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Chapter 8
Advances in Prostate Cancer Imaging

Ali Aria Razmaria, Heiko Schoder, and Michael J. Morris

Introduction

The imaging of prostate cancer at different disease states has undergone a series of
quantum leaps in the past decade. Imaging in prostate cancer serves, in part, the
purpose of staging and risk-stratifying patients to formulate the most effective treat-
ment plan with the least adverse side effects. However, traditional imaging tech-
niques could only serve this role with significant limitations. Computed tomography
(CT), for instance, has a size criterion of 1 cm for lymph nodes as threshold of rais-
ing suspicion for malignancy, which would not detect sub-centimeter or micro-
scopic nodal disease often encountered on pathologic specimens. Traditional
Tc-99 m methylene diphosphonate (MDP) bone scan limited by inherent single
photon emission scintigraphic spatial resolution in the 1 cm range would fall short
of delineating early bone metastases. Magnetic resonance imaging (MRI), despite
its exquisite soft tissue resolution, faces challenges in identifying malignant lymph
nodes in sub-centimeter range. To compensate for the shortcomings of standard
imaging, statistical tools such as nomograms function as decision support in patient
management in prostate cancer. Nomograms offer predictions based on population
statistics to an individual on the risk of extraprostatic disease at diagnosis, the risk
of relapse after primary therapy, or the risk of developing metastatic disease at bio-
chemical relapse.

However, contemporary molecular imaging modalities can now more accurately
depict a patient’s distribution of disease on an individual level. This additional
insight can supplement information from predictive models to better tailor treat-
ment plans to an individual patient’s cancer and can translate into superior treatment
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plans based on a more accurate understanding of a patient’s disease. Tailored treat-
ment plans can be devised by detailed knowledge of the disease characteristics and
its distribution. The new paradigm of molecular imaging allows for detection of
disease at a molecular level, at a stage where often no macroscopic structural abnor-
malities can be demonstrated. It holds the promise of answering questions not suf-
ficiently addressed by conventional imaging and better characterizes prostate cancer
at its different stages. New methods have been successfully deployed to validate
these new imaging modalities and establish reference standards for comparison.

This chapter introduces different positron emission tomography (PET) imaging
probes in use for prostate cancer and their mechanisms of action. Subsequently, by
way of following the clinical state model of prostate cancer, we will appraise data
supporting the use of different imaging modalities in each disease state, addressing
challenges in clinical trial design in each instance. An emphasis will be put on PET
imaging techniques with molecular imaging principles.

PET Imaging Techniques for Prostate Cancer

F-18 Sodium Fluoride PET/CT or PET/MRI Bone Scan (F-18
NaF PET Bone Scan)

The F-18-NaF PET bone scan has a mechanism of action similar to the MDP bone
scan: chemisorption to hydroxyl apatite crystals in the extracellular matrix, as an
indicator of osteoblastic bone turnover in response to metastatic lesions [1]. As a
result, it is not the cancer but the osteoblastic activity of the bone surrounding the
cancer that is imaged.

As compared to the planar single photon emission tomographic method used in
the MDP bone scan, positron emission tomographic (PET) technology combined
with companion low-dose CT or MRI offers better spatial resolution and immediate
anatomic correlation. F-18-NaF PET/CT has superior diagnostic performance char-
acteristics compared to a conventional MDP bone scans [2]. In addition to diagnos-
tic advantages, F-18 NaF PET bone scan offers more patient convenience with
faster study completion time (1 hour vs. typically 3 hours with an MDP bone scan),
comparable radiation exposure, and only moderately increased cost [3]. However,
the US Centers for Medicare and Medicaid Services does not cover this modality at
the current time [4, 5].

F-18 Fluorodeoxyglucose (FDG) PET

FDG is the most commonly used PET tracer in oncology. FDG is a glucose analog
and is transferred by cell membrane glucose transporters (GLUT) into the cell,
where it is phosphorylated by hexokinase and trapped [6]. Many cancers have
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upregulated glycolytic metabolism with overexpression of glucose transporters.
While early states of prostate cancer predominantly rely on non-glycolytic metabo-
lism (and FDG is therefore not suitable for disease staging or characterization),
advanced states of the disease and high-grade tumors exhibit increased glucose
metabolism [7, 8]. In the latter scenario FDG has a potential role as a prognostic
biomarker and indicator of response to therapy [9—12].

C-11 Choline or F-18-Choline PET

Choline, a major component of cell membrane phospholipids, is internalized into
the cell by choline transporters and metabolized by choline kinase, an enzyme over-
expressed in several malignancies including prostate cancer [13—15]. The C11 iso-
tope has a short half-life of 20 minutes, requiring on-site cyclotron production,
whereas F-18, with a half-life of 110 minutes, offers logistical advantages like cen-
tral radiopharmacy production and distribution. Otherwise, both tracers have simi-
lar imaging characteristics and detection rates [16]. Variable degrees of physiologic
radiotracer activity in bone marrow and urinary tract, including the bladder, may
interfere with the detection of early bone, pelvic nodal, and prostatic bed recurrent
disease. Additional delayed post-void images may mitigate diagnostic limitations in
the pelvis.

F-18 Fluciclovine

F-18 fluciclovine (anti-1-amino-3-F-18-fluorocyclobutane-1-carboxylic acid, also
known as anti-F-18-FACBC) is a radiolabeled synthetic amino acid PET tracer (a
leucine analog) used for the imaging of upregulated amino acid metabolism in
tumors including prostate cancer [17, 18]. The tracer enters the cell by amino acid
transporters including alanine, serine, cysteine transporter 2 (ASCT?2), and L-type
amino acid transporter 1 (LAT1), with the latter being overexpressed in high-grade
prostate cancer [19, 20]. F-18 fluciclovine is not metabolized once inside the cell
and can leave the cell through the same transporters. In order to optimize distribu-
tion and also because of rapid influx and efflux of the tracer into and out of prostate
cancer cells, imaging must start within 3—-5 minutes of the injection of radiotracer
[21-23].

The advantage of low urinary excretion makes this tracer desirable for prostate
cancer imaging and constitutes an advantage over other available PET tracers. A
disadvantage, however, is the relatively high skeletal, muscle, and bone marrow
uptake [24]. The latter can interfere with detection of osseous metastases. In addi-
tion, prostate cancer cannot be ruled out in sclerotic bone lesions seen only on CT
without radiotracer activity, since dense osteoblastic lesions may lack increased
F-18 fluciclovine uptake [25].
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Ga-68 or F-18 Prostate-Specific Membrane Antigen (PSMA)

Prostate-specific membrane antigen (PSMA) is a transmembrane protein highly
expressed on benign prostatic tissue and overexpressed by 100-1000-fold in malig-
nant prostate epithelial cells. The PSMA gene was cloned in the research laboratory
of Dr. Warren Heston at Memorial Sloan Kettering Cancer Center in 1993 [26-28].
Unlike prostate-specific antigen (PSA), which is truly prostate specific, other nor-
mal tissues like the brush border epithelium of the duodenum and small intestine,
renal proximal tubule epithelium, salivary glands, as well as ganglions in nervous
system also express PSMA [29-30]. Several other cancers express PSMA, includ-
ing urothelial cancer of bladder, neo-vasculature of clear cell renal cancer, or endo-
metrial cancer, albeit to a lesser extent than prostate cancer [30-34]. PSMA is a type
2 transmembrane glycoprotein enzyme involved in folate metabolism and is also
known as folate hydrolase 1 [35, 36]. In the nervous system, PSMA increases the
excitatory neurotransmitter glutamate and is also referred to as glutamate carboxy-
peptidase II (GCPII) [37]. PSMA activity in peripheral ganglionic tissue may pose
a pitfall in interpretation of clinical scans. It is hypothesized that overexpression of
this enzyme in malignancies may provide a growth advantage in low folate environ-
ments; other proposed functions are involvement in signal transduction and cell
migration [38, 39].

The extent of PSMA overexpression in prostate adenocarcinoma correlates with
Gleason grade [40, 41]. PSMA is also overexpressed in castration-resistant prostate
cancer; cell lines with decreasing androgen sensitivity demonstrate increasing lev-
els of PSMA expression [42]. Androgen-receptor-mediated signaling and PSMA
expression are interconnected, and there is an inverse relationship between andro-
gen levels and PSMA gene expression in experimental models [43, 44]. Preclinical
studies demonstrate that androgen deprivation therapy (ADT) induces an increase in
PSMA expression, although the ultimate effect of androgen deprivation is shrinkage
in cell size and apoptosis [43]. Small-sized clinical studies appear to confirm the
preclinical data with the difference that in castration-sensitive prostate cancer the
rapid involutory effect of ADT appears to outweigh the initial increase in PSMA
expression with the net effect of decreased detectability of lesions on PSMA scans
[45]. Conversely, castration-resistant prostate cancer may display a more sustained
PSMA overexpression or “PSMA flare” at further androgen manipulation with
second-generation antiandrogens [46, 45]. However, larger studies in more defined
prostate cancer phenotypes are required to confirm these initial observations.

Initial attempts to image prostate cancer using PSMA targeted the intracellular
epitope (7E11) with indium-111-conjugated monoclonal antibodies (indium-111
capromab pendetide, ProstaScint ®). This tracer found only limited use due to mul-
tiple factors, including the difficulty of the large antibody conjugate reaching the
intracellular epitope, which is only exposed in necrotic cells with membrane disrup-
tion, as well as its suboptimal imaging properties.

The desired sensitivity and specificity for imaging was subsequently achieved
with the development of monoclonal antibodies and especially small molecule
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ligands to the extracellular domain, particularly the active catalytic site of PSMA
[36]. Among monoclonal antibodies, J591 has been most investigated in clinical
trials showing good tumor localization [47]. In general, imaging with monoclonal
antibodies poses several potential disadvantages, however. First, antibodies have a
relatively long circulation time, resulting in a low signal-to-noise ratio due to
delayed blood clearance and nonspecific background activity. The delayed blood
clearance requires longer times after injection of radiotracer before imaging can be
performed with an acceptable signal-to-noise ratio. These properties imply that
antibodies must be tagged with longer-lived isotopes, and patients must return typi-
cally 3-5 days after the injection for the actual imaging. Available isotopes with
long half-lives such as zirconium-89 (Zr-89; physical half-life 78.4 hours) meet this
need, but the logistical inconvenience to patients of a multiday study remains. An
additional theoretical disadvantage pertains to tumor penetration by the relatively
large-sized antibody protein. Use of antibody fragments (like single-chain frag-
ments) might be a possible solution for both challenges [48, 49].

Among several clinically introduced PSMA-targeting small molecule compounds,
Ga-68 PSMA-N,N’-bis-[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N’-
diacetic acid (68Ga-HBED-CC) also known as Ga-68 PSMA 11 is probably the
best studied and most widely clinically used radiotracer (Fig. 8.1). Also, a robust
body of literature exists for fluorine-18-conjugated PSMA compounds
N-[N-[(S)-1,3-dicarboxypropyl]carbamoyl]-4-18F-fluorobenzyl-l-cysteine, also

Zr-89 J591
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Fig. 8.1 Radiotracer distribution and targets at cellular level. PSMA Prostate-specific membrane
antigen, CHLT Choline transporter, FDG Fluorodeoxyglucose, GLUT Glucose transporter, NaF
Sodium fluoride, MDP Methylene diphosphonate, ASCT2 Alanine, serine, cysteine transporter 2,
LAT] L-type amino acid transporter 1




152 A. A. Razmaria et al.

known as F-18 DCFBC, and the newer iteration 2-(3-[1-carboxy-5-[(6-fluoro-pyri-
dine-3-carbonyl)-amino]-pentyl]-ureido)-pentanedioic, also known as F-18 DCFPyL
[50-53]. Ga-68 PSMA 11 and F-18 DCFPyL appear to have similar imaging charac-
teristics and share the mode of urinary excretion posing challenges in the detection
of cancer in prostate fossa and in the vicinity of the bladder or ureters. Some centers
utilize additional postvoid pelvic images with or without use of a diuretic to mitigate
sometimes-faced diagnostic difficulties in the pelvis. Newer PSMA ligands without
urinary excretion like F-18 PSMA-1007 or th-PSMA-7 are promising, but limited
data is available on these compounds at the current time [54, 55].

Although PSMA-11 has strong chelating properties for Ga-68, it does not bind
the therapeutic radionuclides lutetium-177 (Lu-177) or yittrium-90 (Y-90) with
the same stability. Other PSMA ligands including PSMA-671 or PSMA 1&T [56]
provide more stable binding for the therapeutic radionuclides. The PSMA-617
ligand can be conjugated with Ga-68 for imaging and with Lu-177 for therapy and
is the agent used in recent randomized therapeutic clinical trials [57-59].
PSMA-617 features reduced kidney uptake when compared to PSMA-11, which
might be of benefit in the therapeutic scenario; however, it also features urinary
mode of excretion with slightly slower tracer kinetics than PSMA-11, rendering it
less favorable for imaging [60]. PSMA I&T can also be conjugated with Ga-68
and with Lu-177 and demonstrates reduced hepatic uptake, but has lower lesion
binding and higher background activity than PSMA-11 with the same mode of
urinary excretion [61].

F-18 Fluorodehydrotestosterone PET (F-18 FDHT PET)

Investigational use of F-18 FDHT PET has also garnered special interest in the set-
ting of advanced metastatic prostate cancer. Androgen receptor (AR) signaling
plays a crucial role in the development and progression of metastatic prostate can-
cer. AR expression can be assessed noninvasively by F-18 FDHT, which is an ana-
log of dihydrotestosterone (DHT) [62, 63]. Since FDHT is an analog of endogenous
DHT, there is competitive binding between the two molecules for AR, similar to the
relation between FDG and high levels of plasma glucose in FDG PET/CT. Therefore,
this agent is used in the androgen-deprived or castrate state to obtain good target
binding of the tracer. F-18 FDHT enters the cell by passive diffusion through the
cell membrane because of its lipophilic properties and combines with AR in cyto-
plasm before translocating to the nucleus. Of note, treatment with androgen recep-
tor blockers such as apalutamide, bicalutamide, or enzalutamide should be avoided
to prevent interference with F-18 FDHT binding to AR [64]. F-18 FDHT has not yet
been approved by the FDA for routine clinical use.

A cell-level depiction of distribution and targets of different tracers used in pros-
tate cancer imaging can be found in Fig. 8.1.
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Localized Disease/Initial Staging

The difficulty of imaging prostate cancer is in part explained by its often-multifocal
presentation on histology within the prostate gland and confounding factors includ-
ing commonly present benign prostatic hyperplasia or prostatitis. This is why an
initial diagnosis is, in many cases, established by systematic sampling of the entire
prostate gland as opposed to targeted biopsy of a suspicious lesion, as is the case in
many other malignancies. The clinical questions in localized prostate cancer pertain
to the presence of unifocal versus multifocal disease, extracapsular extension, semi-
nal vesicle invasion, and neurovascular bundle involvement. In cases of nomogram-
predicted high probability of metastasis (intermediate- and high-risk disease),
evaluation for metastatic sites, including nodal and osseous disease, becomes rele-
vant at initial staging. The presence of metastatic disease has direct implications for
treatment planning and can change the approach from localized treatment to sys-
temic therapy or a combination of both.

The paucity of high-quality data in this realm is in part explained by challenges
in trial design, which apply to imaging trials at all stages of prostate cancer but are
most tangible in the setting of localized disease. Patients diagnosed with prostate
cancer with low risk of metastasis based on elevated PSA who subsequently obtained
standard systematic biopsy will undergo radical prostatectomy and template pelvic
nodal dissection. Consequently, proposed new imaging modalities in this setting
will always be compared to histology as gold standard. As a result, an imaging tool
with a technical resolution limit in millimeter range will be compared to microscopy
with resolution in micrometer range. Hence, the diagnostic performance of macro-
scopic imaging modalities invariably suffers in sensitivity; historically, for many
clinicians, this has implied a lack of utility. Clinics are increasingly adopting the
perspective that not all prostate cancers require treatment and not each microscopic
focus is clinically relevant, sparking renewed interest in distinguishing specifically
clinically relevant disease. The implementation of new outcome measures in imag-
ing trials — such as the detection of dominant focus of disease, high-grade disease,
specificity, or correct localization — has opened new avenues in imaging trial
design. Although new molecular imaging probes narrow the gap between macro-
scopic and microscopic disease, and molecular tracers can overcome size con-
straints by high levels of target expression, the resolution boundaries of imaging
instrumentation and hardware remain a limitation.

Magnetic Resonance Imaging (MRI)

Multiparametric MRI (mpMRI) has changed the imaging landscape of localized
prostate cancer by improving on the detection rates of high-grade tumors offered by
ultrasound or computed tomography (CT). Due to its high soft tissue resolution,
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MRI can also delineate locally advanced disease with relative accuracy, with a sen-
sitivity and specificity for extraprostatic extension of 49% and 82% and for seminal
vesicle involvement of 45% and 96% [65, 66]. This anatomical characterization can
inform subsequent treatment planning.

In a retrospective study of 150 prostate cancer patients, investigators evaluated
the detection of clinically significant prostate cancer (Gleason score >4 + 3) by
mpMRI and correlated imaging findings with whole mount pathology mapping
from subsequent prostatectomy. Using the Prostate Imaging Reporting and Data
System version 2 (PI-RADSV2), 94% (118/125) of peripheral zone and 95% (42/44)
of transition zone tumors with a tumor volume equal or greater than 0.5 mL were
detected. However, only 26% (7/27) of peripheral zone and 20% (2/10) of transition
zone tumors with a Gleason score >4 + 3, but less than 0.5 mL tumor volume, were
identified, pointing out the limited sensitivity in small-volume intermediate- to
high-grade lesions [67]. As a result of data like these and others [68], prostate biop-
sies are increasingly performed based on MRI or as MRI-guided biopsies, in addi-
tion to systematic sampling of the prostate. At the current time mpMRI remains the
imaging standard of choice for detection and localization of tumor within prostate
gland and assessment of extracapsular extension or seminal vesicle involvement.

PET Imaging Probes

Limited data exists evaluating the application of PET agents for intra-gland local-
ization of prostate cancer. Furthermore, many PET agents show similar uptake in
prostate cancer, benign prostatic hyperplasia, and prostatitis reducing the ability to
localize disease within the prostate. Nevertheless, preliminary data combining
newer PET imaging agents with pelvic MRI for primary tumor localization
(T-staging) suggest a beneficial effect in diagnostic performance. In a small pro-
spective study of 21 men with prostate cancer, serial 3 Tesla mpMRI of the prostate
and F-18 fluciclovine PET/CT within 6-month interval were obtained to evaluate for
localization of cancer within prostate. All patients underwent radical prostatectomy
for histological confirmation. When all tumors where included, sensitivities and
specificities of 67% and 66%, for F-18 fluciclovine PET/CT, and 73% and 79%, for
MRI, respectively, were demonstrated. When localization of dominant tumors was
assessed, both imaging modalities achieved 90% sensitivity. The combination of
both modalities yielded a positive predictive value (PPV) of 82% for localization of
any tumor within prostate, a value higher than each modality separately [69].

One can compellingly argue that the most important component of staging is not
detection of disease in the prostate, which will be done by biopsy, but the detection
of extraglandular disease. For most patients, the pelvic nodes represent the bound-
ary between locoregional and systemic disease and the potential for cure rather than
chronic management. Hence, PET imaging has extensively been explored for the
purposes of initial staging, with a particular toward assessing the status of the pelvic
nodes. There is some prospective evidence for metabolic PET probes like choline
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(C-11 or F-18) or F-18 fluciclovine in the setting of initial staging of intermediate-
to high-risk prostate cancer. In a prospective study of 210 patients with intermedi-
ate- to high-risk prostate cancer, Poulsen et al. evaluated the presence of nodal
metastases at initial staging using F-18 choline with histological confirmation by
pelvic node dissection. A sensitivity of 73.2% and specificity of 87.6% in per-patient
nodal staging was demonstrated. Incidental bone lesions in 18 patients, consistent
with metastases, not detected on standard bone scintigraphy, were noted. No central
scan reporting or measure of inter-reader agreement was included [70].

Beheshti et al. evaluated F-18 choline PET in a prospective cohort of 130 patients
with intermediate- to high-risk prostate cancer. With pathologic confirmation in 111
(85%) patients, a per-patient nodal staging sensitivity and specificity of 45% and
96%, respectively, was found. Interestingly, for lymph node metastases of 5 mm or
larger in diameter, an improved sensitivity of 66% (unchanged specificity) was
shown. Incidental detection of occult bone metastases in 13 patients was also
reported. No central independent reporting or blinding to clinical history of readers
was incorporated in the study design [71].

Using F-18 fluciclovine PET/MRI for preoperative lymph node staging in high-
risk prostate cancer, Selnaes et al. prospectively evaluated a small cohort of 28
patients and compared findings of PET and MR images, interpreted by separate
readers, using 3 Tesla MRI as scan equipment and the mpMRI protocol to assess the
prostate. An extended pelvic lymph node dissection was carried out in 26 patients,
who comprised the final study cohort. Patient-based sensitivity/specificity for detec-
tion of pelvic lymph node metastases was 40%/87.5% for MRI and 40%/100% for
F-18 fluciclovine, respectively [72]. No independent central reporting or measure of
inter-reader agreement was employed. Although small in size, this study suggests a
higher specificity for F-18 fluciclovine than MRI at a similar sensitivity.

Finally, in a meta-analysis of both C-11 and F-18 choline PET, Evangelista et al.
evaluated ten studies, the majority of which were prospective small- to moderate-
sized cohorts (12—130 patients) including the study by Beheshti et al. (overall 441
patients). In the setting of initial staging of intermediate- to high-risk prostate can-
cer and employing histological confirmation, a pooled sensitivity of 49% and pooled
specificity of 95% was reported [73].

More robust, regulatory-quality contemporary data is available on PET agents
that target the prostate-specific membrane antigen (PSMA) for initial staging. The
FDA approved Ga-68 PSMA-11 PET in December 2020 and F-18 DCFPyl in May
2021, multiplying the options for FDA-approved agents in the setting of initial stag-
ing of prostate cancer with increased risk for metastasis [74, 75]. Both PSMA PET
agents appear to have similar imaging characteristics with direct comparisons
between the two agents currently lacking. A summary of select studies with empha-
sis on pivotal trials leading to regulatory approvals of PET agents for initial staging
of prostate cancer is provided in Table 8.1.

In the OSPREY study, a prospective multicenter trial, Pienta et al. evaluated the
diagnostic performance with sensitivity and specificity as co-primary endpoints of
F-18 DCFPyL PET in 252 patients with high-risk prostate cancer undergoing radi-
cal prostatectomy with pelvic lymphadenectomy (cohort A). In a separate cohort B,
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Table 8.1 Summary of selected studies with emphasis on trials leading to FDA approval of PET
agents in initial staging of high-risk prostate cancer

Sensitivity

(SE) Nodal
Total PSA (ng/ | Primary | Central | Specificity | Histopathologic |tumor
patients | mL) endpoint | read (SP) confirmation size
Ga-68
PSMA 11
Hope et al. | 633 Median | SE/SP Yes SE 40% 277 patients Average
2020 [77] (range) | Detection SP 95% (44%) 10 mm in
11.1 of PLNM TP
(0.04- Average
147) 4 mm in
FN
F-18
DCFPyL
Osprey, 268 Median | SE/SP Yes SE 40.3% | 252 patients For
Pienta (range) | Detection SP97.9% | (94%) >5 mm
et al. 2021 9.7 of PLNM SE 60%
[76] (1.2 SP 97.9%
125.3)
F-18
Choline
Beheshti | 130 Range SE/SP No SE 45% 111 patients For
etal. 2010 0.25-462 | Detection SP 96% (85%) >5 mm
[71] of PLNM SE 66%
SP 97.9%
3 Tesla
MRI
von Below | 40 Range SE/SP No SE 55% 40 patients Average
etal. 2016 10-20 Detection SP 90% (100%) 12.3 mm
[68] of PLNM in TP
Average
5.2 mm
in FN

FN False negative, TP True positive, SE Sensitivity, SP Specificity, PSMA Prostate-specific mem-
brane antigen, PLNM Pelvic nodal metastasis, PET Positron emission tomography

93 evaluable prostate cancer patients with suspected recurrence or metastases on
conventional imaging undergoing biopsies were enrolled. Central independent
reporting of scans with blinding to clinical information was obtained and measures
of inter-reader and intra-reader agreement provided. In cohort A, a median specific-
ity of 97.9% and median sensitivity of 40.3% (the latter not meeting the prespecified
endpoint for sensitivity) was reported. In a post hoc sensitivity analysis of cohort A,
exploring detection of nodal metastases larger than 5 mm, assuming that smaller
tumor foci are below PET detection limits, resulted in a sensitivity of 60%
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(unchanged high specificity), meeting the prespecified confidence bounds for sensi-
tivity. For cohort B, the median sensitivity and PPV for extraprostatic lesions were
95.8% and 81.9%, respectively. F-18 DCFPyL PET, although similar in sensitivity
to conventional imaging, including CT and MRI, demonstrated consistently higher
specificity and PPVs in the setting of initial staging of high-risk prostate cancer [76].

Similarly, Hope et al. evaluated the sensitivity and specificity of Ga-68 PSMA
PET for nodal detection in a prospective multicenter cohort of 633 patients with
intermediate- to high-risk prostate cancer. Scans were read by independent central
readers blinded to clinical information. A majority rule was applied for final consen-
sus interpretation. With histopathologic confirmation by way of pelvic nodal dissec-
tion in 277 patients (44%), a per-patient sensitivity of 40% and specificity of 95%
were demonstrated. Also in this trial, the size of nodal involvement was associated
with detectability with an average node size of 10 mm in true-positive patients as
compared to 4 mm in false-negative patients [77].

In the proPSMA trial, a prospective multicenter randomized study with cross-
over design, authors investigated the accuracy of Ga-68 PSMA PET as first-line
imaging compared to CT and bone scan for detection of pelvic nodal and distant
metastases in patients with high-risk prostate cancer. Patients either underwent
curative-intent surgery or radiotherapy. A predefined reference standard including
histopathology, imaging, and biochemistry at 6-month follow-up was applied.
Scans were reported by central independent readers in addition to local readers, and
high measures of inter-reader agreement were reported. Of 339 assessed patients
for eligibility, 302 men were randomly assigned equally to the two study arms.
Patients crossed over unless three or more distant metastases were identified. Of
295 (98%) men with follow-up, 87 (30%) had pelvic nodal or distant metastatic
disease. Conventional imaging including CT and bone scan had lower sensitivity
(38% vs. 85%) and lower specificity (91% vs. 98%) compared with PSMA
PET-CT. In addition, management changes occurred more frequently with PSMA
PET as compared to conventional imaging (28% vs. 15%), and PSMA PET con-
veyed less equivocal findings than conventional imaging (7% vs. 23%). Furthermore,
in patients with second-line imaging following crossover, more management
changes ensued after second-line PSMA PET versus second-line conventional
imaging in 27% versus 5%, respectively. The authors concluded that PSMA PET is
a suitable replacement for combined CT and bone scan in initial staging of high-
risk prostate cancer [78].

The proPSMA trial provided compelling high-quality evidence that PSMA PET
can replace bone scan and CT in the initial staging of high-risk prostate cancer and
can be considered practice-changing. However, the initial T-staging of high-risk
prostate cancer will continue to rely on mpMRI, due to the shortcomings of cur-
rently available PSMA PET agents in the evaluation of the prostate gland, which
relate in part to urine PSMA excretion and normal mild PSMA expression in pros-
tatic tissue.
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Biochemical Recurrent (BCR) Prostate Cancer

Biochemical recurrence follows initial definitive treatment with curative intent,
either with radical prostatectomy or radiation therapy. This crucial disease state
represents recurrence without radiographic evidence of disease by standard tech-
niques. Biochemical recurrence is defined as when prostate-specific antigen (PSA)
values rise above 0.2 ng/mL after radical prostatectomy or rise 2 ng/mL or more
above the nadir PSA following definitive radiation therapy of the prostate (ASTRO
Phoenix consensus definition) [79]. About 20—40% of patients after radical prosta-
tectomy [80-82] and 30-50% after radiation therapy [83] develop biochemical
recurrence 10 years after treatment. The importance of this disease state and interest
in more accurate imaging modalities rests on the assumption that early accurate
detection of recurrent disease constitutes a window of opportunity for curative or
“salvage” treatment. For instance, the RADICALS-RT randomized prospective
phase III trial, comparing adjuvant radiation therapy versus salvage radiation in
1396 men after prostatectomy with high-risk features for progression (i.e., pT3/4
disease, Gleason score 7—10, positive margins, or preoperative PSA level >10 ng/
mL), supported early salvage radiation therapy over adjuvant radiation [84]. The
results of this trial further increased the interest of clinicians in better characteriza-
tion of recurrent disease at low PSA values.

While the patterns of recurrence are variable, some clinicopathological charac-
teristics can help predict sites of recurrent disease which in turn can guide treatment
decisions. For example, in patients with positive surgical margins after radical pros-
tatectomy, local recurrence is more common [85]. On the other hand, biochemical
recurrence within 6 months of radical prostatectomy, short PSA doubling time, and
unsurprisingly nodal involvement on pathology are predictors of metastasis [86—88].

Historically, patients with BCR underwent imaging with abdominopelvic com-
puted tomography and bone scan. However, these imaging modalities have limited
sensitivity. For instance, a standard bone scan is positive for metastatic disease in
less than 5% of cases if the PSA value is below 7 ng/mL in the biochemical recur-
rence setting [§9-91]. Similarly, CT studies in men experiencing BCR after surgery
with a mean PSA value in the range of 2.4-33.1 ng/mL detect disease in only
11-14% of patients [92, 93].

One conundrum in clinical trial design in this setting in developing new imaging
modalities is the establishment of a reference standard or gold standard. Often, the
ideal scenario of obtaining histological confirmation in lesions detected by imaging
is not feasible or possible due to small size, location, multiplicity, or patient prefer-
ence. In such situations, many well-designed studies establish a composite refer-
ence of “truth” based on subsequent imaging or PSA response to targeted therapy.
As in the setting of initial staging of prostate cancer, the utility of F-18 FDG PET
and F-18 NaF PET is not well established in the biochemical recurrence setting and
has not been tested in well-designed prospective trials.

In the following section, FDA-approved PET agents in the biochemical recurrent
setting will be discussed.
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C-11 Choline or F-18 Choline PET

In the setting of BCR prostate cancer after radical prostatectomy or radiation ther-
apy, the US Food and Drug Administration (FDA) approved in 2012 the use of C-11
choline PET after noninformative conventional imaging.

In a retrospective study of 176 patients with biochemical recurrence and a median
PSA of 7.2 ng/mL, investigators evaluated the detection of recurrent disease by
C-11 choline PET. Patients had undergone either a radical prostatectomy, radiation
therapy, or cryoablation as initial treatment. Studies were reported as clinical reads
by local readers with access to clinical information and prior imaging. No measures
of inter-reader agreement were investigated. Histological confirmation was obtained
in 73 patients (41%) with conventional imaging (CT, bone scan, and MRI) serving
as confirmation in remaining cases. A per-patient sensitivity of 93%, specificity of
76%, PPV of 91%, and an overall detection rate of 75% (132/176) were reported.
Sites of detection were in the pelvic lymph nodes (68 of 132, 51.5%), prostatectomy
bed (38 of 132, 38.8%), skeleton (26 of 132, 19.7%), mediastinum (3 of 132, 2.3%),
and prostate (14 of 132, 10.6%). Detection rates based on PSA value were 31% at
less than 0.5 ng/mL, 56% for 0.5-1.0 ng/mL, 68% for 1.1-2.0 ng/mL, 84% for
2.1-5.0 ng/mL, and 89% above 5 ng/mL. The value of 2 ng/mL was proposed as the
best cutoff to distinguish a positive scan from a negative scan with a probability
value of 0.73. Findings on C-11 choline PET were deemed clinically useful and lead
to a management change in 56% [94].

In a retrospective cohort of 358 patients with biochemical recurrence (mean PSA
3.77 ng/mL) after radical prostatectomy, the diagnostic performance of C-11 cho-
line and detection rates for C-11 choline at different PSA values were studied. PET/
CT findings were validated using histological criteria in 13% (46/358) of patients
and follow-up clinical and imaging criteria in 87% (312/358). Scans were inter-
preted by local readers independently with knowledge of clinical history and con-
sensus resolutions of discrepancies. An interobserver agreement of 94% was
reported. Sensitivity, specificity, PPV, negative predictive value, and overall accu-
racy were 85%, 93%, 91%, 87%, and 89%, respectively. Overall detection rate was
45% (161/358) with detection rate per anatomical region of 66% in lymph nodes,
34% in prostatectomy bed, and 29% in skeleton [95]. Detection rates correlated
with PSA value, with 13% in PSA equal or less than 0.6 ng/ml, 29% for 0.6—1 ng/
mL, 46% for 1-2 ng/mL, 60% for 2-5 ng/mL, and 83% above 5 ng/mL.

In a more contemporary retrospective cohort of 287 patients with biochemical
recurrence (median PSA 0.94 ng/mL) after surgery or radiotherapy, investigators
used C-11 choline PET for localization of recurrent disease. Two local readers, one
blinded to clinical information and one unblinded, reported separately on each study
utilizing a 3-point scale (0 = negative, 1 = equivocal, 2 = positive), with a consensus
read constituting the final designation. Intra-reader and inter-reader concordance
were 86% and 76%, respectively. When scores 1 and 2 were considered positive, an
overall detection rate of 66% was found, and PSA level detection rates of 45% for
less than 0.5 ng/mL, 56% for 0.5-0.99 ng/mL, 70% for 1.0-1.99 ng/mL, and 90%
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for equal or greater than 2.0 ng/mL were obtained. Considering only scores of 2 as
positive, the overall detection rate was 54%, and PSA cutoff detection rates were of
28%, 46%, 62%, and 81%, PSA less than 0.5 ng/mL, 0.5-0.99 ng/mL, 1.0-1.99 ng/
mL, and equal or greater than 2.0 ng/mL, respectively, were reported. In the final
consensus read, 47 (16.4%) scans were equivocal. Histological confirmation was
obtained in 49 patients (17%). Patterns of recurrence were overall 20.3% in the
prostate bed, 48% in the pelvic nodes, 5.6% in the extrapelvic lymph nodes, 10.5%
in bone, and 1.4% in visceral metastases (17.8% extrapelvic metastases). Recurrent
sites outside the initial treatment field were observed in 28% of patients [96].

A meta-analysis of 18 in majority retrospective studies including two of studies
mentioned above, with a total of 2126 patients, demonstrated a pooled detection rate
of 62% and a pooled sensitivity and specificity of 89% and 89%, respectively [97].
The studies varied in inclusion of patients after radical prostatectomy, radiation
therapy, or both as well as in PSA value at time of imaging with a mean and median
PSA ranging from 0.9 ng/ml to 21.1 ng/ml and 0.5 ng/ml to 10.7 ng/ml, respec-
tively. Reporting of scans varied across studies and some studies used readers
blinded to clinical history to interpret results. All studies used a composite reference
standard including histology (in average 26%), other imaging (CT, MRI, and bone
scan), and clinical follow-up for more than 12 months, including repeated imaging
after treatment. Pooled detection rates among studies were 27% for local recur-
rence, 36% for nodal metastasis, and 25% for bone metastasis.

F-18 Fluciclovine

The diagnostic performance of F-18 fluciclovine in comparison to In-111 capromab
pendetide was evaluated in a prospective single-center cohort of 50 patients with
BCR (mean PSA 6.62 ng/mL) after definitive therapy for prostate cancer including
prostatectomy and radiation therapy. Studies were each interpreted by two local
readers with disagreement resolved by consensus. No measures of interobserver
agreement were explored. The reference standard was a combination of tissue cor-
relation in 18% (9/50), imaging, laboratory, and clinical data. F-18 fluciclovine had
a disease detection sensitivity and specificity in the prostate bed of 89% and 67%
and a sensitivity of 100% and specificity of 100% in extraprostatic recurrence. F-18
fluciclovine was more sensitive than In-111 capromab pendetide SPECT/CT in the
detection of recurrent prostate carcinoma [98]. One might argue that the comparison
to In-111 capromab pendetide, which is FDA approved in BCR setting, is not clini-
cally relevant.

In a multicenter retrospective study including 596 patients with BCR after initial
therapy, including prostatectomy and radiation therapy, an overall detection rate of
67.7% by F-18 fluciclovine was reported [99]. Image interpretation was based on
clinical reads without utilization of central blinded readers. Anatomic site-specific
detection rates were 38.7% in the prostate/prostate bed, 32.6% in pelvic lymph
nodes, and 26.2% for metastatic involvement outside the pelvis. The overall
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detection rate based on PSA level was 41.4% in the PSA range of 0.79 ng/ml or less,
approximately 60% (45% for extraprostatic disease) in the range 0.8-2.03 ng/ml,
approximately 75% (45% for extraprostatic disease) in the range 2.04—6.00 ng/ml,
and approximately 85% (approximately 60% for extraprostatic disease) for PSA
above 6 ng/mL. Based on histological confirmation in 143 patients, a lesion-based
overall PPV of 62.2% with site-specific PPV of 92.3% for extraprostatic lesions and
71.8% for prostate/prostate bed involvement was described. Patient-based sensitiv-
ity, specificity, and PPV were, 91%, 40%, and 82%. The authors associate the sub-
optimal specificity and PPV with confounding factors that occur when the prostate
is still in place, caused by overlap of activity with prostatitis and BPH as well as, in
part, sampling errors for histology. This assumption is supported by the relatively
high proportion of patients after radiotherapy for prostate cancer in the cohort and
discrepantly low lesion-based PPV for prostate/prostate bed lesions as compared to
extraprostatic sites of disease.

In the LOCATE trial, a prospective multicenter study of 213 patients in BCR
setting (median PSA 1.0 ng/mL), the authors evaluated as a primary endpoint the
change in planned treatment. The study results were based on clinical reads without
central readers or blinding of interpreters to clinical information. No routine histo-
logical confirmation was pursued, and diagnostic test performance was not the pri-
mary goal of the study. A detection rate of F-18 fluciclovine-avid lesions in 122
patients (57%) was reported. The detection rate was 30% in the prostate/prostate
bed and 38% outside the prostate, i.e., 29% in lymph nodes, 2.3% in soft tissue, and
11% in bone.

Detection rates based on PSA values in this trial were 31% for PSA ranges of
0-0.5 ng/ml, 50% for PSA 0.5-1.0 ng/ml, 66% for PSA 1.0-2.0 ng/ml, approxi-
mately 75% for PSA 2.0-5.0 ng/mL, and approximately 87% above 5 ng/mL. A
change in management after the scan was instated in 59% of patients [100].

The differences in detection rate between the different studies are explained by
their different populations — e.g., radical prostatectomy patients versus patients
after radiation therapy with prostate gland in situ — as well as different PSA cutoff
values. A recent systematic review and meta-analysis reported a pooled sensitivity
of 0.79 (95% CI 0.60-0.91) and a pooled specificity of 0.69 (95% CI 0.59-0.77) for
F-18 fluciclovine for BCR prostate cancer [101].

The higher diagnostic yield by F-18 fluciclovine PET compared to conventional
imaging including CT, bone scan, or MRI has repercussions in assessment of eligi-
bility for and planning of radiation therapy (RT). The EMPIRE-1 study, a single-
center, phase II/III trial, randomized 165 patients with biochemical recurrence and
negative conventional imaging to either standard template-based RT versus RT
informed by F-18 fluciclovine PET [102]. All patients had prior radical prostatec-
tomy with a median PSA of 0.34 ng/mL at time of recurrence. Radiation fields
included the prostate bed, with or without inclusion of pelvic lymph nodes. The
primary outcome was 3-year event-free survival, defined as biochemical recurrence
or progression, or initiation of systemic therapy. Four patients in the F-18 fluciclo-
vine PET group were deemed ineligible for RT due to extrapelvic or skeletal lesions.
With a median follow-up of 3.5 years, a significant difference in event-free survival
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of 63.0% (95% confidence interval 49.2-74.0) in the conventional imaging group
versus 75.5% (95% confidence interval 62.5-84.6) in the F-18 fluciclovine PET
group (difference 12.5; 95% confidence interval 4.3-20.8; p = 0.0028) was observed.
This study indicates that beyond improvements in diagnostic test performance, this
new-generation PET agent translates into tangible clinical benefit. Similar maturing
radiation therapy clinical trials evaluating PSMA-PET tracers and comparing
PSMA PET to F-18 fluciclovine PET are underway and will likely better inform
indication and planning of radiation therapy for BCR prostate cancer.

Ga-68 or F-18 Prostate-Specific Membrane Antigen (PSMA)

Based on FDA approval of Ga-68 PSMA-11 PET in December 2020 and F-18
DCFPyl in May 2021 also in the BCR setting, concomitant with time of compilation
of this book chapter, the choices of FDA-approved agents in this disease state of
prostate cancer have further expanded [74, 75]. Both PSMA PET agents appear to
have also similar imaging characteristics in BCR scenario with head-to-head com-
parisons currently not available.

A prospective multicenter trial of Ga-68 PSMA evaluated 635 patients with
biochemical recurrence (median PSA 2.1 ng/mL) after radical prostatectomy or
radiation therapy with the endpoints of PPV, detection rate, and inter-reader repro-
ducibility, using central readers with three independent reads per study and blind-
ing of readers to clinical information or prior imaging. Lesions were validated by
histopathologic analysis in 87 patients and a composite reference standard in
remaining cases. An overall detection rate of 75% and site-specific detection rate of
26% in prostate bed/prostate, 38% in pelvic lymph nodes (N1 disease), 17% in
extrapelvic lymph nodes or visceral organs (Mla/Mlc disease), 16% in bones
(Mlc disease), and 7% in multiple sites (Multiple M1) were reported [103].
Overall, 35% had pelvic-only disease and 49% extrapelvic involvement. Detection
rates based on PSA cutoffs were 38% for PSA values less than 0.5 ng/mL, 57% for
PSA 0.5-1.0 ng/mL, 84% for PSA 1.0-2.0 ng/mL, 86% for PSA 2.0-5.0 ng/mL,
and 97% for PSA values above 5.0 ng/mL. A patient-based PPV of 84% by histo-
pathologic validation was demonstrated and 92% by composite reference standard
where no histopathologic confirmation was available. Interestingly, several cases
of false-positive interpretation were intraprostatic lesions after radiation
therapy [103].

The CONDOR trial, a prospective multicenter study of F-18 DCFPyL PSMA
PET, evaluated 208 men after primary therapy including prostatectomy and radia-
tion therapy for prostate cancer, who were experiencing biochemical relapse
(median PSA 0.8 ng/mL) without evidence of disease on conventional imaging
[53]. The primary endpoint of the study was correct localization rate (CLR), a term
that corresponds to PPV with the additional requirement of anatomical colocaliza-
tion. This endpoint as corresponded to the F-18 DCFPyL PET-positive lesions that
met the criteria of the study’s composite standard of truth. The reference standard of
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truth consisted of histopathology in 31 patients, correlative imaging in 100 patients,
and PSA response after radiation therapy in one patient. Central independent read-
ers blinded to clinical information as well as local readers were utilized. A CLR of
84.8-87.0% was reported. This finding translates to a 13.0-15.2% false-positive
rate. Region-based PPVs were 79.5% for prostate/prostatic bed, 70.9% for pelvic
lymph nodes, 67.4% for extrapelvic metastasis (M1), 61.5% for extrapelvic lymph
nodes (M1a), 62.5% for bone (M1b), and 28.6% for visceral disease. The overall
detection rate was 59-66% and rose with PSA values, with 36% at less than 0.5 ng/
mL, 51% for 0.5-1.0 ng/mL, 67% for 1.0-2.0 ng/mL, 85% for 2.0-5.0 ng/mL, and
97% for 5.0 ng/mL and above. A change in intended management occurred in
63.9% of evaluable patients. A high inter-reader and intra-reader agreement was
achieved.

There is a paucity of data comparing C-11 choline/F-18 choline, F-18 fluciclo-
vine, and Ga-68 PSMA-11/F-18 PSMA DCFPyL in the setting of BCR prostate
cancer. In a small prospective study of 50 patients with BCR after radical prostatec-
tomy undergoing F-18 fluciclovine and C-11 choline PET scans, overall detection
rates were 34% versus 22% (37 lesions vs. 23 lesions, respectively, p-value < 0.0001)
[104]. Site-specific detection rates for F-18 fluciclovine and C-11 choline were 10%
versus 6% for local recurrence (5 vs. 3 lesions, p-value < 0.0001), 20% versus 10%
for nodal disease (15 vs. 6 lesions, p-value < 0.0001), and 10% versus 8% for bone
metastasis (17 vs. 14 lesions, p-value < 0.0001), respectively. Detection rates based
on PSA cutoff values were 21% versus 14% below 1 ng/mL, 20% versus 13% for
1-2 ng/mL, 33% versus 17% for 2-3 ng/mL, and 60% versus 40% above 3 ng/mL. It
is hypothesized that the suggested superiority of F-18 fluciclovine over C-11 choline
may have biological underpinnings. For example, in prostate cancer cell lines, fluci-
clovine uptake is higher than choline, acetate, or methionine uptake [105, 106].

Another small, prospective study comparing Ga-68 PSMA-11 to F-18 fluciclo-
vine demonstrated higher detection rates with PSMA-11 PET, especially in the low
PSA range. A head-to-head comparison of 50 patients experiencing biochemical
recurrence after prostatectomy and with PSA range of 2 ng/mL or less demonstrated
an overall detection rate of 56% for Ga-68 PSMA-11 versus 26% for F-18 fluciclo-
vine (Odds ratio of 4.8, 95% CI 1.6-19.2; p-value = 0.0026) [107]. In the same
study, site-specific detection rates of Ga-68 PSMA-11 and F-18 fluciclovine were
30% versus 8% (Odds ratio 12.0, 95% CI 1-8-513.0, p = 0-0034) for pelvic nodal
disease and 16% versus 0% for any extrapelvic lesions (Odds ratio and CI non-
estimable, p-value = 0-0078), respectively. Of note, detection of local recurrence in
the prostate bed suggested a trend towards superior detection with F-18 fluciclovine
(14% vs. 18%), although this finding remains hypothesis-generating and in need of
further evaluation.

In the absence of high-quality comparative evidence, it appears prudent to com-
bine pelvic MRI with PSMA PET (if available) for local pelvic evaluation of dis-
ease in the BCR setting. In fact, based on physiologic excretion of Ga-68 PSMA and
F-18 PSMA PET agents, evaluation of local recurrence in prostatic fossa may be
compromised. Furthermore, PSMA PET has limited sensitivity in detection of
recurrent prostate cancer within prostate gland after radiation therapy, likely due to
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false-positive PSMA activity in postradiation inflammatory prostate gland changes
[103]. F-18 fluciclovine is the only approved PET agent in the BCR setting with no
or limited urinary excretion and may be considered as a tracer to evaluate suspected
or equivocal findings in the prostatic surgical bed.

The advent of new targeted molecular imaging tracers like PSMA that can better
detect disease will serve to redefine disease states. For example, patients considered
to have non-metastatic castration-resistant prostate cancer (nmCRPC) based on
conventional imaging will likely be reclassified with better imaging tools, as having
metastatic disease. A vivid demonstration of this stage migration was published in
a retrospective review of 200 patients classified as nmCRPC based on conventional
imaging at six different centers who then underwent PSMA PET imaging. Central
review revealed that 196 patients had positive scans, with 55% reclassified as hav-
ing M1 disease despite negative conventional imaging [108]. This stage migration
has significant implications for clinical trial design in terms of defining both eligi-
bility criteria and relapse.

Approximately 5-10% of prostate cancers do not express PSMA to a significant
degree on immunohistochemistry (IHC) [109]. These cancers are as expected
PSMA-PET negative [110, 111]. Furthermore, there is heterogeneity in the intensity
and extent of PSMA expression in primary tumors and to a lesser degree also in
lymph node metastases on IHC [112, 113]. Although prior reports show strong asso-
ciations between tumor grade and PSMA expression, even high-grade and high-
volume metastatic disease can be PSMA-negative [113]. There appears to be a
correlation between PSMA expression in the primary tumor (or percentage of tumor
negative for PSMA) and nodal metastasis, which is associated with PSMA-PET
detectability [113].

An illustration of different PET tracers commonly used in biochemical settings
is provided in Fig. 8.2. Table 8.2 summarizes select studies with an emphasis on
pivotal trials leading to regulatory approvals of PET agents for BCR prostate cancer.

Metastatic Prostate Cancer

In the United States, 5% of patients present with a diagnosis of metastatic disease,
versus 77% with localized and 11% with regional disease [114]. Approximately,
15% of patients with localized disease treated with curative intent primary therapy
develop metastatic disease with most frequent sites in lymph nodes (38.2%) and
bones (36.8%) [115]. In the United States, a 5-year survival for metastatic prostate
cancer improved from 28.7% from 2001-2005 to 32.3% from 2011-2016 [114].
This is at least in part related to expanded effective treatment strategies.
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Fig. 8.2 Use of different PET probes in biochemical recurrence prostate cancer. PET Positron
emission tomography, CT Computed tomography, PSA Prostate-specific antigen

Treatment Response

The purpose of imaging in advanced metastatic disease is to describe the extent of
disease, provide information on response to therapy, and define the etiology of clini-
cal symptoms, such as pathologic fractures or cord compression. Cornerstones of
imaging at this stage remain conventional imaging, including bone scan, CT, and
MRI. Computed tomography is of value to delineate nodal disease and visceral
involvement. MRI is helpful in better characterizing visceral disease with the prob-
able exception of lung and early bone metastases. The standard MDP bone scan
remains relevant in the metastatic setting and is included in the recommendations of
the Prostate Cancer Clinical Trial Working Group 3 (PCWG 3) for assessment of
osseous metastatic disease in clinical trials [116]. These criteria for defining radio-
graphic progression in metastatic prostate cancer are a prospectively validated mea-
sure of progression that correlates well with overall survival and has therefore
earned regulatory recognition for the purposes of new drug approval [117-119].
According to PCWG 3 recommendations, progression of osseous disease is con-
firmed only if two or more lesions appear on first bone scan after initiation of ther-
apy and at least an additional two lesions are seen on the subsequent bone scan at
least 6 weeks later. At later time points in the course of treatment, osseous progres-
sion is established if at least two new confirmed lesions appear relative to the first
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on-treatment scan [116]. These recommendations avoid misinterpreting a flare after
initiation of therapy as progression or transient benign osseous foci as disease.
However, few prospective studies have examined, much less validated, a definition
for response assessments for new imaging modalities.

F-18 NaF bone scan has capabilities similar to the MDP bone scan, with increased
sensitivity and more precise quantification stemming from the addition of improved
resolution based on PET technology. Several studies demonstrate the value of NaF-
PET bone scan for quantification of osseous metastatic burden, response to therapy,
and differentiation between flare phenomena and true progression in bone-only
metastatic prostate cancer [120, 121]. Nonetheless, F-18 NaF is still limited to
imaging bone, rather than any quality of the tumor itself.

In all likelihood, PSMA will be used to assess treatment response for metastatic
disease; however, studies validating how a meaningful change on a PSMA scan
manifests have yet to be performed.

Biologic Characterization

FDG-PET provides prognostic information on dedifferentiating prostate cancer
with high glycolytic activity [7, 11, 12] and is frequently used at some centers in this
stage of disease. It has received increasing scrutiny for its potential role in identify-
ing aggressive cancers that may have undergone treatment-emergent lineage plas-
ticity, which occurs as a complex adaptive process involving both genomic and
epigenetic factors when prostate cancers are subjected to androgen signaling inhibi-
tion [122—126]. Preliminary studies have indicated that FDG has a role in identify-
ing neuroendocrine prostate cancer on a lesional level [ 127]; even more provocatively,
FDG has been combined with FDHT to directly image for the presence of androgen
receptor expression with an intact ligand binding domain. In a cohort of 133 men
with metastatic castration-resistant prostate cancer (mnCRPC) who were naive to
androgen receptor signaling inhibitors (ARSi), Fox et al. performed serial FDG
PET/CT and FDHT PET/CT scans evaluating for glycolysis and androgen receptor
expression patterns with correlation to overall survival. In 2405 lesions, the follow-
ing imaging phenotypes emerged: 71.2% with both FDG and FDHT avidity, 16.0%
with FDHT but not FDG avidity, and 12.7% with FDG but not FDHT avidity. The
latter group would be expected to have the most similarities to a population under-
going lineage plasticity, and indeed these patients had the worst prognosis of any
group. The study demonstrated that the heterogeneity of the PET/CT phenotype has
clinical relevance on a lesion and patient level. Most lesions expressed androgen
receptors, consistent with the initial benefit of second-line ARSi drugs in the
mCRPC setting. At the same time, on a patient level, 49% had at least one lesion
without FDHT uptake and with FDG uptake — the imaging phenotype with the
most negative effect on survival, possibly due to ARSI resistance [128]. This work
must be considered preliminary, with future studies comparing imaging findings
and biologic correlates.



8 Advances in Prostate Cancer Imaging 169

The ability to noninvasively assess AR expression can be used as part of drug
development as a pharmacodynamic marker. FDHT was indeed used in the original
dose-finding studies for both enzalutamide and apalutamide to establish AR satura-
tion and occupancy and can be used for the development of new classes of
AR-degrading agents or inhibitors for pre-treatment stratification, planning of clini-
cal trials, and response assessment [129, 130].

Theranostics

With the advent of new therapeutic avenues using PSMA-targeting radionuclide
therapies, the use of molecular imaging to determine PSMA expression as part of a
theranostic approach in advanced prostate cancer will grow increasingly relevant in
the near future. Emerging data support the use of lutetium-177 PSMA-targeted ther-
apy in the setting of advanced metastatic prostate cancer. In the TheraP trial, a ran-
domized phase II multicenter trial evaluating lutetium-177 PSMA-617 (Lu-177
PSMA) versus cabazitaxel in patients with metastatic castration-resistant prostate
cancer [59], 200 patients underwent Ga-68 PSMA-11 PET as well as F-18 FDG
PET imaging as part of their eligibility assessment. Patients included in the study
were those with PSMA-expressing disease and no sites of metastatic disease with
discordant FDG-positivity and PSMA-negative findings. A case of discordant
PSMA PET and FDG PET is illustrated in Fig. 8.3. PSA responses were signifi-
cantly more frequent among patients in the Lu-177 PSMA arm than in the cabazi-
taxel arm: 65% versus 37% (66% vs. 37% by intention to treat; difference 29%
[95% CI 16-42; p < 0-0001; and 66% vs. 44% by treatment received; difference
23% [95% C1 9-37; p = 0-0016]).

The international VISION trial, a randomized open-label phase III study evaluat-
ing Lu-177 PSMA-617 plus standard of care (SOC) in men with PSMA-positive
mCRPC versus SOC alone, recently reported similarly positive outcomes with sig-
nificantly improved primary endpoint of overall survival in the Lu-177 PSMA-617
group (median OS, 15.3 vs. 11.3 months; HR, 0.62 [95% CI: 0.52, 0.74]; p < 0.001,
one-sided). The other primary endpoint, radiologic progression-free survival (rPFS),
was also strongly positive, with a 60% reduction in the risk of radiographic progres-
sion or death and a 5-month improvement in time to rPFS (HR = 0.40, p < 0.001,
median 8.7 vs. 3.4 months). These patients were selected only on the basis of Ga-68
PSMA 11 scans alone with no FDG imaging. Eighty-seven percent of the patients
were allowed into the study on the basis of a positive PSMA PET scan, with only
13% screen-failing by imaging criteria. These data would suggest that FDG imaging
may not be necessary to identify patients who will clinically benefit from therapeu-
tic lutetium-based PSMA-directed radioligand therapy. Whether or not FDG further
improves outcomes, or PSMA alone is sufficient, or even the relationship between
either imaging modality or a treatment benefit from Lu-177 PSMA-617 is not
known. These areas will all require further study. These recent therapy trials suggest
that the novel radioligand therapy with Lu-177 PSMA-617 will soon enter the
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Ga-68 PSMA PET (Panel A) and FDG PET (Panel B) in a patient with metastatic castration
resistant prostate Cancer (PSA 361 ng/mL) within 1-week interval. Intense PSMA activity in osseous
and hepatic metastasis without significant activity in FDG avid pulmonary metastasis, thoracoabdominal
adenopathy and masses encasing left upper urinary tract. Lack of tracer activity in left kidney due to
obstructive nephropathy.

Fig. 8.3 Concurrent use of FDG PET and Ga-68 PSMA PET in advanced prostate cancer. PSMA
Prostate-specific membrane antigen, FDG Fluorodeoxyglucose, PET Positron emission
tomography

clinical practice for the treatment of advanced prostate cancer and that PSMA PET
imaging will play a key role in determining the eligibility of patients for this
treatment.

In summary, imaging of prostate cancer at its various stages is undergoing a
transformation. The fight against prostate cancer will benefit broadly from molecu-
lar imaging paradigms. The abundance of available choices in imaging options, as
compared to a decade ago, approaches the metaphor of a transition from famine to
feast. Responsibility now lies in the hands of experienced clinicians and imaging
experts to tailor the optimal imaging approach, in full awareness of strengths and
shortcomings of each modality, meeting clinical need along the spectrum of disease
stages in prostate cancer.

Ultimately, new imaging modalities, beyond diagnostic test performance, ideally
need to demonstrate improved patient outcomes. Initial high-level evidence demon-
strates the benefit in such outcomes achieved by new-generation PET imaging tools.
Ongoing and future studies will potentially further substantiate the translation of
better imaging characterization of prostate cancer to improved patient outcomes.
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