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Abstract

PSMA PET is a highly promising modality for staging prostate cancer patients due to its higher
detection rate compared to conventional imaging. Both PET/CT and PET/MRI offer benefits with
PSMA radiotracers and PSMA PET leads to frequent changes in management. It is imperative we
test subsequent treatment changes to show improved outcomes. Additionally, PSMA PET has
potential applications including patient selection for PSMA based radioligand therapy and
evaluation of treatment response.

Introduction

Prostate cancer (PC) is the most common malignancy in men and is the third most common
cause of cancer related death in the United States (1). Staging in various clinical contexts of
prostate cancer, such as in the preoperative setting and in biochemical recurrence, has been
limited due to the low detection sensitivity of bone scans, MRI, and CT. Numerous
radiotracers targeted to biological processes that are upregulated in prostate cancer have
been evaluated over the years including 11C-choline, 18F-fluorocholine, 11C-acetate, and
18F_fluciclovine, but it was the development of small molecule radiotracers that target the
prostate-specific membrane antigen (PSMA) that is leading to a change in practice of the
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management of patients with prostate cancer. Early studies demonstrated the superiority of
PSMA-based PET over choline biochemical recurrence patients, particularly those with low
PSAs (2,3), and since the publication of those studies, PSMA PET is quickly becoming a
preferred imaging modality outside of the United States for staging prostate cancer.

PSMA radiotracers

The majority of PSMA targeted radiotracers utilize a highly negatively charged, urea-based
backbone that binds to the PSMA active site; these compounds were initially developed as
inhibitors intended for use in the brain (4-7). These small molecules have significant benefit
over prior antibody approaches as they rapidly accumulate in PSMA expressing tissue and
are cleared quickly from the blood pool. This family of compounds includes SPECT and
PET agents such as 29MTc-MIP-1404, 18F-DCFBC, 18F-DCFPyL, 68Ga-PSMA-11
(previously termed 58Ga-PSMA HBED-CC) and 18F-PSMA-1007 (8-12). Other classes of
small molecules that have been developed to target PSMA include the phosphoramidate
scaffolds that bind irreversibly to the enzyme (currently undergoing first in human studies
(13) and the phosphonomethyl-based compounds for which the prototype first-in-human
compound is BAY 1075553 (14). Overall, it is not clear if there is a clinically significant
benefit between individual small molecule radiotracers, and in the context of this review
they will be discussed as a class. The EANM/SNMMI guidelines on PSMA PET imaging,
provide a thorough overview on how to perform 68Ga-PSMA-11 PET {Fendler:2017ip}.

Notes on interpretation

This manuscript will not provide an exhaustive review of guidelines for interpretation, as
many other reports are available for review (15). One thing to note is that PSMA is in fact
not specific to prostate cancer. There are a number of false positives that readers need to be
aware of, including both malignant (renal cell carcinoma, thyroid cancer and hepatocellular
carcinoma etc) and benign lesions (Paget’s disease, hemangiomas, fibrous dysplasia etc)
(16,17). When interpretating images, clinical context, prior imaging studies and
characteristics on conventional imaging need to be considered when characterizing PSMA
avid lesions. In particular ureteral activity needs to be considered when evaluating pelvic
uptake, as urine activity can be misinterpreted as nodal disease (Figure 3).

Reporting recommendations

Three reporting guidelines were proposed in the past year to guide interpretation of PSMA
PET studies. The first of these reporting systems is unnamed and used a Delphi consensus
process to develop a standardized interpretation method (18). This approach divides up the
body into five regions (local site, local lymph nodes, skeletal, distant lymph nodes and
other), which are then subdivided depending on the region. Regions of uptake on PSMA
PET are then further characterized as anomalous or pathologic. This approach was
intentionally developed to minimize inter-reader variability in interpretation of PSMA PET.

The second approach is the PSMA-RADS approach, which parallels a number of previously
described organ-based reporting and data systems (19). Lesions are graded from PSMA-
RADS-1 for benign uptake to PSMA-RADS-5 to represent lesions that are almost certainly
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malignant, with follow-up recommendations for those lesions that are indeterminate. The
PSMA-RADS system is most tailored to characterize individual extraprostatic lesions seen
on PSMA PET and does not address primary disease within the gland.

The third is the PROMISE system, which approaches PSMA interpretation within the
framework of a TNM-based reporting metric (20). Uptake is categorized based on avidity
compared to the blood pool, liver, and parotid glands. Nodes are categorized by nodal
regions and distant metastases are categorized by extrapelvic nodes (a), bones (b) and other
sites (¢). The PROMISE system is the most thoroughly detailed, and consequently the most
complex, of the proposed standardization frameworks.

As we move forward, the approach or combination of approaches that will be adopted is not
yet clear and will likely depend on the clinical role of the imaging study (selecting patients
for radioligand therapy in castration resistant prostate cancer (CRPC) patients versus
selecting patients for targeted external beam radiation therapy in castration sensitive
patients). In settings where characterization of lesions is paramount, such as patients
undergoing initial staging, the PSMA-RADS approach may be most useful, while in settings
where more extensive disease is present or a detailed description of lesions is of benefit
(such as in large clinical trials), it is likely that the PROMISE or Delphi consensus
approaches may be most appropriate.

Clinical applications

Initial Staging

There are two main settings in which imaging is used at the time of diagnosis of prostate
cancer. The first is in evaluation of the prostate gland itself, and this is currently the domain
of multi-parametric MRI. Specific indications include determining whether or not a patient
has clinically significant prostate cancer in patients on active surveillance and to improve the
yield of transrectal ultrasound-guided biopsies for clinically significant disease in patients
with prior negative biopsy or who have elevated serum prostate specific antigen (PSA) levels
(21,22). To date, there is limited literature in regards to the role of PSMA PET in the active
surveillance or secondary screening settings as previously reported studies have focused on
patients with known prostate cancer who are being preoperatively staged prior to undergoing
prostatectomy. Nonetheless, PSMA PET may be beneficial as it is not expressed in benign
prostatic hypertrophy and it may have additive value for primary prostate cancer detection
when combined with multi-parametric MRI (23).

The second clinical setting is the intermediate to high risk patients who are considering
treatment with definitive therapy, either prostatectomy or radiation therapy. In these patients,
the characterization of the primary tumor is no longer relevant, and the central issue is
detecting nodal metastases prior to treatment, especially as prostatectomies are being
performed in increasingly higher risk patients (24,25). The largest study to date in this
population is a retrospective evaluation of 131 patients imaged with 8Ga-PSMA-11 PET
who subsequently underwent prostatectomy (26); in this population, PSMA PET detected
68% of regional nodal metastases with a specificity of 99.1% (Figure 1). Although not
reported frequently in the literature, PSMA PET may be most helpful in detecting distant
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metastases outside of the nodal field that may indicate that regional therapy would be futile
(Figure 2).

Biochemical Recurrence

Up to 30% of patients treated with definitive therapy develop recurrence, and the ability of
PSA to indicate the presence of early recurrence after definitive therapy and prior to the
development of visualized local recurrence or metastatic disease creates a conundrum for
clinicians (27). After prostatectomy, the American Urologic Association defines biochemical
recurrence as two consecutive PSA levels greater than 0.2 ng/mL six to eight weeks after
surgery (28). After radiation therapy, the ASTRO-Phoenix guidelines define recurrence as a
rise in PSA of greater than 2.0 ng/mL over the post-treatment nadir (29). Many treatments,
such as salvage radiation, assume that recurrence is local; otherwise, treating clinicians may
administer systemic therapy as the site of recurrence is unknown. Detecting locally recurrent
disease or establishing that a patient is oligometastatic is the most common indications for
performing PSMA PET.

In change in management papers, a large portion of patients imaged are converted from
systemic therapies or active surveillance to targeted treatments that include radiation therapy
(30,31). The current issue with this approach is that there is no evidence that demonstrates
that targeting PSMA avid lesions in patients with low PSA recurrence improves patient
outcomes. Our initial assumptions on how to treat patients based on PSMA PET may be
misguided. For example, it is often assumed that patients with BCR after prostatectomy who
have negative PSMA PETSs should not be treated. In one series of patients, 85% of patients
treated with prostate bed radiation after a negative PSMA PET had a PSA drop, while 65%
of patients who did not receive radiation had continued increases in their PSA (32). It is
imperative that we design trials to evaluate our changes in management that result from
PSMA PET imaging.

The majority of the literature in the use of PSMA PET in biochemical recurrence patients is
with 88Ga-PSMA-11, and the benefit in detection sensitivity is seen primarily in patients
with low PSAs whom many believe may potentially be curable with external beam radiation
therapy targeted to the prostate bed or stereotactic body radiation therapy to a limited
number of sites of more distant disease. In these patients, the detection sensitivity of PSMA
PET is dependent on the PSA at the time of imaging, with detection sensitivities (on the
patient level) in the range of 50-60% when the PSA is as low as 0.2 to 0.5 ng/mL (33,34)
(Figures 3 and 4).

PET/CT versus PET/MRI

The majority of the literature published using PSMA PET uses PET/CT, but there is a
significant interest in understanding the role of PET/MRI for PSMA PET. PET/MRI has
potential added value for characterizing primary tumors, as stand-alone multi-parametric
MR is the current conventional imaging modality for detecting clinical significant cancer in
the prostate, particularly due to the strength of diffusion weighted imaging (Figure 1).
PSMA appears to have a slight increase in detection sensitivity compared to multi-
parametric MRI for primary disease, and it is possible that the combination has improved
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sensitivities compared to either modality (23). All the literature to date in primary tumor
characterization is in patients with intermediate to high risk disease, which is not the patient
population where increased detection sensitivity is required. Therefore, further work in the
active surveillance population is required.

Another added benefit of PET/MRI is the increased PET acquisition time that is possible due
to the concurrent MRI sequences that are typically time limiting, which can result in
increased rates of nodal detection (35), which is beneficial in both the initial staging setting
as well as the biochemical recurrence setting. In particular dynamic contrast enhanced MRI
is beneficial in detecting local recurrences (36), and the ability to combine multiparametric
MRI with PSMA PET is likely helpful for detection of local recurrence (Figure 5).

The combined role of diffusion weighted imaging (DWI) and PSMA PET in the setting of
PET/MRI has not yet been fully evaluated. Characterization of tumors using PSMA Pet is
difficult to do, particularly in CRPC patients, as the relative uptake of PSMA is often effect
more by the percentage of viable cells remaining rather than the receptor density on each
cell. For example, determining whether or not a patient has a neuroendocrine variant or
conventional prostate adenocarcinoma may become important in terms of therapeutic
selection (13). One might hypothesize that PSMA uptake may be able to distinguish
between the two cancer types, but this uptake will be strongly influenced by the percent of
viable cells (15, 16). This is a setting where DWI can be used as a marker of cell density and
therefore aid in tumor characterization (Figure 6).

Future applications

Patient Selection for Radioligand Therapy

Theranostics describes the use of the same compound for both therapy and imaging, and
although recently popularized has been around since the use of iodine ablation treatments for
thyroid cancer. The NETTER-1 trial and the recent approval of 17LLu-DOTATATE for the
treatment of somatostatin-receptor-expressing tumors has increased the excitement
surrounding radioligand therapy (RLT), and particularly PSMA-targeted RLT in prostate
cancer (37). After the publication of multiple retrospective studies out of Europe, the first
prospective Phase |1 study evaluating 177Lu-PSMA-617 out of Australia demonstrated a
50% drop in PSA in half of treated patients with progression free survival and overall
survival of 6.3 and 12.7 months, respectively (38). The role of patient selection for PSMA
RLT using PSMA PET will have to be understood, and the role of FDG PET in additional to
PSMA PET for characterization of metastases will need to be evaluated. There are clear
mismatches between PSMA and FDG PET which have important treatment implications for
patients with CRPC (Figure 7) (38).

Response Biomarker

Determining clinical and radiographic response in prostate cancer is difficult. First, bone
lesions cannot be measured by RECIST and bone scans frequently have flare response or
persistent uptake in the setting of responded lesions (39). Second, nodal lesions are often too
small to measure using RECIST, and, given their small size, it can be difficult to determine
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which nodes should be selected as true positives. Third, although PSA appears to be a
perfect biomarker that is easily measured, its expression is regulated by the androgen
receptor (AR) and so using PSA as a response biomarker while a patient is on AR targeted
therapies is limited.

PSMA PET also can be influenced by AR activity (40), but could overcome the limitations
of osseous and nodal disease characterization. It has yet to be evaluated and validated as a
response biomarker in trials, but should be considered as a potential option moving forward.
If PSMA PET becomes a standard imaging modality for staging patients with biochemical
recurrence, it would be the preferred modality for a response marker instead of switching
between radiotracers between treatments moving forward. In the setting of PSMA RLT,
PSMA PET appears to function well as a response biomarker, although it is unclear what the
added benefit over PSA is in terms of determining response as PSMA RLT is currently
performed in the absence of AR targeted therapies that can decrease PSAs (Figure 8). We
look forward to further research that demonstrates the role of PSMA PET as a potential
response biomarker.

Path towards approval

In the United States there are two agents that are currently being studied in registration trials
aimed at obtaining approval from the FDA: 18F-DCFPyL and 8Ga-PSMA-11. DCFPyL is
being developed by a company and has the potential benefits that fluorinated compounds can
be made in larger quantities and are more easily distributed as a result of a longer half-life
(109 minutes compared to 68 minutes of 58Ga). In order for PSMA PET to reach all centers
in the United States, corporate distribution and insurance reimbursement is required. The
path for 88Ga-PSMA-11 currently depends on academic centers taking the agent to market,
yet this agent has been studied in the literature more extensively due to its ease of synthesis
and lack of patent protection. Although 58Ga is currently dependent on generator availability
with low elution quantities, the development of cyclotron produced gallium promises to
change this equation and a gallium distribution network has recently been put into place for
68Ga-DOTATATE for neuroendocrine tumors, which could theoretically be leveraged for
68Ga-PSMA-11 (41).

Conclusion

PSMA PET is becoming a central tool in staging patients with prostate cancer. There are a
large number of radiotracers that are currently being evaluated, some of which are on a path
towards approval in the United States. Independent of which radiotracer becomes widely
available, understanding how this new class of imaging agents should appropriately impact
management decisions in patients with prostate cancer, particularly at time of initial staging
and biochemical recurrence, will be critical. Additionally evaluating the use in new settings
such as patient selection for radioligand therapy and as a marker of treatment response will
become more important.
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Figure 1:
Role of PSMA PET for initial staging. 56-year-old man with Gleason 4+4 on biopsy with

13/19 cores positive and a PSA of 5.0. %Ga-PSMA-11 PET demonstrates uptake in the
prostate that correlates with a PI-RADS 5 lesion that demonstrates restricted diffusion (A-C,
dotted circle) in addition to multiple PSMA positive pelvic nodal metastases (D, arrow).
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Figure 2:
Prostate cancer patient at initial diagnosis with a PSA of 77 and a Gleason score of 5+4. 18F-

PSMA-1007 PET (A, anterior whole body MIP) demonstrates focal uptake in the prostate
consistent with the known tumor (D). Additionally, numerous pelvic and retroperitoneal
nodal metastases (C) as well as left supraclavicular nodal metastases (B) are visualized.
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Figure 3:
80-year-old man with history of Gleason 3+4 prostate cancer status post external beam

radiation therapy and brachytherapy 15 years prior to imaging with PSA nadir of 0.1 ng/mL
and now with slowly rising PSA to 2.2 ng/dL. (A) Left anterior oblique whole body MIP
image from 18F-DCFPyL PET/CT study demonstrates intense focal radiotracer uptake
posterior to the left ureter (D, black arrow). (B) Attenuation correction non-contrast axial
CT, (C) axial PET/CT, and (D) axial PET images from the same study localize the abnormal
uptake in the pelvis to a 0.3-cm left internal iliac lymph node (circle).
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Figure 4:
Patient with biochemical recurrence after radical prostatectomy with a PSA of 0.36 at time

of imaging. 18F-PSMA-1007 PET/CT demonstrates a single presacral nodal metastases (A-
D, circle) consistent with oligometastatic disease.
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Figure5:
Patient with biochemical recurrence after prostatectomy with a PSA of 0.29 five months

after surgery. 58Ga-PSMA-11 PET/MRI demonstrates focal uptake just posterior to the
bladder (A and C, circle). No anatomic correlate is visualized on T2 weighted imaging, but
dynamic contrast enhanced imaging demonstrates a 2 mm enhancing nodule that correlates
with the PSMA uptake (B, arrow).
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Figure6:
Two patients with castrate resistant prostate cancer imaged with $8Ga-PSMA-11 PET/MRI.

The first patient (top row) has conventional adenocarcinoma which demonstrates high
PSMA uptake, while the second patient (bottom row) has a neuroendocrine variant of
prostate cancer (NEPC). The adenocarcinoma patient has much higher PSMA uptake, but
the lesion is much more cellular (e.g. lower apparent diffusion coefficient or ADC) and
therefore relative to cell density the uptake is not that much different than the NEPC patient.
Moving forward diffusion weighted imaging (DWI) may help us interpret degrees of uptake
seen on PSMA PET in CRPC patients.
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Figure 7:
Castrate resistant prostate cancer patient with a rising PSA after being treated with

chemotherapy. 88Ga-PSMA-11 PET (A and B) do not demonstrate any sites of PSMA avid
disease. 18F-FDG PET (C and D) demonstrates numerous sites of hypermetabolism
consistent with a PSMA-FDG mismatch (B and D, circle). Therefore, this patient would not
be a good candidate for PSMA radioligand therapy.
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Figure 8:
72-year-old man imaged before and after four cycles of 177Lu-PSMA-617. Pretreatment

68Ga-PSMA-11 PET demonstrates hilar and hepatic metastases; at this time the PSA was
340 ng/mL. The patient subsequently underwent four cycles of therapy and the PSMA PET
demonstrated marked improvement in the hepatic and hilar disease and the patient’s PSA
fell to 1.5 ng/mL.
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