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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activiry, participants will be able to:

m List and describe the molecular targets
of prostate cancer imaging agents that
are currently used in clinics or are un-
dergoing preclinical evaluation, as well
as the most relevant underlying biologic
mechanisms.

m Recognize patterns of physiologic and
pathologic tracer uptake, as well as poten-
tial pitfalls during image interpretation.

m Discuss the advantages and disadvan-
tages of each imaging strategy, its diagnos-
tic value, and its appropriate use.

See www. rsna.orgleducation/search/RG.

Prostate cancer is the most common noncutaneous malignancy
among men in the Western world. The natural history and clinical
course of prostate cancer are markedly diverse, ranging from small
indolent intraprostatic lesions to highly aggressive disseminated dis-
ease. An understanding of this biologic heterogeneity is considered
a necessary requisite in the quest for the adoption of precise and
personalized management strategies. Molecular imaging offers the
potential for noninvasive assessment of the biologic interactions un-
derpinning prostate carcinogenesis. Currently, numerous molecular
imaging probes are in clinical use or undergoing preclinical or clini-
cal evaluation. These probes can be divided into those that image
increased cell metabolism, those that target prostate cancer—specific
membrane proteins and receptor molecules, and those that bind

to the bone matrix adjacent to metastases to bone. The increased
metabolism and vascular changes in prostate cancer cells can be
evaluated with radiolabeled analogs of choline, acetate, glucose,
amino acids, and nucleotides. The androgen receptor, prostate-spe-
cific membrane antigen, and gastrin-releasing peptide receptor (ie,
bombesin) are overexpressed in prostate cancer and can be targeted
by specific radiolabeled imaging probes. Because metastatic pros-
tate cancer cells induce osteoblastic signaling pathways of adjacent
bone tissue, bone-seeking radiotracers are sensitive tools for the
detection of metastases to bone. Knowledge about the underlying
biologic processes responsible for the phenotypes associated with
the different stages of prostate cancer allows an appropriate choice
of methods and helps avoid pitfalls.

©RSNA, 2015 » radiographics.rsna.org

Introduction
Prostate cancer is the most commonly diagnosed noncutaneous ma-
lignancy in the United States, where (a) more than 200,000 new cases
are identified annually, () nearly 30,000 men die of the disease each
year, and (¢) about 2.7 million patients are living with the diagnosis
(1). Prostate cancer ranges from slowly growing, indolent intrapros-
tatic tumors to rapidly progressive metastasizing and therapy-resistant
clones (2). A considerable proportion of prostate cancers will not
affect the life expectancy of patients, as suggested by investigators in a
recent meta-analysis of the results of 19 autopsy studies; these inves-
tigators found that among men aged 70-79 years, tumor had been
discovered in 36% of white men and 51% of African American men
(3). The probability of 5-year survival for patients with a diagnosis of
prostate cancer ranges from 100% for localized disease to 28% once
the cancer has metastasized to distant organs (1).

In the management of prostate cancer, the methods currently
applied for risk stratification, treatment selection, and response pre-
diction, as well as estimation of prognosis, are considered suboptimal.
Screening for prostate-specific antigen (PSA) is controversial because
of its low specificity and the risk of overtreatment of cancers that are
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TEACHING POINTS

B Radiolabeled metabolites are not specific to prostate cancer,
and tracer accumulation may be observed at other sites of
increased cell metabolism, including areas of inflammatory
change, benign tumors, and nonprostatic malignancies.

B The binding of FDHT to the androgen receptor is drastically
reduced by physiologic testosterone levels and the adminis-
tration of antiandrogenic drugs. Thus, it is crucial to consider
the patient’s current antiandrogenic medication when inter-
preting FDHT PET examinations.

B The availability of both diagnostic and therapeutic versions of
the same tracer allows implementation of a “theranostic” ap-
proach, in which an imaging probe can reliably predict the
in vivo binding of its therapeutic “sister” agent and can also
allow patient-tailored dosage calculations.

B Despite its name, PSMA is not perfectly specific for prostate
cells or prostate cancer, and possible pitfalls should be kept
in mind in the interpretation of PSMA-based imaging studies.

B Bone-seeking tracers will accumulate in the bone matrix but
not in cancer cells, thus reflecting the osteoblastic response
to the cancer rather than reflecting the tumor itself. Thus, ra-
diotracer uptake might be seen in cases of tumor regression
with ongoing bone formation, the so-called flare phenom-
enon. Degenerative bone disease, such as osteoarthritis, can
also be avid for these tracers and mimic metastatic disease.
Correlation with anatomic images is essential for diagnosis.

not clinically important. Tissue biopsy samples, on
the other hand, can provide only a small window
into the biologic characteristics of a cancer, par-
ticularly in cases of widespread disease. Molecular
imaging of prostate cancer is a rapidly emerging
field that aims to provide noninvasive insights into

tumor biology and diversity on a whole-body scale.

This information might be used to better under-
stand the nature of prostate cancer and to support
treatment decisions.

In this article, we provide an overview of the
molecular imaging methods that are presently
used or are undergoing clinical evaluation, includ-
ing imaging of cell metabolism, hormone recep-
tors, and membrane proteins, as schematically
outlined in Figure 1. We also refer to imaging of
the osseous matrix of metastases to bone, as well
as emerging techniques that are currently in the
state of preclinical development (eg, reporter gene
imaging). Finally, we detail imaging strategies
relevant to the most common clinical scenarios
encountered in patients with prostate cancer.

Imaging of Cell Metabolism
Cancer cells show dramatic differences, com-
pared with benign tissue, with regard to the
uptake and use of nutrients. By applying labeled
metabolites that are preferentially incorporated
into cancer cells, differences in metabolism
between malignant and nonmalignant tissues can
be used for imaging purposes. In prostate cancer,
radiolabeled analogs of the following metabolic
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substrates have been used clinically: choline,
acetate, glucose, amino acids and amino acid
analogs (ie, leucine, methionine, tryptophan, and
FACBC), and nucleotides. Radiolabeled metabo-
lites are not specific to prostate cancer, and tracer
accumulation may be observed at other sites of
increased cell metabolism, including areas of in-
flammatory change, benign tumors, and nonpros-
tatic malignancies.

Choline

Choline is an essential nutrient needed for three
main physiologic purposes. First, choline appears
in the hydrophilic head groups of phosphatidyl-
choline and sphingomyelin, two major construc-
tional components in eukaryotic cell membranes.
Thus, choline is essential for the synthesis of cell
membranes during cell growth. Second, by way
of its metabolite betaine, choline participates in
the synthesis of methionine (discussed later in
this article); and third, choline is the biochemical
originator of the neurotransmitter acetylcholine.
Because choline is a charged hydrophilic cation,
it requires specific membrane transporters to
enter cells. Several mechanisms have been shown
to be responsible for the accumulation of cho-
line and its metabolites in cancer cells. Over-
expression of choline kinase has been observed
in human tumor-derived cell lines, as well as in
samples from human breast, lung, prostate, and
colorectal cancers (4). Choline uptake by pros-
tate cancer cell lines appears to be influenced by
their sensitivity to and the presence of androgens
(5), and such uptake has been shown to decrease
as a consequence of tissue anoxia (6).

For the purpose of clinical positron emission
tomographic (PET) imaging of patients with
prostate cancer, three radiolabeled forms of cho-
line are available: ''C-choline, '®F-choline, and
18F-fluoroethylcholine. The latter two are more-
convenient alternatives to the former because
of the longer half-life of ®F (ie, 120 minutes,
compared with 20 minutes for !'C), which obvi-
ates the need for proximity to a cyclotron. The
normal biodistribution of radiolabeled choline
demonstrates relatively high accumulation in the
pancreas, liver, kidneys, and lacrimal and salivary
glands and shows variable uptake in the bowel
and bone marrow. Although 'C-choline is rapidly
metabolized to !!C-betaine with generally little
renal excretion, '®F-choline is cleared from the
blood pool within 5 minutes after administration
and is excreted in the urine. With time, the renal
excretion of 8F-choline results in high accumula-
tion in the urinary bladder, which may obscure
and limit the assessment of lesions within the
adjacent prostate gland. Therefore, two-point
imaging has been suggested, with the first scan
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Figure 1. Diagram of an overview of molecular imaging strategies currently applied for prostate cancer. Gray circles indicate
the position of carbon 11 (''C) atoms. Curved arrows indicate free transmembranous diffusion. AATs = amino acid transporters,
AR = androgen receptor, BA = bombesin analog, CT = choline transporter, *F-FACBC = anti-fluorine 18 ('8F)-1-amino-3-fluorocy-
clobutane-1-carboxylic acid, ®F-FDG = '8F-fluorodeoxyglucose, 8F-FDHT = '8F-16B-fluoro-5a-dihydrotestosterone, "8F-FLT = '8F-
fluorothymidine, '8F-FMAU = "8F-fluoro-methyl-arabinofuranosyl-uracil, GLUT = glucose transporter, GRP-R = gastrin-releasing pep-
tide receptor, hENT = human equilibrative nucleoside transporter, MCT = monocarboxylate transporter, PSMA = prostate-specific

membrane antigen, SM/ = small molecule inhibitor, TK = thymidine kinase, Y = antibody.

starting at the pelvis 2 minutes after the injection
of 8F-choline and a second scan being performed
after 30 minutes. Lesions with increasing '8F-
choline activity are regarded as malignant, and
lesions with decreasing '®F-choline activity are
more likely benign (Fig 2).

Choline uptake is not specific to prostate
cancer, and tracer accumulation may also be
observed in inflammatory processes, benign pros-
tate hyperplasia, benign tumors, and synchro-
nous malignant disease. For the initial staging
of localized prostate cancer, some investigators
have reported a significant correlation between
18F-choline uptake and tumor volume (r = 0.68,
P =.0001) (7); however, others found a consid-
erable overlap of ®F-choline uptake values in
tumor foci and in benign prostatic hyperplasia
(8). Given the exquisite anatomic detail afforded
by magnetic resonance (MR) imaging, manually
fusing MR images with 8F-choline PET im-
ages results in increased specificity of the latter
by allowing distinction between uptake in the
peripheral zone, which is the most common site
of prostate cancer, and uptake in hyperplastic
nodules with typical imaging features at MR im-

aging (eg, heterogeneous signal intensity on T2-
weighted images, presence of a capsule) (9) (Fig
3). ¥F-Choline PET/CT and MR imaging can
be used for staging of newly diagnosed prostate
cancer (Fig 4). For the detection of metastases
to the pelvic lymph nodes during tumor staging
of intermediate- to high-risk prostate cancer, the
findings from a meta-analysis indicated a pooled
sensitivity of 49% and pooled specificity of 95%
for "'C- and '"®F-choline (10) (Fig 5).

The strength of choline-based PET imaging
appears to lie in the detection of prostate cancer
recurrence after radical prostatectomy or radiation
therapy. In the results of a meta-analysis on this
topic, investigators reported pooled sensitivity and
pooled specificity of 86% and 93%, respectively,
for all sites of disease (area under the receiver
operating characteristic curve, 0.949). The three
different choline radiotracers have not been
systematically compared so far, but differences
in diagnostic accuracy appear minor (11,12).
For recurrence in the prostatic fossa, a pooled
sensitivity of 75% and pooled specificity of 82%
were reported; for lymph node recurrence, these
numbers were 100% and 82%, respectively (11).
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Figure 2. Dual-modality '8F-choline PET and computed tomographic (CT) combined imaging (hereafter, PET/CT) of a 70-year-old
man with recurrence of increased PSA levels 14 years after radical prostatectomy. (a, b) Early (a) and late (b) coronal maximum in-
tensity projection images show the normal biodistribution of '®F-choline in the salivary glands, liver, pancreas, spleen, kidneys, bone
marrow, and bowel, with urinary excretion depicted on b. In g, tracer accumulation is depicted in the left-sided paraaortic lymph
nodes (arrows) and in one left-sided inguinal lymph node (arrowhead). In b, increased tracer uptake is depicted in the paraaortic
nodes (arrows), a finding that is suspicious for metastasis; and after the same interval, the inguinal lymph node (arrowhead) shows
decreased tracer uptake, which indicates that this lymph node is reactive. (c—f) Corresponding axial CT images (c, e) and fused
late-phase PET/CT images (d, f) (c and d obtained at a lower level than e and f) show pathologic '®F-choline uptake in the left-sided
paraaortic lymph nodes (arrow).

Figure 3. '8F-Choline PET/CT and
MR imaging of a 66-year-old man
with newly diagnosed prostate
cancer and a PSA level of 30 ng/
mL. (a) Early coronal maximum
intensity projection image from
'8F-choline PET shows unspecific
focal '®F-choline uptake (arrow)
in the left part of the prostate.
(b) Axial T2-weighted MR image
shows a hypointense lesion (ar-
row) in the left prostatic peripheral
zone consistent with prostate can-
cer, a finding that was confirmed
by the results of histopathologic
examination. (¢) Manually fused
image combining axial PET image
and axial MR image of the prostate
depicts the '®F-choline activity (ar-
row) in the left peripheral zone.




RadioGraphics

146 January-February 2016

Figure 4. '8F-Choline PET/CT
and MR imaging of a 72-year-old
man with newly diagnosed pros-
tate cancer (Gleason score, 5 + 5
= 10). (a) Late coronal maximum
intensity projection image from
'8F-choline PET/CT shows focal
tracer uptake in multiple bone le-
sions (arrows). (b) Axial fused PET/
CT image of the pelvis depicts in-
tense focal tracer uptake (arrows)
in the left acetabulum, which helps
confirm the findings in a. (c) Axial
CT image shows minimal sclerotic
changes (arrows) in the left acetab-
ulum. (d) Corresponding axial T1-
weighted MR image shows mini-
mal hypointense changes (arrows)
in the left acetabulum.

It should be noted, however, that the reference
standard and the included patient populations
varied markedly across studies. Therefore, the
pooled accuracy needs to be interpreted with cau-
tion. Moreover, the terms sensiziviry and specificity
can be problematic for whole-body imaging stud-
ies because the true number of malignant lesions
is not known, and the number of “negative sites”
is not well defined, an issue that is applicable not
just to choline PET/CT but to all other PET trac-
ers and imaging modalities used for whole-body
evaluation. The detection of recurrent prostate
cancer at choline PET/CT is influenced by the
serum PSA Kkinetics. Although some investigators
have reported that '®F-choline PET/CT can be
used to detect early recurrence in patients with
PSA values less than 1.5 ng/mL if there is a high
PSA velocity (high rate of rise in PSA level) (13),
the sensitivity decreases with decreasing PSA val-
ues (14,15). Given the current trend toward de-
tection of recurrence at early stages, future efforts
should be directed toward further defining the
ability of PET with choline and other tracers to
help identify sites of recurrent disease in patients
with early PSA relapse (relapse to an increased
PSA level) after therapy.

radiographics.rsna.org

Acetate

Acetate, a simple organic anion (CH,COO7), is
one of the central ions in the energy metabolism
of human cells and the most common building
block for the biosynthesis of fatty acids and other
structural cell compounds. After entering a cell
by way of membrane transporters, the acetate ion
is mainly used in the form of acetyl-coenzyme

A. As acetyl-coenzyme A, the acetate ion con-
veys the carbon atoms to the citric acid cycle
(Krebs cycle) to be oxidized for energy produc-
tion. Acetyl-coenzyme A and its metabolite
malonyl-coenzyme A are also the major carbon
sources for the elongation of fatty acids, which,
in turn, constitute the major components of
phospholipids and glycolipids in cell membranes.
Acetyl-coenzyme A is also the basic molecule

for the biosynthesis of cholesterol, which is vital
to cell membrane structure and a precursor of
fat-soluble vitamins and steroid hormones (16).
In human cancer cells, several enzymatic path-
ways of acetate processing were observed to be
upregulated or essential for cell survival (17-19).
In prostate cancer cells, the upregulation of fatty
acid synthetase was found to be the most likely
molecular basis for the increased cellular uptake
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Figure 5. '®F-Choline PET/CT of a
70-year-old man with recurrence of
an increased PSA level (1.9 ng/mL)
6 months after radical prostatec-
tomy. (a) Early coronal maximum
intensity projection shows focal
tracer uptake in multiple lymph
nodes (arrows). (b—d) Axial fused
PET/CT images obtained at increas-
ingly higher levels in the pelvis show
the absence of focal tracer uptake in
the prostate bed in b but also show
intense focal activity in three pelvic
lymph nodes (arrows in ¢, d).

Figure 6. ''C-Acetate PET/CT and gallium 68 (®®Ga)-RM2 (bombesin analog) PET/CT of a 64-year-old man with newly diagnosed
prostate cancer found at biopsy (Gleason score, 4 + 4 = 8; PSA level, 30 ng/mL), who was referred for cancer staging. (a, b) ''C-
Acetate PET/CT image (a) and %Ga-RM2 (bombesin analog) PET/CT image (b) show a suspicious lesion (arrow in g, b) in the right
prostatic peripheral zone. Note the physiologic uptake of ''C-acetate in the skeletal muscle on a. (c) Photograph of a macrosection
obtained at robotic prostatectomy helps verify the presence of prostate cancer with invasion of the prostatic capsule (arrow). (Images

courtesy of Heikki Minn, MD, Turku PET Centre, Turku, Finland.)

of acetate (20), although its uptake seems to be
unaffected by androgens (5).

For the purpose of clinical PET imaging, !'C-
labeled acetate and '®F-labeled acetate are avail-
able. The multifarious biochemical functions of
acetate explain the widespread biodistribution of

these tracers in the heart, kidneys, liver, salivary
glands, pancreas, spleen, intestine, bone marrow,
and skeletal muscle (Fig 6). Because of the rapid
uptake and metabolization of acetate, PET im-
ages are typically acquired between 5 and 15
minutes after tracer administration. !C-Acetate
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gets metabolized to ''C-CO, in normal tissues,
which in turn is eliminated by way of the lungs,
and there is virtually no renal excretion of tracer.
In contrast, ®F-acetate is excreted in the urine.
Neither tracer is taken up specifically by prostate
cancer cells, and both tracers can also accumu-
late in other hypermetabolic states, such as in
inflamed tissues, benign tumors, or other cancers.

Although !C-acetate has been studied exten-
sively, the clinical value of '®F-acetate has not
been evaluated so thoroughly. For the diagnosis
of primary prostate cancer, !C-acetate PET/CT
has been reported to be inferior to MR imaging,
because its uptake in prostate cancer is similar to
its uptake in areas of benign prostatic hyperplasia
(21). For the detection of regional lymph node
metastases, the findings from a meta-analysis indi-
cated that the sensitivity and specificity of imaging
with "C-acetate were 73% and 79%, respectively
(22). In this same meta-analysis, investigators
found that in the setting of PSA relapse after
radical treatment, the tracer was highly specific
(specificity, >90%) but lacked sensitivity (sensitiv-
ity, 68%) (22).The depiction of metastases at !!C-
acetate PET/CT depends on the PSA level and
may not be sufficient in patients with a PSA level
less than 1-3 ng/mlL. (23). Similar to the situation
described with choline PET/CT, acetate PET/CT
may be of limited use for the detection of early
recurrence of prostate cancer.

Glucose

Glucose is a ubiquitous fuel in the human body,
particularly for hypermetabolic cells, and an
increased expression of transmembrane glucose
transporters and hexokinase has been observed in
various cancer types. The radiolabeled analog of
glucose, FDG, also uses transmembrane glucose
transporters to enter a cell and is phosphorylated
by hexokinase. This pharmacokinetic profile
makes FDG a valuable tracer for imaging a wide
range of malignancies and inflammatory diseases.
In prostate tissue, benign prostatic hyperplasia,
and prostate cancer, however, the uptake of FDG
is less consistent and is related to the grade of
tumor differentiation (24), androgen dependency
(25), and tumor hypoxia (6). Because of the
frequently low FDG uptake of newly diagnosed
prostate cancer and the appreciable overlap in
tracer accumulation in normal and abnormal
prostate tissue, FDG PET/CT is of only limited
value for the local staging of prostate cancer. For
patients with PSA relapse after radical treatment,
investigators showed that FDG PET/CT is less
sensitive than choline- and acetate-based imaging
methods in a systematic review (26). This tracer
may have potential as a prognostic tool in the
evaluation of castration-resistant metastatic pros-

radiographics.rsna.org

tate cancer (27,28) and as a predictor of treat-
ment response to antiandrogenic therapy (29).

Amino Acids

Leucine.—1-Leucine is an essential amino acid
that activates the mammalian target of the
rapamycin (mTOR) pathway. This pathway
controls messenger RNA translation, ribosome
biogenesis, autophagy, and cell metabolism.
Deregulation of the mTOR pathway has been
observed in a variety of cancers; in prostate
cancer, this deregulation contributes to cancer
progression and androgen independency (30). In
a xenograft model of prostate cancer, knockdown
of L-leucine membrane transporters inhibited cell
cycle progression and tumor growth and led to
spontaneous regression of metastasis (31).
FACBC is a radiolabeled analog of L-leucine
for PET imaging. Its normal biodistribution
includes intense hepatic and pancreatic uptake
and moderate to mild uptake in the salivary
and pituitary glands, the bowel, and the bone
marrow. The fact that L-leucine is preferentially
metabolized in muscle cells explains why FACBC
increasingly accumulates in muscle tissue with
time. Urinary excretion of FACBC is minimal,
but cellular uptake is rapid. Thus, imaging can
be performed before the tracer accumulates in
the bladder, typically 3 minutes after application.
The uptake of FACBC is not specific to prostate
cancer and might also be observed in benign
prostatic hyperplasia, inflammation, and benign
tumors. Some encouraging clinical reports about
FACBC are found in the literature (32,33). Re-
cently, investigators reported that FACBC PET/
CT had considerably higher accuracy and helped
detect more prostatic and extraprostatic disease
than indium 111 (**In)-labeled capromab pen-
detide, an antibody directed against the internal
epitope of the PSMA molecule and imaged with
single photon emission computed tomography
(SPECT), as discussed later in this article (34).
An example of FACBC PET/MR imaging is
given in Figure 7.

Methionine.—Methionine is an essential amino
acid that is necessary for growth, normal develop-
ment, and homeostasis of mammalian cells. To-
gether with cysteine, methionine is one of the two
sulfur-containing proteinogenic amino acids, and
its metabolites serve as major methyl donors in
cell biochemistry. Accordingly, methionine is in-
volved in several biochemical pathways that pro-
vide molecular compounds for protein synthesis,
chromatin and protein methylation, and synthesis
of glutathione, a molecule that protects cells from
oxidative stress. In androgen-insensitive prostate
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Figure 7. FACBC PET/MR imaging of a 65-year-old man with
newly diagnosed prostate cancer found at biopsy (Gleason
score, 4 + 4 = 8; PSA level, 3.6 ng/mL), who was referred for
cancer staging. (a) T2-weighted MR image of the pelvis shows
an 8-mm external iliac lymph node (arrow). (b) Axial fused
FACBC PET/MR image obtained with a fully integrated PET/MR
system shows intense tracer uptake in the lymph node (arrow).
The findings at histopathologic examination helped confirm
lymph node metastases. (Images courtesy of Brage Kriiger-
Stokke, MD, NTNU-MR Cancer Group and St. Olavs Hospital,
Trondheim, Norway.)

cancer cell lines, methionine restriction can stop
proliferation and induce apoptosis (35).

Several radiolabeled analogs of methionine
and its precursor homocysteine have been used
for cancer imaging. Among those, !!C-methionine
is the only one that has also been evaluated in
patients with prostate cancer. After intravenous
administration, 'C-methionine is rapidly cleared
from the blood, and its physiologic biodistribu-
tion includes the pancreas, liver, salivary glands,
tonsils, bone marrow, testicles, and myocardium.
No renal excretion of ''C-methionine occurs,
which makes it an interesting tracer for pelvic
cancers. In the findings from some clinical stud-
ies, investigators have described the potential role
of 1'C-methionine in prostate cancer imaging, but
its clinical value in comparison with other tracers
has not yet been explored fully (36,37).

Tryptophan.—Tryptophan is an essential amino
acid that is used for protein synthesis and also
acts as the biochemical precursor of 5-hydroxy-
tryptamine (ie, serotonin). In addition to its well-
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studied functions in the central nervous, circula-
tory, and intestinal systems, serotonin may also
be a mitogenic factor involved in cancer growth
and angiogenesis, cell migration, and metastasis
(38). Serotonin-producing neuroendocrine cells
are found in normal prostate tissue, as well as in
prostate carcinoma. These cells are more com-
monly encountered in high-stage and high-grade
prostate cancer, with the highest concentrations
occurring in castration-resistant cancers (39). In
a preliminary study of individuals with metastatic
hormone-refractory prostate cancer, investiga-
tors reported an increased uptake of 'C-labeled
serotonin in all observed skeletal lesions (40).

Nucleosides

Nucleosides represent the basic building blocks
of nucleic acids, and the adequate synthesis of
nucleic acids is essential for the proliferation of
malignant cell clones. Radiolabeled nucleosides,
mainly thymidine and its analogs, have therefore
been used for the imaging of cell proliferation
since the mid 1990s. Fluorothymidine was origi-
nally developed as an antineoplastic and antiret-
roviral agent, because it acts as a chain terminator
in DNA synthesis. Because of the considerable
side effects of fluorothymidine when administered
at routine therapeutic doses, it was abandoned as
a therapeutic agent. At doses that are needed for
imaging, however, 8F-fluorothymidine is far less
toxic and has been applied in a wide variety of
cancers. No clinical data about this tracer in pa-
tients with prostate cancer are currently available;
however, in the results of preliminary studies with
the fluorothymidine analog, ¥F-fluoro-methyl-ara-
binofuranosyl-uracil (FMAU), investigators found
that this tracer accumulates in prostate cancer
(41,42). Compared with fluorothymidine, FMAU
demonstrates less intense uptake in the bone mar-
row and less urinary excretion, findings that make
it an interesting alternative for prostate cancer im-
aging, although further work is needed to explore
the potential of this tracer in prostate cancer.

Imaging of Receptors
and Membrane Proteins

Androgen Receptor

Androgens are the main molecular drivers for the
development and maintenance of the male sexual
phenotype, including the proliferation of prostate
epithelial cells, and androgens play a major role in
the carcinogenesis of prostate cancer. The andro-
gen receptor is a cytoplasmic molecule that, after
binding of its ligand, translocates into the nucleus
and serves as a transcription factor. Expression
or overexpression of the androgen receptor has
been observed in all stages of prostate cancer,
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Figure 8. FDHT PET/CT of a 64-year-old man with metastatic castration-resistant prostate cancer. (g, b) Images obtained at baseline
examination: Coronal maximum intensity projection image obtained at FDHT PET (a) and sagittal fused FDHT PET/CT image (b)
show diffuse osseous metastases. (¢, d) Images obtained 6 weeks after treatment with cabozantinib (Cometrig; Exelixis, South San
Francisco, Calif): Corresponding coronal maximum intensity projection image obtained at FDHT PET (c) and sagittal fused FDHT PET/
CT image (d) show almost completely resolved uptake in the metastases to bone. FDHT is bound to sex hormone-binding globulin,
which explains the considerable blood pool activity (red arrow in c). Note also the hepatobiliary excretion of the tracer into the bile
ducts (green arrow in ¢) and the gallbladder (% in ¢). The tracer is also excreted by way of the kidneys (yellow arrows in c) into the

urinary bladder (arrowhead in c).

and androgen deprivation will lead to treatment
response in virtually all patients with metastatic
disease. However, almost all of them will experi-
ence resistance to androgen deprivation, a pro-
cess that is referred to as “castration resistance.”
Although these cell clones gain their independence
from circulating androgens, the clones often con-
tinue to express or even overexpress the androgen
receptor. The mechanisms of castration resistance
are not fully understood, and many theories have
been proposed in the literature, including, but not
limited to, androgen receptor variants, the am-
plification of androgen receptor coactivators, and
bypass-activating pathways.

FDHT is a structural analog of 5a-dihy-
drotestosterone, the major and most potent
intraprostatic androgen. After intravenous
administration, FDHT is bound to sex hor-
mone-binding globulin and passively diffuses
through the cell membrane. In prostate cancer,
the uptake of FDHT reaches a plateau about 20
minutes after injection. FDHT has an effective
half-life of 1-2 hours and is mainly excreted
by the liver by way of the biliary tree, as well as
by the kidneys into the urinary bladder. Little
tracer uptake may also be observed in the pan-
creas, adrenals, intestine, and the bone marrow
(Fig 8).The binding of FDHT to the androgen

receptor is drastically reduced by physiologic
testosterone levels and the administration of
antiandrogenic drugs (43,44). Thus, it is crucial
to consider the patient’s current antiandrogenic
medication when interpreting FDHT PET
examinations. FDHT examinations are gener-
ally negative if testosterone levels are not in the
castrated category. Additionally, mutations or
alternative splicing in prostate cancer cells may
lead to the expression of androgen receptors
with an altered or even missing hormone-bind-
ing domain. These changes may also affect the
binding of FDHT, although no studies are avail-
able that explore this hypothesis on a molecular
level. However, in a study of castration-resistant
prostate cancer, investigators described differ-
ent patterns of FDHT uptake in metastases to
bone (27). Although 90% of the lesions in this
study were positive at FDHT PET, a minority of
vital metastases, as proven by their FDG avid-
ity, did not accumulate FDHT. This tracer may
therefore be used to assess the androgen recep-
tor status on a whole-body scale and to evaluate
the prospects and efficacy of androgen recep-
tor—directed pharmaceuticals. The quantity of
FDHT accumulation may also have potential as
a prognostic biomarker in castration-resistant
prostate cancer (27).
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Prostate-Specific Membrane Antigen
PSMA (also known as glutamate carboxypep-
tidase II) is a transmembrane glycoprotein that
is found on prostate epithelial cells, the small
intestine, renal tubular cells, celiac ganglia, and
salivary glands. Its expression is 100-fold to
1000-fold higher in prostate cancer than in other
tissues, and the degree of PSMA expression is as-
sociated with the time to tumor progression and
the probability of cancer relapse (45,46). Andro-
gens will downregulate the expression of PSMA,
and it is more abundant on the surface of castra-
tion-resistant tumors (47). Knowledge about the
structure and natural functions of PSMA helps
to understand the principles of PSMA-directed
imaging. A schematic diagram of a PSMA mol-
ecule is shown in Figure 9. PSMA consists of a
small intracytoplasmic domain, a hydrophobic
transmembranous domain, and a large extracy-
toplasmic domain. The extracytoplasmic domain
has several enzymatic functions, and the fact that
PSMA gets internalized into the cell’s endosomal
recycling system suggests that it may also serve as
a receptor for which the ligand is not known. The
highly increased expression of PSMA on prostate
cancer cells, its anchorage in the cell membrane,
and its internalization make PSMA a highly at-
tractive target for imaging and therapy.

PSMA imaging is based on monoclonal
antibodies or small molecule inhibitors of its
enzymatic domains. The first commercially avail-
able radiolabeled antibody against PSMA (ie,
Tn-7E11; capromab pendetide [ProstaScint;
Aytu Bioscience, Englewood, Colo]) was directed
against the molecule’s intracellular domain.
Antibodies are hydrophilic molecules and cannot

Figure 9. Diagram of a PSMA molecule. The
molecule is composed of a short intracellular
domain (ID), a hydrophobic transmembranous
domain (TD), and a large extracellular domain
(ED). The latter consists of a large enzymatic por-
tion and three smaller domains (), the functions
of which are not known. PSMA-directed imaging
tracers can be divided into those targeting the ID
and those that bind to the ED or inhibit its enzy-
matic domain. The ID contains a motif that is re-
sponsible for the internalization of the molecule
into the endosomal recycling system of the cell.

cross intact cell membranes. Thus, 7E11 can only
bind to PSMA after its exposure in damaged or
necrotic cells, and the capacity of '''In-7E11 to
image vital prostate cancer cells with intact cel-
lular membranes is limited.

Newer generations of anti-PSMA antibodies
(eg,J591, 3/A12, 3/E7, 3/F11, and 3C6) target
the extracellular receptor domain, with J591
being the best studied among them. This anti-
body has been labeled with radioactive techne-
tium 99m (*™Tc), "''In, copper 64 (**Cu), and
zirconium 89 (®°Zr) for SPECT/PET imaging,
as well as with magnetic nanoparticles for MR
imaging. In the results of preliminary clinical
studies, investigators found that 8°Zr-labeled J591
binds primarily to primary prostate cancer with a
Gleason score of 7 or more, and investigators also
found that '""In-labeled J591 accurately targeted
bone or soft-tissue lesions in 98% of patients with
castration-resistant disease (48).

For therapeutic purposes, J591 has also been
linked to particles with a- and B-radioactive
decay (49,50). The availability of both diagnostic
and therapeutic versions of the same tracer allows
implementation of a “theranostic” approach, in
which an imaging probe can reliably predict the
in vivo binding of its therapeutic “sister” agent
and can also allow patient-tailored dosage calcu-
lations. Figure 10 shows the physiologic distribu-
tion of 3Zr-J591, and Figures 11 and 12 display
patterns of pathologic accumulation of this tracer
in prostate cancer metastases.

In addition to antibodies, radiolabeled small
molecule inhibitors of the enzymatic domain
of PSMA, as well as antibody fragments and
minibodies (engineered antibody fragments)
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Figure 10. FDG PET and
87r-)591 imaging of a
55-year-old man with a
mildly increasing PSA level
of 1.1 ng/mL after radical
prostatectomy. Coronal
maximum intensity projec-
tion images obtained 60
minutes after intravenous
injection of FDG (a) and 7
days after the injection of
87r-)591 (b) show physi-
ologic tracer distribution for
each tracer. No areas of ab-
normal tracer accumulation
were depicted.

radiographics.rsna.org

Figure 11.  FDG PET/CT, FDHT PET/CT, #Zr-)591 PET/CT, and MR imaging of a 47-year-old man undergoing follow-
up 2 years after prostatectomy and radiation therapy for prostate cancer (Gleason score, 4 + 5 = 9). Axial fused FDG
PET/CT image (a), axial fused FDHT PET/CT image (b), axial fused #Zr-J591 PET/CT image (c), and axial T1-weighted
MR image (d) of the pelvis show a right superior pubic ramus metastasis extending into the acetabulum (arrow). Tracer
uptake was depicted with all three PET tracers.
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Figure 12. FDG PET and #Zr-J591 PET/CT of a 73-year-old man with metastatic castration-resistant prostate cancer. (a) Coronal
maximum intensity projection image from FDG PET shows a few metastases to bone. (b—f) Coronal maximum intensity projection
image from #Zr-J591 PET (b) and axial fused #Zr-J591 PET/CT images (c—f) depict many more metastases to bone.

against PSMA, have been developed. Because of
their lower molecular weight, these substances
are cleared from the blood more rapidly than
antibodies, thereby decreasing the time interval
from injection to scanning and the overall radia-
tion dose. These molecules will physiologically
accumulate in the liver and spleen, the kidneys,
the salivary glands, and the intestinal tract,

with variable urinary excretion. Among them, a
%8Ga-labeled PSMA ligand is a promising agent
that showed higher sensitivity and tumor-to-
background ratios than did choline PET/CT in
patients with recurrent prostate cancer (51). The
potential ability of PSMA-based imaging to help
detect prostate cancer recurrence at the time of
early PSA relapse after prostatectomy or radia-
tion therapy has garnered considerable interest
and is currently the subject of ongoing studies to
further delineate the usefulness of PSMA-based
imaging in this clinical context.

Despite its name, PSMA is not perfectly
specific for prostate cells or prostate cancer, and
possible pitfalls should be kept in mind in the
interpretation of PSMA-based imaging studies.
PSMA expression and positivity at J591-based
imaging have been observed in a variety of solid
nonprostate malignancies. In contrast, poorly dif-
ferentiated prostate cancer with neuroendocrine
differentiation may appear negative at PSMA-
directed imaging. Importantly, the celiac ganglia
can also express PSMA and were found to be
positive at PSMA PET/CT in as many as 89% of
patients with prostate cancer (52). Because of their
paraaortic localization just in front of the crura of
the diaphragm and their lymph node-like morpho-
logic structure at CT, the celiac ganglia can easily
be misinterpreted as metastatic lymph nodes.

Gastrin-releasing Peptide Receptor

The gastrin-releasing peptide, also referred to

as the “mammalian bombesin,” is a member of
the “bombesin-like peptide family” and shows a
broad range of pharmacologic and biologic re-
sponses in mammalian organisms. Its membrane
receptors (gastrin-releasing peptide receptor)
mediate their biologic effects via several intracel-
lular signaling pathways leading to an increased
expression of transcription factors, key proteins
of the cell cycle, and expression of growth factor
receptors. Gastrin-releasing peptide receptor
was shown to be overexpressed in many cancer
types, including prostate cancer, while being
scarce or nondetectable in normal prostate tis-
sues. Its nonmammalian ligand, bombesin, was
originally isolated from the skin of the European
fire-bellied toad (Bombina bombina), and sev-
eral radiolabeled analogs have been developed
for PET and SPECT/CT imaging, including
radiopharmaceuticals labeled with '8F, %Ga,
U, *mTc, %4Cu, and lutetium 177 (*""Lu) (53).
These tracers can be classified according to their
pharmacodynamic effect on the gastrin-releasing
peptide receptor. Although agonists will induce
internalization of the ligand-receptor complex
into the endosomal compartment, antagonist-
bound gastrin-releasing peptide receptor re-
mains in the cell membrane, as indicated in
Figure 1 (54).

In humans, a radiolabeled gastrin-releasing
peptide receptor antagonist (ie, *Cu-CB-TE2A-
ARO) is rapidly cleared from the blood (initial
half-life, 5 minutes) and excreted by the kidneys
into the urinary bladder. Physiologic uptake can
be observed mainly in the pancreas and, to a
lesser extent, in the liver, spleen, and bowel. The
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tracer washout is slower for prostate cancer than
for normal organs. In the results of preliminary
clinical studies, investigators reported promising
diagnostic accuracies of radiolabeled bombesin
analogs, but further studies are warranted to
understand the true clinical value of these tracers
(55-57). An example of imaging with a bombesin
analog (°®*Ga-RM?2) is shown in Figure 6b.

Imaging of the Bone Matrix
Human bone consists of two major components:
(a) proteins, mainly collagen; and (b) inorganic
crystals, mainly hydroxyapatite, which is a calcium
phosphate mineral with the chemical formula
Ca,(PO,),(OH). Its OH" ion can be replaced by
several anions, including fluoride, which produces
fluorapatite. Healthy adult bone is in homeostasis
between resorption of old bone by osteoclasts and
synthesis of new bone by osteoblasts. In metasta-
ses to bone, an intercellular communication be-
tween cancer cells and the bone microenvironment
promotes an abnormal cycle of tumor growth,
bone destruction, and bone remodeling. Generally,
cancer cells release numerous signaling molecules
that activate osteoclasts and lead to destruction
of bone, the result being an osteolytic appearance
on medical images. In prostate cancer metasta-
ses, however, tumor progression was observed
to be accompanied by demasking of osteoblastic
signaling pathways. This explains the switch from
an osteolytic to the more-common osteoblastic
phenotype early in the development of metastases
to bone from prostate cancer. By the systemic ap-
plication of radiolabeled building blocks of bone,
it is possible to localize sites of increased de novo
synthesis of bone (eg, osteoblastic metastases to
bone). The uptake of these “bone-seeking” radio-
pharmaceuticals, most importantly, *™Tc-labeled
diphosphonates and ®F-sodium fluoride, depends
on both bone perfusion and the rate of bone turn-
over. Bone-seeking tracers will accumulate in the
bone matrix but not in cancer cells, thus reflect-
ing the osteoblastic response to the cancer rather
than reflecting the tumor itself. Thus, radiotracer
uptake might be seen in cases of tumor regression
with ongoing bone formation, the so-called flare
phenomenon. Degenerative bone disease, such as
osteoarthritis, can also be avid for these tracers
and mimic metastatic disease. Correlation with
anatomic images is essential for diagnosis.

#mTc-labeled Diphosphonates

The most widely applied bone-seeking radiotrac-
ers are *™Tc-labeled diphosphonates, including
methylene diphosphonate (***Tc-MDP) and hy-
droxymethylene diphosphonate (***Tc-HMDP).
Diphosphonates are molecules with two phos-
phate groups that have a mechanism of accumu-

radiographics.rsna.org

lation in bone that is not completely understood.
Most probably, diphosphonates accumulate at
the surface of bone during bone formation, a
process that is called chemisorption. In prostate
cancer, whole-body scintigraphy with these radio-
tracers (“bone scans™) lacks specificity and also
underestimates the true prevalence of metastases
to bone. The application of SPECT/CT with
these tracers can increase their specificity.

Sodium Fluoride

Sodium fluoride (NaF) is an inorganic chemical
compound that dissolves to give separated Na*
and F~ ions. Its radiolabeled form, '®*F-NaF, was
developed in 1962 and was approved for bone
imaging by the U.S. Food and Drug Administra-
tion as early as 1972. After chemisorption onto
the bone matrix, '8F rapidly exchanges for the
hydroxyapatite’s OH™ ion, forming ®F-fluor-
apatite. Compared with diphosphonates, NaF
has a more-rapid blood clearance and a higher
bone-to-background ratio, and the interval from
the administration to imaging is shorter. NaF is
excreted by the kidneys into the urinary blad-
der. Despite these advantages, it was replaced
by ?°"Tc-labeled diphosphonates in the 1970s
because of their better physical properties for
imaging with conventional gamma cameras. The
introduction of PET and PET/CT, as well as the
broader availability of electronic '®F generators,
allowed tapping the full potential of this tracer.
In the results of several studies, investigators have
demonstrated that '®F-NaF PET is more accu-
rate than a conventional bone scan or SPECT
with *°mTc-labeled diphosphonates in the diag-
nosis and characterization of metastases to bone
from various primary cancers, including prostate
cancer. In the findings from a literature review
of 8F-NaF PET/CT for imaging prostate cancer
metastases to bone, investigators reported pooled
sensitivities and specificities of 89% and 91%,
respectively, on a per-lesion basis and 87% and
80%, respectively, on a per-patient basis (58).

Reporter Gene Imaging
Carcinogenesis and progression of cancer are
mainly driven by alterations of gene expression, and
the diversity of gene expression patterns is a major
cause of cancer heterogeneity, including the wide
variation in biologic behavior of prostate cancer.
Visualization of gene expression could therefore
provide direct insights into the molecular basis
of cancer biology and may help to detect, diag-
nose, classify, and understand cancers and cancer
subtypes. Until recently, imaging of gene expres-
sion was restricted to histochemistry (immuno-
histochemistry), necessitating tissue sampling and
processing, and it was not possible to visualize gene
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expression in living subjects. Reporter gene expres-
sion imaging, however, is a method that allows vi-
sualization, localization, and quantification of gene
expression in living cells and organisms.

Reporter genes are relatively short strands of
DNA that are attached to regulatory sequences
of another “gene of interest.” After their introduc-
tion into a living cell (eg, by a vector virus), the
reporter genes get integrated into the DNA of the
host. Because both the reporter gene and the gene
of interest have the same regulatory sequences,
their expression will be controlled concurrently by
the same stimuli and mechanisms. The difference
between these two genes, however, lies in the type
of encoded protein. The gene of interest encodes
for a certain protein (eg, PSA), and the reporter
gene encodes for a “reporter protein,” which can
be an intracellular enzyme, a transmembrane
transporter, or a membrane-bound receptor or
antigen. After its expression, the reporter protein
accumulates in the cell or gets integrated into
the cell membrane. In the next step, a “reporter
probe” is injected into the system or organism.
The reporter probe is a molecule that specifically
interacts with the reporter protein and, at the same
time, acts as a tracer that allows for its localization
in the cell or organism. Depending on the type of
reporter protein and probe, various interactions
are possible between them, including direct bind-
ing, transmembrane transportation, or enzymatic
metabolization. Any of these interactions result
in an accumulation of the reporter probe (ie, the
“tracer”) on or in the target cell, producing the
target-to-background contrast needed for imaging.
Because the reporter probe can be labeled with
either radioactive or paramagnetic molecules, this
technique can be adapted for both PET/CT and
MR imaging.

In several studies, investigators have suc-
cessfully used adenoviral vectors to introduce
reporter genes with promoters that were derived
from the PSA-PSMA gene regulatory region for
PET imaging (59-61). This method may increase
the ability to image prostate cancer microme-
tastases in the future, although further research
is necessary to transfer the findings from these
preclinical studies to humans.

Imaging Strategies
The Table summarizes the currently available
evidence about the diagnostic performance of
the most commonly applied tracers for prostate
cancer imaging, according to a recently published
systematic review (26).

Local Staging
In the local staging of prostate cancer, prostate
MR imaging is the most reliable modality for
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localization of the tumor and assessment of its
extent within and beyond the gland, including
the detection of extracapsular tumor extension
and invasion into the seminal vesicles. Diffusion-
weighted MR imaging, MR spectroscopy, and
contrast material—enhanced MR imaging im-
prove the diagnostic performance of conventional
MR imaging and may also be used for noninva-
sive assessment of tumor aggressiveness (62).

Lymph Node Staging

Although MR imaging is the modality of choice
for evaluating primary prostate cancer, it is af-
fected by a low sensitivity for the diagnosis of
regional lymph node metastases. Accordingly, in
the findings from a meta-analysis, investigators
reported a pooled sensitivity and specificity of
39% and 82%, respectively (63). Although the
sensitivity of MR imaging for the diagnosis of
lymph node metastases can be improved with the
application of diffusion-weighted and contrast-
enhanced MR imaging sequences, alternative
imaging methods are needed to close this diag-
nostic gap. For choline PET-CT, the results of a
meta-analysis yielded a pooled sensitivity of 49%
and a pooled specificity of 95% (10). ''C-Acetate
may be more accurate for lymph node staging,
because in the findings from a meta-analysis,
investigators reported a pooled sensitivity of 73%
and a pooled specificity of 79% (22). PSMA-
directed imaging agents have shown promising
results in preliminary human studies, but the
potential of these agents to allow accurate assess-
ment of the nodal status of prostate cancer needs
to be further evaluated.

Recurrence after Radical Treatment

PSA is a sensitive and specific tumor marker

for prostate cancer and is routinely measured

to detect disease recurrence in patients who
have undergone definitive treatment of localized
disease. Although PSA relapse after treatment is
usually indicative of prostate cancer recurrence,
it does not contribute to identifying the sites of
recurrent disease and the planning of targeted
salvage therapy. The ultimate goal of imaging in
this scenario is to distinguish local recurrence in
the prostatic fossa from distant recurrence, most
commonly in the lymph nodes or bones.

All Sites of Prostate Cancer Recurrence.—For
all sites of prostate cancer recurrence, choline
PET/CT was reported to have a high sensitivity
(86%) and specificity (93%) in the findings from
a meta-analysis, with ¥F-choline performing
slightly better than 'C-choline (11).The pooled
sensitivity of !C-acetate for overall recurrence
was reported to be 68%, with a pooled specificity



RadioGraphics

156 January-February 2016

radiographics.rsna.org

Comparison of Tracers That Are Commonly Used in Prostate Cancer Imaging
Tracer
Suspicion of Disease  Choline (Reference)* ''C-Acetate FACBC FDG PSMA
Any disease
Odds ratio 1.0 1.7 1.8 0.40t 3.6¢
Pvalue 11 .16 <.001 .014
Extraprostatic
Odds ratio 1.0 0.75 0.47 0.40t 3.1%
Pvalue .48 31 .001 .007
Prostatic only
Odds ratio 1.0 2.4 2.9 0.43 0.74
Pvalue .19 .34 .075 .60
Lymph nodes
Odds ratio 1.0 1.3 NDS 0.40t 2.2
Pvalue 43 .002 .053
Metastases to bone
Odds ratio 1.0 0.78 ND$ 0.62 1.5
Pvalue .53 .15 .40
Note.—Adapted and reprinted, with permission, from reference 26. The odds ratio numbers represent odds
ratios with choline as the reference. As a general pattern, no significant difference was observed among choline,
11C-acetate, and FACBC. Further details are found in the systematic review by Yu et al (26). FACBC = anu-'*F-
1-amino-3-fluorocyclobutane-1-carboxylic acid, FDG = "*F-fluorodeoxyglucose, PSMA = prostate-specific
membrane antigen.
* 11C-Choline or ¥F-choline.
T FDG tended to help detect a lower proportion of patients suspected of having disease.
# PSMA-directed imaging strategies tended to help detect a higher proportion of patients suspected of having disease.
SND = no data (no observations).

0of 93% (22). In the results of a systematic review,
PSMA-directed tracers were reported to depict
cancer foci in a higher proportion of patients
with PSA relapse than did choline, acetate, and
FACBC, especially in patients after radical pros-
tatectomy (26).

Local Recurrence to the Prostatic Fossa.—For the
diagnosis of local recurrence to the prostatic fossa
with MR imaging, the findings from a meta-analysis
disclosed values for pooled sensitivity and specificity
of 82% and 87% after radical prostatectomy and
values of 82% and 74%, respectively, after exter-
nal beam radiation (64). The diagnostic precision
of ''C-acetate in this setting strongly depends on
the patient’s PSA level and is higher after radical
prostatectomy than after radiation therapy. Overall,
the pooled sensitivity for !'C-acetate PET/CT was
reported to be 83% and its sensitivity was 92%

in the findings from a meta-analysis (22). In the
results of one study that directly compared MR
imaging and '®F-choline PET/CT for the detec-
tion of local recurrence after radical prostatectomy,
investigators found that MR imaging had better
diagnostic accuracy, especially in patients with low
levels of PSA (65). For choline PET/CT, the pooled

sensitivity was calculated to be 75%, and the pooled
specificity was 82% (11). In the results of a system-
atic comparison of choline, acetate, FACBC, and
PSMA-directed tracers, investigators did not find
significant differences in the detection of recurrence
in the prostatic fossa (26).

Prostate Cancer Recurrence in Regional Lymph
Nodes.—With regard to prostate cancer recur-
rence in regional lymph nodes, choline PET/CT
was reported to be perfectly sensitive in the re-
sults of a meta-analysis, with a pooled specificity
of 82% (11), and ''C-acetate had a pooled sen-
sitivity and specificity of 82% and 94%, respec-
tively (22). In the setting of PSA relapse, PSMA-
directed tracers may help detect lymph node
metastases in a higher proportion of patients than
acetate and choline (26), although more data are
needed to verify these preliminary observations.

Metastases to Bone.—For the detection and local-
ization of metastases to bone in prostate cancer
patients, ™ Tc-based bone scintigraphy is the most
widely distributed imaging method. It offers the
advantages of broad availability and low cost but
comes with a relatively low diagnostic accuracy.
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Choline-based PET/CT studies were shown to be
more sensitive than conventional bone scans in the
findings from a recent meta-analysis (12). Simi-
larly, ®F-acetate PET/CT was reported to be a
valuable tool for helping detect metastases to bone
in patients with primary intermediate- or high-
risk prostate cancer or in those with biochemical
relapse and serum PSA levels of more than 2.0 ng/
mL (15). In the results of a systematic review of
I8F-NaF and choline-based PET/CT, investiga-
tors found similar diagnostic performances for
both modalities (58). Another emerging imaging
approach for patients at high risk for metastases
to bone from prostate cancer is whole-body MR
imaging. This method has been shown to outper-
form conventional bone scans and had a lower
sensitivity but higher specificity than ®*F-NaF
PET/CT in recent studies (66,67). In conclusion,
choline-based PET/CT, acetate-based PET/CT,
and NaF-based PET/CT are the most sensitive,
specific, and adequately evaluated imaging modali
ties for metastases to bone from prostate cancer at
the current time, although their diagnostic accu-
racy is not perfect. Emerging imaging techniques
and tracers (FACBC, PSMA-directed agents, etc)
are undergoing preclinical and clinical evaluation
and may further enhance diagnostic precision in
the assessment of patients with prostate cancer
recurrence. A particular issue affecting most stud-
ies evaluating metastatic prostate cancer is the
absence of a standard methodologic approach for
translation of newly developed compounds, which
limits the comparability of reported results among
different tracers.

Conclusion
Molecular imaging strategies for evaluating pros-
tate cancer make use of the increased metabolic
needs of cancer cells, the tumor-specific expression
of androgen receptors and membrane proteins, or
the osteoblastic reaction adjacent to bone mar-
row metastases. Each imaging method has both
advantages and disadvantages. Selection of the
imaging strategy most appropriate for the clinical
situation, as well as knowledge about the biologic
mechanisms underlying each imaging approach
and the pharmacologic properties of the individual
tracers, will help realize the full potential of tracers
and avoid pitfalls. Also, there is an urgent need to
develop standardized methodology for evaluating
new and existing tracers that are relevant to pros-
tate cancer imaging, to allow comparison of the
results reported with different compounds.
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