific antigen, GGG Gleason grade group, RALP robot-
assisted laparoscopic prostatectomy, PLND pelvic lymph node dissec-
tion, EBRT external beam radiotherapy with (n=36) or without (n=1)
ADT androgen deprivation therapy, TULSA transurethral ultrasound ab-
lation of prostate; ADT with (n =4) or without (n = 13) early chemother-
apy with docetaxel

? Clinical T-category was determined based on transrectal ultrasound and
digital rectal examination before any imaging

® All patients with GGG 1 had PSA >20 ng/ml

© All treatments were performed and/or initiated after the imaging studies,
except for 5 patients, who began ADT at enrolment due to symptomatic
very high-risk PCa. In two cases, palliative transurethral resection of the
prostate was performed due to bladder outlet obstruction prior to EBRT,
and one case underwent palliative TULSA combined with ADT

At the lesion level, 206 lymph nodes were interpreted
as malignant (the reference standard diagnosis). The num-
ber of true positive, false positive and false negative le-
sions for each imaging modality and reader is shown in
Table 3. The detection rate of lymph node metastases for
18F_PSMA-1007 PET/CT was 83%, compared to 58% for
WBMRI with DWI and 52% for CT. Out of all the met-
astatic lesions detected by '*F-PSMA 1007 PET/CT, 126/
170 (74%) were smaller than the anatomical cutoff value
of 8 mm, of which 90 lymph nodes had the short diameter
between 5 and 8 mm and 36 lymph nodes <5 mm
(Supplementary Fig. S1). SUVmax intensity did not show
correlation with lymph node’s dimensions (+* = 0.010; p =
0.33).



Eur J Nucl Med Mol Imaging (2021) 48:2951-2959

2955

Table 2

Sensitivity, specificity and accuracy of both readers of each imaging modality in pessimistic and optimistic analysis at the patient level

Imaging modality Reader Pessimistic analysis

Optimistic analysis

Sensitivity Specificity Accuracy (95%CI) Sensitivity Specificity Accuracy (95%CI)
(95%CI) (95%CI) (95%CI) (95%CI)
CT 1 0.39 (0.24-0.56) “°  0.94 (0.83-0.98) 0.72 (0.61-0.80) “° 0.16 (0.07-0.32) ** 1.00 (0.93-1.00) 0.67 (0.56-0.76) *°
2 0.32 (0.19-0.50) “° 0.94 (0.83-0.98) 0.70 (0.59-0.79) “° 0.26 (0.14-0.43) ** 0.98 (0.89-0.99) 0.70 (0.59-0.79) *°
WBMRI with 1 0.40 (0.25-0.58) ™ 0.96 (0.86-0.99) 0.74 (0.63-0.83) “° 0.37 (0.22-0.55) ** 0.98 (0.89-1.00) 0.74 (0.63-0.83) *°
DWI 2 0.50 (0.33-0.67) *® 0.91 (0.80-0.97) 0.75 (0.65-0.84) *° 0.37 (0.22-0.55) *® 0.98 (0.89-1.00) 0.74 (0.63-0.83) *°
BE_.PSMA-1007 1 0.84 (0.67-0.93)  0.96 (0.86-0.99) 0.91 (0.83-0.96)  0.77 (0.60-0.89)  0.98 (0.89-1.00) 0.90 (0.81-0.95)
PET/CT 2 0.90 (0.75-0.97)  0.94 (0.83-0.98) 0.93 (0.85-0.96)  0.87 (0.71-0.95)  0.96 (0.86-0.99) 0.92 (0.84-0.96)

CT computed tomography, WBMRI whole-body magnetic resonance imaging, DWI diffusion-weighted imaging, /® F~-PSMA-1007 PET/CT prostate-

specific membrane antigen positron emission tomography-CT, C/ confidence interval
“ Statistically significant difference (p < 0.05) compared to 18 F-PSMA-1007 PET/CT reader 1
b Statistically significant difference (p < 0.05) compared to '® F-PSMA-1007 PET/CT reader 2

Seventeen patients (22%) were treated with robot-
assisted laparoscopic prostatectomy (RALP) and PLND,
and five of these patients showed lymph node metastases
in histopathological examination. The results of the
patient- and lesion-based analyses from all the operated
patients are shown in Supplementary Table S2 and S3.
Compared to the other two imaging modalities, '*F-
PSMA-1007 PET/CT demonstrated superior sensitivity
and accuracy at the patient level (0.67 and 0.82 in optimis-
tic analysis) and the highest detection rate at the lesion
level (27%). '8F_.PSMA-1007 PET/CT was concordant
with histopathology in 14/17 (82%) patients, while the
corresponding numbers for WBMRI with DWI and CT
were 12/17 (71%) and 11/17 (65%), respectively. The
number of metastases detected by histopathology and
'®F_.PSMA-1007 PET/CT are presented in Supplementary
Table S4. Of the five patients with histologically con-
firmed lymph node metastases, three were detected by

'"*F-PSMA-1007 PET/CT, while both CT and WBMRI
were negative in all five cases. In each of these three pa-
tients, additional histologically confirmed lymph nodes
metastases were also found, which were not detected by
'8F_.PSMA-1007 PET/CT (Fig. 1). Supplementary Fig. S2
demonstrates one of the two histologically confirmed '*F-
PSMA-1007 PET/CT false negative cases. The only false
positive '*F-PSMA-1007 PET/CT case is shown in
Supplementary Fig. S3. All the lymph node metastases
detected by H&E staining (n=11) were also positive in
the immunohistochemical pan-cytokeratin and PSMA
staining. Immunohistochemical staining alone revealed ad-
ditional lymph node micrometastases (n=3) in three pa-
tients, each of whom was already diagnosed with other
histologically confirmed metastases, thus not affecting
the overall nodal status.

Pelvic follow-up imaging was available for 56/62 (90%) of
patients not treated with surgery (n=62), including CT (n=

Table3  The total number of reported lesions by both readers of each imaging modality and their concordance with the reference standard diagnosis at
the lesion level
Imaging Reader Number of positive Number of true  Detection rate of Number of false Number of false  Number of
modality lesions reported positive lesions  true positive lesions positive lesions  negative lesions  equivocal lesions
reported
CT 1 52 52 25% 0 154 36
2 146 107 52% 39 99 12

WBMRI with 1 93 91 44% 2 110 1

DWI 2 179 120 58% 59 81 9
'SF-PSMA-1007 1 178 170 83% 8 36 4

PET/CT 2 156 144 70% 12 62 1

CT computed tomography, WBMRI whole-body magnetic resonance imaging, DWI diffusion-weighted imaging, /® F-PSMA-1007 PET/CT prostate-

specific membrane antigen positron emission tomography-CT

There were 206 lymph node metastases according to reference standard diagnosis
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Fig. 1 Imaging and a
histopathological findings of
patient 48. 'SF-PSMA-1007 PET/
CT clearly identified one pelvic
lymph node metastasis (short di-
ameter: 6 mm) on the right (a—b)
which was retrospectively identi-
fied by CT (¢) and WBMRI (d).
Histopathological examination
confirmed one lymph node me-
tastasis on the right (maximum
diameter 7 mm) with intense
PSMA and pan-cytokeratin stain-
ing in immunohistochemistry (E).
On the other hand, '*F-PSMA-
1007 PET/CT did not detect an-
other lymph node metastasis
found in histopathological exam-
ination on the left (maximum di-
ameter: 8,5 mm, f). This lymph
node showed less intense immu-
nohistochemical PSMA staining
when compared to one on the
right. Boxed areas in low magni-
fication images are shown in high
magnification images

e

Low magnification High magnification

15), MRI with DWI (n=31) or "*F-PSMA-1007 PET/CT
(n=10).

Discussion

This prospective clinical trial compared standard (CT) and
next-generation imaging modalities (PSMA PET/CT using
the novel tracer 'SF-PSMA-1007 and WBMRI with DWI) in
primary nodal staging of men with unfavourable intermediate-
and high-risk prostate cancer. Thirty-one patients had pelvic
lymph node metastases, of which '*F-PSMA 1007 PET/CT
detected 87%, while the detection rates for WBMRI and CT
were 45% and 26%, respectively.'*F-PSMA-1007 PET/CT
showed the highest sensitivity, accuracy and inter-reader
agreement.

Many prospective studies that have used histopathology as
a validation have already demonstrated adequate diagnostic
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performance of PSMA PET/CT in primary nodal staging
[12, 13, 17-19]. However, only a small number of prospective
multimodality comparative studies are available [20-22], and
none conducted using '*F-PSMA-1007 tracer. Recently,
Hofman et al. [20] demonstrated superior diagnostic accuracy
of %Ga-PSMA-11 PET/CT in primary staging of men with
high-risk PCa in a randomized study setting, showing signif-
icantly higher sensitivity (0.85 vs 0.38) and better specificity
(0.98 vs 0.91) compared to conventional imaging. In line with
the results of our study, the superiority of 3 Ga-PSMA PET/
CT was also confirmed in the subgroup of patients with pelvic
nodal metastases. Similarly, the other two non-randomized
prospective comparative studies on smaller patient cohorts
[21, 22] showed higher performance, especially in terms of
sensitivity, of *Ga-PSMA PET/CT compared to MRI and/or
CT.

The higher sensitivity of '*F-PSMA-1007 PET/CT is most
probably based on the fact that lymph node metastases in PCa
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are not necessarily present only in enlarged lymph nodes [23,
24]. Our data is consistent with this concept since it demon-
strated that 74% of all lymph node metastases detected by 'SF-
PSMA-1007 PET/CT were smaller than the anatomical cutoff
value of 8 mm (short diameter) used in CT and MRI.

Recent prospective studies that used histopathology as a
reference standard showed results similar to our subgroup
analysis of operated patients, especially in terms of specificity
of PSMA PET/CT in primary nodal staging (Supplementary
Table S5). The sensitivity in our subanalysis was only partial-
ly in concordance with the results of those studies, which
showed heterogeneous values (0.39-0.64). This could be ex-
plained to some extent by differences in patient population or
in study methodology.

In our subgroup analysis of patients undergoing pelvic
lymph node dissection, '*F-PSMA-1007 PET/CT was con-
cordant with histology in 82% of the cases. However, there
were histologically confirmed nodal metastases (n=9) with
longest diameter of <4 mm that were not detected by 'SF-
PSMA-1007 PET/CT (Fig. 1, S2). Given the limits of PET/
CT resolution, limited accuracy in detecting very small or
micrometastases was expected.

Factors other than anatomical size should also affect the
detection rate of lymph node metastases. In this patient cohort,
lower SUVmax values were observed in smaller lymph nodes
with short diameter<5 mm (Fig. S1). However, PSMA
SUVmax values did not correlate with the anatomical size of
the lymph nodes. The varying detectability in PSMA PET
might be also due to heterogeneity in PSMA expression, as
we observed variable intensity in immunohistochemical
PSMA staining between positive metastatic lymph nodes
(Fig. 1, Supplementary Fig. S2, S4). Nevertheless, none of
the lymph node metastases detected by H&E was negative
on PSMA immunostaining, in line with recently published
data [22]. Weak PSMA expression was occasionally detected
also in non-metastatic tissues, as in the germinal centres of
lymphoid follicles as well as in the endothelial cells of med-
ullary sinuses (Supplementary Fig. S4). The former may rep-
resent tumour cell-derived PSMA phagocytosed by antigen
presenting cells as this finding was more frequently observed
among patients with metastatic lymph nodes. Further research
is needed in this respect.

We might tentatively speculate that another challenge in
"8F-PSMA-1007 PET/CT interpretation is the risk of false
positive cases in possibly reactive lymph nodes located in
the very distal iliac region. We observed only one histologi-
cally confirmed PSMA false-positive case (Supplementary
Fig. S3), where PSA values dropped <0.006 ng/ml during
follow-up after surgery.

The main limitation of this study is the relatively small
percentage of patients (22%) with histopathologically verified
lymph node status, of whom only 5 patients had lymph node
metastases. This could have led to a sub-optimal reference

standard and a possible underestimation of the true prevalence
of lymph node metastases in the majority of participants.

Since this prospective clinical trial was designed to find the
most appropriate imaging modality for the overall (local, nod-
al and distant) staging of men with newly diagnosed
unfavourable intermediate- and high-risk PCa, treatment man-
agement followed current clinical practice and surgical treat-
ment was not performed in all patients.

Furthermore, a strength of this study is that all patients were
examined within a very short time window by three different
imaging modalities (‘*F-PSMA-1007 PET/CT WBMRI with
DWI and CT) to support the standard reference diagnosis.
Another strength of the study is that all patients had long
follow-up times supporting the image-based validation of ref-
erence standard diagnosis in lesions lacking histopathological
evidence.

A small number of the study patients (n=15) with symp-
tomatic very high-risk PCa began ADT therapy at enrolment,
which could be considered a minor limitation. However, de-
spite it has been reported that ADT therapy might influence
heterogeneously PSMA uptake [25, 26], short-term treatment
is unlikely to have affected the lesion detectability. Moreover,
all five patients had metastatic disease detected using each of
the imaging modalities.

Another limitation of the study is that the effect of the next-
generation modalities on treatment decision-making was not
prospectively collected and investigated. Nevertheless, addi-
tional randomized evidence is needed to support the oncolog-
ical benefit of detecting earlier metastatic disease with next-
generation imaging.

Conclusion

This prospective comparative clinical trial showed significant-
ly improved sensitivity and accuracy of '*F-PSMA-1007
PET/CT over WBMRI with DWI and CT in the detection of
pelvic lymph node metastases in primary unfavourable
intermediate- and high-risk PCa, while maintaining high spec-
ificity. Additional evidence is needed to confirm the possible
clinical benefit of the early detection of lymph node metasta-
ses by 'F-PSMA-1007 PET/CT.
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