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Abstract

This review summarizes novel imaging in the management of prostate cancer including multiparametric MRI, PET-CT scans with
different radiotracers including 11C-acetate, 11C-choline, 18F-Choline, BF sodium fluoride, prostate-specific membrane antigen, and
anti-1-amino-3-[18F] fluorocyclobutane- 1-carboxylic acid (fluciclovine). © 2019 Elsevier Inc. All rights reserved.
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Introduction

Prostate cancer is the most common noncutaneous
malignancy among men in the United States. In the United
States, there will be an estimated 164,690 cases and 29,430
deaths in 2018 [1]. With the development of prostate spe-
cific antigen (PSA) testing, an increasing number of pros-
tate cancer patients are diagnosed at clinically localized
stage in the past several decades. However, there is still a
significant portion of men diagnosed with metastatic dis-
ease either at initial diagnosis or after completion of treat-
ments. Recent evidence suggests that oligometastatic
prostate cancer is associated with better prognosis and treat-
ment outcomes compared to more extensive disease [2,3].
Therefore, advancement in novel imaging techniques, espe-
cially PET-CT with different radiotracers, is becoming cru-
cial in the clinical management of prostate cancer due to
their better and earlier detection of metastases compared to
conventional imaging such as bone scan and computed
tomography (CT) [4,5].

Biochemical failure after radical prostatectomy or radia-
tion treatment frequently precedes the clinical manifesta-
tions of recurrent disease in the prostate bed, regional
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lymph nodes, or distant sites such as bones. Local salvage
therapy is usually recommended in patients with regional
pelvic lymph node or prostate bed recurrence, whereas sys-
temic therapy is needed to treat distant metastases. There-
fore, early and accurate detection of the site of recurrence
is important for making treatment decisions.

Our review provides a summary of currently available
novel imaging and their potential roles in advancing diag-
nosis and treatment of prostate cancer.

Novel imaging agents

Multiparametric MRI

A combination of T2 weighted imaging, diffusion
weighted imaging, and dynamic contrast-enhanced imaging
with or without MRI spectroscopic imaging is called multi-
parametric MRI (mpMRI) [6]. In addition to staging, it is
used in imaging-guided biopsy, tumor characterization,
active surveillance, and detection of local recurrence
[7—9]. Whole-body MRI has been used for staging and
evaluation of advanced disease. Some of its advantages are
no additional radiation exposure and the capacity to better
detect soft tissue disease. However, the cost is relatively
high and availability is limited. It is also very susceptible to
artifacts and has reduced ability to detect subcentimeter
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lymph nodes [10]. Furthermore, interpretation of mpMRI
images is challenging. There is also a concern that adminis-
tration of gadolinium-based contrast agent is potentially
harmful to human body.

Recently, several large studies have shown that mpMRI
can be used to help improve detection of significant prostate
cancer and reduce the number of false positive results and
unnecessary biopsies in patients who were never biopsied
previously. mpMRI with or without target biopsy has been
shown to be noninferior compared with standard biopsy in
diagnosing clinically significant prostate cancer [11—13].

PET-CT scan with different radiotracers

Position emission tomography (PET) uses a radioactive
isotope attached to a ligand, which concentrates in certain
areas of the body and emits positrons which are subse-
quently annihilated resulting in y rays detected by the
PET scanner [14]. Common radioactive isotopes include
Fluorine (T;/, 110 minutes), 'Carbon (half-life or T,
20 minutes), *®Gallium (T, 67 minutes), and ¥*Zirconium
(T, 78.4 hours). Classes of tracers include fatty acid ana-
logs (acetate), cell membrane analogs (choline), inorganic
chemical compounds (sodium fluoride), amino acid analogs
(fluciclovine), and newer-generation prostate-specific mem-
brane antigen (PSMA) ligands. The aim of PET-CT is to
improve the sensitivity of detecting small nodal and bony
metastasis at low PSA level, providing more accurate
clinical information of the disease and potentially changing
the treatment.

The most commonly available '*F-FDG PET-CT is of
limited use in the diagnosis and staging of prostate cancer
due to the relatively low accumulation of fluorodeoxyglu-
cose (FDG) in the prostate cancer cells. In addition, its
urine excretion causes a significant bladder artifact which
interferes with its capacity to evaluate prostate and pelvic
lymph nodes. Thus, several novel radiotracers have
been designed to overcome some of these challenges,
as detailed below (see Table 1 for summary of these
radiotracers).

"C.Acetate PET-CT
Primary disease and staging

Cancer cells require more cell membrane lipids. Acetate
is the only carbon source for fatty acid and cholesterol
synthesis. Fatty acid synthase and its overexpression are
associated with high Gleason scores, suggesting more
aggressive prostate cancer [15]. However, Kato et al [16]
demonstrated that ''C-acetate PET-CT cannot distinguish
between benign prostatic hyperplasia and prostate cancer
while Mena et al [17] showed that ''C-acetate uptake in
tumor was higher than that in normal prostate tissue. Cur-
rently published studies show a sensitivity ranging from 38
to 100% and specificity ranging from 29 to 96% of detect-
ing disease in patients with primary prostate cancer and
lymph node involvement.

Recurrent disease

A systemic review performed by Mohsen et al on the
application of ''C-Acetate PET imaging for prostate can-
cer included 23 studies. The sensitivity and specificity
for primary tumor evaluation were 75.1% and 75.8%,
respectively. The sensitivity and specificity for detection
of recurrences were 64% and 93%, respectively [18].
Due to its low sensitivities and specificities, " acetate
PET-CT is unlikely to be very helpful for diagnosis,
staging, or detection of recurrent disease in prostate can-
cer patients.

" choline and '8F-choline PET-CT

Prostate cancer cells overexpress choline kinase and use
choline to synthesize phosphatidylcholine, a major compo-
nent of cell membranes. There is physiologic uptake in the
salivary glands, liver, adrenal glands, gastrointestinal, and
urinary tracts. It is difficult to distinguish cancer cell uptake
from benign prostate hyperplasia. There are 2 major choline
radiotracers: ''C-choline and '®F-choline. '®F-choline
is favored due to longer half-life (about 110 minutes)

Table 1

A summary of PET-CT scans with different radiotracers

Modality Mechanism Advantage Disadvantage Indication
C-Acetate cell membrane lipid synthesis no extra radiation exposure, low sensitivities and Image-guided biopsy

1C-choline/"®F-choline
18F Sodium fluoride

PSMA

FACBC

cell membrane synthesis

taken up by bone cells

trans-membrane receptor
overexpressed in prostate

cancer cells

fluorinated synthetic amino
acid

better for soft tissue
excellent for PSA >1

excellent for bone metastases

excellent for most PC with
PSMA expression
including castrate-resistant
PC (CRPC)

Excellent for PSA >1, slight
advantage over choline [40]

specificities
low detection rate for PSA <1

not helpful for detecting for
locoregional disease

limited utility for PSMA
negative PC, such as those
with neuroendocrine
differentiation

low detection for PSA <1

initial staging or biochemical
recurrence
detection of bone metastases

biochemical recurrence or nodal/

distant micro-metastases

biochemical recurrence or nodal/
distant micro-metastases
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compared with "C-choline (half-life 20 minutes) [14].
Short half-life of ''C also requires on-site or nearby cyclo-
tron. ''C-choline PET-CT is Food and Drug Administration
(FDA) approved for detecting recurrent prostate cancer but
not '®F-choline.

Primary disease and staging

Currently, '®F-choline has a very limited role in assess-
ing the primary disease. However, it is potentially useful in
detecting lymph node metastasis. Simone et al used a new
"®E_choline PET/CT imaging acquisition protocol with an
early dynamic phase (1—8 minutes), a conventional whole
body (10—20 minutes) and a late phase (30—40 minutes). A
total of 146 patients with PSA levels between 0.2 and
1 ng/ml with negative conventional imaging who did not
receive salvage treatment were prospectively enrolled into
the study. Sensitivity, specificity, PPV, negative predictive
value (NPV), and accuracy were 78.9, 76.9, 97.2, 26.3, and
78.7%, respectively [19]. Kitajima et al compared ''C-cho-
line PET-CT with pelvic mpMRI for detection of recurrent
prostate carcinoma in 115 patients who underwent prosta-
tectomy. mpMRI with endorectal coil is superior for the
detection of local recurrence while ''C-choline PET-CT is
superior for pelvic lymph node metastasis. Both were excel-
lent for pelvic bone metastasis. The sensitivity, specificity,
and accuracy of mpMRI for diagnosing local recurrence
were 88.5% (54/61), 84.6% (22/26), and 87.4% (76/87).
The sensitivity, specificity, and accuracy of ''C-choline
PET-CT for detecting lymph node or bone metastases
were 92.3% (72/78), 100% (18/18), and 93.8% (90/96),
respectively [20].

Recurrent disease

Kwee et al examined '®F-choline PET/CT in 50 patients
with rising PSA levels during post-treatment follow-up.
These patients received either radical prostatectomy, exter-
nal beam radiation, or brachytherapy. Abnormal tumor
uptake was detected in 88% patients with a PSA level
>1.1 ng/ml and in only 6% patients with a PSA level
<1.1 ng/ml. The conclusion was that effectiveness of
"®E_choline PET/CT in the detection of prostate cancer
recurrence depends on the PSA level prior to imaging [21].
A meta-analysis by Kairemo et al included 47 studies from
1998 to 2013 that described choline PET-CT scans for pros-
tate cancer. A total of 3,167 patients were evaluated regard-
ing their findings on choline PET-CT during staging and
restaging for biochemical recurrence (BCR). Choline
PET-CT led to a change in the treatment decision among
381 (41%) of 938 patients, which led to complete PSA
response in 101 of 404 (25%) patients. The conclusion was
that ''C-choline and '®F-choline PET-CT are useful as the
first imaging for patients with initially diagnosed prostate
cancer or BCR with PSA levels ranging from 1.0 to
50 ng/ml [22]. Buchegger et al compared '®F-choline with
"C-acetate PET-CT for the detection of recurrent prostate

cancer. Both showed excellent concordance, on both a per
lesion and a per patient basis, suggesting that both tracers
perform equally for recurrent prostate cancer staging [23].

I8F Sodium fluoride (NaF) PET-CT

Sodium fluoride is an inorganic chemical compound that
dissociates into Na* and F~ ions. The F~ ions are then
taken up by the bone cells through chemisorption process,
which helps identifying regions of active bone growth.
Therefore, it can only be used to detect bone metastasis
and studies have shown it has better sensitivity compared
with traditional bone scans. In a literature review of 11
articles with varying PSA levels, the pooled sensitivities of
'8F_NaF PET-CT in detecting prostate cancer bone metasta-
ses were 89 and 87% and specificities were 91 and 80% on
a per lesion and per patient basis, respectively [24]. The
reported sensitivities of conventional bone scans are 39 and
70% and specificities are 83 and 57% per lesion and per
patient basis, respectively [25]. A meta-analysis by Luo et
al evaluated the diagnostic accuracy of '*F-NaF PET or
PET-CT compared with conventional Tc-MDP bone scin-
tigraphy and 'F-FDG PET-CT in the detection of bone
metastases, which included 20 articles containing 1,170
patients. When compared with Tc-MDP bone scintigraphy,
"8E_NaF PET or PET/CT showed both higher sensitivity
(96% vs. 88%, P=0.002) and specificity (91% vs. 80%,
P=0.001). When compared with 8F_FDG PET-CT,
'E_NaF PET, or PET/CT showed higher sensitivity (94%
vs. 73%, P =0.003), whereas no significant difference was
observed in specificity (88% vs. 98%, P =0.06) [26]. With
a PSA level <20 ng/ml, the sensitivity of conventional
bone scan is low. A meta-analysis of 23 articles and 8,644
patients showed that the detection rate of bone metastases
was 2.3, 5.3, and 16.2% with PSA level of less than 10,
10.1 to 19.9, and at least 20, respectively [27]. Due to its
higher sensitivity, '®F sodium fluoride (NaF) PET-CT has a
potential of increasing the detection rate of bone metastases
in patients with PSA <20 ng/ml. It can be especially helpful
for patients at risk for metastatic disease in whom the
conventional bone scan is equivocal or negative. Currently,
8 _NaF PET-CT is not reimbursed by Medicare, thus
limiting its adoption.

Prostate-specific membrane antigen (PSMA) PET-CT

PSMA is a transmembrane receptor that is overex-
pressed in most prostate cancer cells. It has an external
and internal domain. The external domain contains folate
hydrolase and N-acetyl-L-aspartyl-L-glutamate peptidase
enzymes. The function of the internal domain is unclear
[14]. Several generations of PSMA-targeted small mole-
cules have been developed. The first generation was
the antibody 111In-capromab pendetide (trade name
ProstaScint; Cytogen Corporation, Princeton, NJ). It was
FDA approved in the 1990s. However, it targets the internal
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domain of PSMA and has low sensitivity and specificity.
The most commonly studied and used tracer is the
%Ga-labeled PSMAHBED-CC (68Ga-PSMA) PET tracer.
Notably, PSMA is the only theranostic (combination of a
diagnostic biomarker with a therapeutic agent) available
currently for prostate cancer [28].

Primary disease and staging

Similarly to other PET tracers, PSMA has limited value in
the detection and characterization of primary disease. How-
ever, it is useful in the staging of high-risk primary prostate
cancer. Hijazi et al performed a retrospective analysis of 35
prostate cancer patients who underwent ®*Ga-PSMA PET/
CT with either BCR after curative treatment (n = 23)
or before primary treatment of high-risk prostate cancer
(n = 12). They performed pelvic extended lymph node
dissection associated with pathologic imaging in 17 men
with nodal oligometastatic prostate cancer. Diagnostic accu-
racies per nodal lesion in total of 213 removed nodes were
the following: sensitivity, 94%; specificity, 99%; positive
predictive value (PPV), 89%, andNPV, 99.5% [29].

Recurrent disease

Perera et al performed a systematic review and meta-
analysis of ®®*Ga-PSMA PET that included 37 articles
involving 4,790 patients. Per-node analysis showed high
sensitivity (75%) and specificity (99%). Positivity differed
significantly after BCR in the prostate bed between patients
who received radical prostatectomy (22%) and those with
radiotherapy (52%).Positive ®*Ga-PSMA PET scans for
BCR patients increased with PSA levels prior to imaging.
For the PSA levels 0 to 0.19, 0.2 to 0.49, 0.5 to 0.99, 1 to
1.99 and >2 ng/ml, 33%, 45%, 59%, 75%, and 95% scans,
respectively, were positive . Positivity between Gleason
score <7 and >8 did not differ significantly [30]. A pro-
spective study by Van Leeuwen et al examined the detec-
tion rates of ®®Ga-PSMA PET-CT in patients with BCR
after radical prostatectomy (RP), which included a total of
70 patients. 53 “®Ga-PSMA positive lesions were detected
in 38 (54%) patients. Among patients with PSA levels 0.05
to 0.09 ng/ml, 8% were definitely positive. The detection
rates for the other PSA ranges were the following: PSA 0.1
to 0.19 ng/ml, 23%; PSA 0.2 to 0.29 ng/ml, 58%; PSA 0.3
to 0.49 ng/ml, 36%; and PSA 0.5 to 0.99 ng/ml, 57% [31].
Overall, ®®Ga-PSMA PET-CT is a promising imaging
modality that can potentially improve the accuracy of
detecting BCR or nodal micro-metastases, especially in
well-differentiated prostate cancer.

Bombesin PET-CT
®8Ga-labeled DOTA-4-amino-1-carboxymethyl-piperi-

dine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (**Ga-
RM2, or 68Ga-DOTA-bombesin, formerly also known as

BAY86-7548) is a synthetic bombesin receptor antagonist
that targets gastrin-releasing peptide receptors, which are
overexpressed in prostate cancer with little activity in normal
prostate tissue. It targets a different biologic process com-
pared with ®*Ga-PSMA PET/CT. Bombesin PET-CT is still
under active investigation. A pilot study by Minamimoto et
al included 7 men with biochemically recurrent who under-
went both ®*Ga-PSMA-11 PET/CT and **Ga-RM2 PET/MRI
scans. ®*Ga-PSMA-11 had the highest physiologic uptake in
the salivary glands and small bowel with hepatobiliary and
renal clearance while ®®Ga-RM2 had the highest physiologic
uptake in the pancreas, with renal clearance. There was no
significant difference in the uptake outside the expected phys-
iologic biodistribution. In 2 patients, periaortic lymph nodes
were better visualized by ®*Ga-RM2 as it has low uptake in
the small intestine which minimizes the interference. In 1
patient, abnormal uptake in a pelvic node and seminal vesicle
was only seen with %8Ga-PSMA [32].

Fluorinated bombesin PET-CT '*F-BAY 86-4367 and
%4Cu labeled GRPR antagonist, 64Cu-CB-TE2A-AR-06
have also been investigated in preclinical work and small-
size human studies with some promising results [38].

Anti-1-amino-3-[ 18F ] fluorocyclobutane-1-carboxylic acid
(FACBC or fluciclovine) PET-CT

Amino acid transport is up-regulated in prostate and
other cancer cells. Fluciclovine is a fluorinated synthetic
amino acid PET radiotracer transported primarily by the
amino acid transporters ASCT2 and LAT1 [33]. Fluciclo-
vine has relatively low urinary excretion, and advantage
with pelvic imaging. Due to the kinetics of the radiotracer,
PET imaging is performed shortly after injection of fluci-
clovine in the PET scanner, which is also helpful for more
rapid patient throughput, compared to other PET radio-
tracers which require 60 minutes or more uptake time. Flu-
ciclovine was approved by the United States FDA in May
2016 for imaging of suspected prostate cancer recurrence
based on elevated PSA level after previous treatments.

Recurrent disease

A prospective clinical trial by Akin-Akintayo et al
explored the impact of fluciclovine PET-CT on the decision
making of radiation treatment (whether to offer radiother-
apy and the size of radiation fields) in patients with recur-
rent prostate cancer after prostatectomy. Eighty-seven
patients with detectable PSA levels were recruited. Forty-
four of 87 patients were randomized to undergo fluciclovine
PET-CT but 2 patients dropped out. Thirty-four (81.0%) of
42 had positive results on fluciclovine scan. Overall radio-
therapy decision was changed in 17 (40.5%) of 42. Radio-
therapy field decision was changed in 15 (35.7%) of 42.
Eleven (73.3%) of 15 had fields changed from prostate bed
only to both prostate bed and pelvis, while 4 (26.7%) of
15 had fields changed from both prostate bed and pelvis to
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prostate bed only. Disease detection rates generally
improved as PSA level increased: 72.0%, 83.3%, and 100%
at PSA levels <1, 1 to <2, and >2 ng/ml, respectively.
Another prospective study by Akin-Akintayo et al investi-
gated the disease detection rate, diagnostic performance
and interobserver agreement of fluciclovine PET-CT and
mpMR in recurrent prostate cancer. Twenty-four patients
with biochemical failure after nonprostatectomy definitive
therapy, underwent fluciclovine PET-CT and mpMR with
interpretation by imaging readers blinded to patient history,
PSA, and other imaging results. The disease detection
rate for fluciclovine PET-CT in nonprostatectomy patients
with biochemical failure was 94.7% vs. 31.6 to 36.8%
for mpMR [34]. A prospective study was conducted by
Schuster et al to compare fluciclovine PET-CT with Pros-
taScint (111Incapromab pendetide) single photon emission
computerized tomography-computerized tomography in the

detection of recurrent prostate carcinoma [35]. Among the
91 of 93 patients with enough evidence for a consensus on
the presence or absence of prostate/bed disease, fluciclovine
scan had 90.2% sensitivity, 40.0% specificity, 73.6% accu-
racy, 75.3% PPV and 66.7% NPV compared to 111In-cap-
romab pendetide with 67.2%, 56.7%, 63.7%, 75.9%, and
45.9%, respectively. Among the 70 out of 93 patients with
a consensus on the presence or absence of extraprostatic
disease, fluciclovine PET-CT had 55.0% sensitivity, 96.7%
specificity, 72.9% accuracy, 95.7% PPV and 61.7% NPV
compared to 10.0%, 86.7%, 42.9%, 50.0% and 41.9% for
"!'In-capromabpendetide, respectively.

Jani et al showed that incorporating information from
FACBC PET-CT could lead to significant differences in the
defined target volumes, with higher radiation doses to the
penile bulb but no significant differences in rectal or bladder
dose or in acute genitourinary or gastrointestinal toxicity,

Fig. 1. 11C-choline-PET in a patient after radical prostatectomy and adjuvant ADT. PSA subsequently increased to 2.3 ng/ml. (A) Maximum intensity pro-
jection (MIP) image. (B) Axial PET-CT showing increased focal uptake in small right iliac lymph node consistent with relapse (arrow). (C) Axial PET-CT
showing increased uptake in bilateral inguinal nodes consistent with inflammation (arrows). From Schuster DM et al [38].
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Fig. 2. A 59-year-old man with known high-risk prostate cancer (T3, Gleason 9) treated with radical prostatectomy. After 3 years, PSA was rising to 1.6.
%8Ga-PSMA PET/CT showed no signs of recurrence in the prostatic bed or bone metastases. However, several small lymph node node metastases were
detected on PSMA PET/CT. A 5 mm lymph node metastase is seen on MIP and axial fused image (white arrow, A and B), and very small lymph node metas-
tases (<5 mm) are seen on the axial fused PET/CT images (red arrows, B and D) and on corresponding axial CT images (red arrows, C and E). MIP, maxi-

mum intensity projection. From Bouchelouche K et al [39].

among postprostatectomy patients who underwent salvage
radiotherapy [36]. Schreibmann et al demonstrated the use of
FACBC scan in postprostatectomy radiation therapy plan-
ning was feasible and it led to augmentation of the target vol-
umes in the majority (30 of 41) of the patients studied [37].

Figs. 1—4 are examples of how ''C-choline, PSMA,
and fluciclovine PET-CT may be utilized to detect
recurrent disease or decide whether to offer radiotherapy
and the size of radiation fields in prostate cancer
patients [38,39].

Conclusions

There have been significant advancements in the devel-
opment of novel imaging for prostate cancer, especially in
radiotracer-based PET-CT. Overall, previous studies have
suggested '®F-choline, PSMA, and fluciclovine PET-CT
have adequate diagnostic performance and detection rates
which can lead to significant changes in treatment decisions
and target volume delineations. Several may have the
potential of replacing conventional bone scan, especially

MRI

Fused
PET/MRI

o PET
(early)

—_ PET
e (delayed)

Fig. 3. *Ga-RM2-PET/MRI in a patient with treated prostate adenocarcinoma, now with biochemical recurrence (PSA = 3.25 ng/ml) and negative findings
on CT and bone scan. (A) MIP image. (B) Early and delayed axial PET/MRI image demonstrates multiple subcentimeter pelvic lymph nodes with high uptake
on the initial and delayed ®3Ga-RM2-PET acquisitions (arrows). (Image courtesy: Andrei Iagaru, MD, Stanford University). MIP, maximum intensity projec-

tion. From Schuster DM et al [38].
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Fig. 4. Seventy two-year-old M with preradiotherapy PSA of 3.46 ng/ml.
The initial plan was radiotherapy to the prostate bed plus pelvic lymph
nodes. The fluciclovine (*®F) PET-CT scan showed uptake in the retro-
peritoneal nodes (arrows). Radiotherapy was thus aborted; the patient
received hormone therapy alone, representing a decision change from
radiotherapy to no radiotherapy (i.e., from local to systemic therapy).
From Akin-Akintayo OO et al [33].

'8F_NaF PET-CT. However, since there is a limitation of
detection rates and sensitivity at low PSA levels, there is
less potential utility with detection and treatment of early
recurrence. Future investigations and clinical trials are
needed to address these issues.
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