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Prostate cancer is a very heterogeneous disease, and contemporary

management is focused on identification and treatment of the prognos-

tically adverse high-risk tumors while minimizing overtreatment of

indolent, low-risk tumors. In recent years, imaging has gained increasing
importance in the detection, staging, posttreatment assessment, and

detection of recurrence of prostate cancer. Several imaging modalities

including conventional and functional methods are used in different
clinical scenarios with their very own advantages and limitations. This

continuing medical education article provides an overview of available

imaging modalities currently in use for prostate cancer followed by a

more specific section on the value of these different imaging modalities
in distinct clinical scenarios, ranging from initial diagnosis to advanced,

metastatic castration-resistant prostate cancer. In addition to estab-

lished imaging indications, we will highlight some potential future

applications of contemporary imaging modalities in prostate cancer.
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Prostate cancer (PCa) is the most common noncutaneous ma-
lignancy in men in the Western world. PCa is characterized by a
classic model of tumor heterogeneity, with a variety of clinical
phenotypic states underpinned by histopathologic and molecular
heterogeneity (1). Clinical presentations in patients—who are
considered to bear the same disease under traditional definitions—
range from indolent, clinically insignificant cancers managed expec-
tantly (active surveillance) to very aggressive, rapidly spreading forms
with fatal outcomes.
The highly heterogeneous nature of PCa accounts for the ongo-

ing complexity and challenges in its clinical management. Intense

efforts have been undertaken to develop risk stratification tools to
aid in clinical decision making and the optimization of patient care,
usually by combining serum prostate-specific antigen (PSA) levels,
histologic Gleason grade, and evaluation of the anatomic extent of
the primary tumor.
Imaging plays a pivotal role in the management of PCa through

its noninvasive approach to evaluating the presence and extent of
local and distant disease. The most common sites of metastases
are the lymph nodes (LNs) and bones. Visceral metastases are less
commonly found and are usually associated with advanced,
castration-resistant disease and with emergent histologic variants
after multiple lines of prior treatment (2).
Multiple imaging modalities are used in different clinical scenarios,

with marked geographic variations in use related to loosely defined
indications, availability, costs, and regulatory restrictions. The ongoing
refinements of imaging technology have changed the landscape of
PCa imaging, benefiting clinical decision making by allowing earlier
detection of disease spread than was previously possible.
In the following sections, we will provide a general description

of the most important imaging modalities used in PCa. The role of
these techniques in each PCa clinical state will be discussed, as
supported by current scientific evidence.

OVERVIEW OF AVAILABLE IMAGING MODALITIES

MRI

Multiparametric MRI (mpMRI) of the Pelvis. MRI allows de-
tailed anatomic assessment of the prostate with clear depiction
of zonal anatomy and exquisite soft tissue resolution superior to any
other imaging modality to date (Supplemental Fig. 1; supplemental
materials are available at http://jnm.snmjournals.org). Prostate MRI
is typically performed on a 1.5- or 3-T magnet using a multichannel
pelvic phased-array receiver coil with or without an endorectal coil.
The use of an endorectal coil increases signal-to-noise ratio and was
historically considered advantageous, especially in selected cases
(larger patients, older 1.5-T magnets), but it is also associated with
patient discomfort, image artifacts, and longer examination times.
There is currently no consensus on the use of an endorectal coil (3).
MpMRI of the prostate is based on the combination of anatomic

(T1-weighted and multiplanar T2-weighted images) and functional
sequences (diffusion-weighted imaging with apparent diffusion
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coefficient maps and dynamic contrast-enhanced imaging). The

addition of these functional sequences increases the sensitivity and

positive predictive value of MRI (4).
Optimal prostate mpMRI is largely dependent on the acquisi-

tion of high-quality images and the use of adequate technical

equipment paired with the expertise of the interpreting radiologist.
Now in its recently published updated version (version 2.1), the

Prostate Imaging Reporting and Data System (PI-RADS) was

originally developed in 2012 to overcome excessive variations in

technical equipment, imaging acquisitions, image interpretation,

and reporting between centers (5). Of note, PI-RADS is not aimed

at increasing the overall detection rate of all types of PCa but is

rather intended to detect clinically significant PCa, which is de-

fined as those tumors likely to affect the patient’s life-span. Al-

though there is no uniform definition for clinically significant PCa,

the most commonly used definition is a tumor with a Gleason

grade of at least 7 or a volume of at least 0.5 cm3.
Whole-Body (WB) MRI. WB MRI is an attractive technique

because of its high soft-tissue contrast and consequently exquisite

anatomic detail, and lack of ionizing radiation. WB MRI is excellent

for imaging of bone marrow, nodal, soft-tissue, and visceral

metastases as well as for local tumor staging if combined with the

required pelvic sequences for the prostate (Supplemental Fig. 2).

The combined use of anatomic sequences (T1-weighted and fat-

suppressed T2-weighted imaging) and diffusion-weighted imaging

transforms WB MRI into a hybrid technique, providing combined

morphologic and functional information. Robust validation data are

lacking, partly because of a lack of standardization in image proto-

cols, acquisition, and interpretation (6). Therefore, efforts have been

made to overcome these shortcomings by an international panel of

expert oncologic imagers and oncologists who published the METas-

tasis Reporting and Data System for Prostate Cancer (7). This white

paper comprises consensus recommendations on performance, quality

standards, and reporting of WB MRI to accommodate the increased

use of WB MRI. Of note, the current literature suggests that WB

MRI may be less sensitive to current PET technologies for detection

of PCa (8,9); however, more robust data are needed, particularly to

evaluate a possible complementary role for MR and PET.

CT

CT is not considered the primary imaging method for PCa, be-
cause of inferior soft-tissue contrast and lack of molecular infor-

mation. The main role for CT is the evaluation of nodal and distant

metastases, for which it has a low yield compared with more ad-

vanced hybrid imaging methods, such as PET/CT. A major disad-

vantage of CT (and MRI) for LN assessment is the reliance on

morphologic criteria (e.g., shape and size) (10). LNs harboring met-

astatic disease may be of normal size, and enlargement of non-

metastatic LNs may be due to reactive hyperplasia in the setting

of infection or inflammation. Nevertheless, because of its wide

availability, limitations in regulatory approvals and funding for ad-

vanced imaging modalities, and relatively low cost, CT is still cur-

rently recommended in patients with intermediate- to high-risk PCa

in the guidelines of the American Urological Association.

Bone Scintigraphy (BS)

BS using 99mTc-labeled phosphonates provides an overview of
the entire skeleton by allowing visualization of the tracer incor-

poration into the hydroxyapatite matrix of bone in proportion to

blood flow and bone remodeling activity, and inflammatory changes

can therefore mimic metastases on BS (11).

PET/CT

PET/CT has gained increasing importance in the imaging work-
up of PCa. Currently, there are several radiolabeled tracers in use
that have demonstrated efficacy for cancer detection in various
clinical settings. A detailed discussion of the different PET tracers
would be well beyond the scope of this review, and commonly
used PET tracers in imaging of PCa have been described in more
detail in dedicated structured reviews (12).
In this first general section, selected PET tracers will be discussed

to provide a short overview followed by an evidence-based, more
detailed discussion on their specific use, advantages, and shortcomings
with regard to the different clinical scenarios of PCa.

18F-FDG PET/CT. Despite its widespread use in oncologic
imaging, 18F-FDG PET/CT does not play as important a role in the
imaging of PCa because of its limited sensitivity in localized and
early metastatic disease. Nonetheless, 18F-FDG PET/CT may be
useful in specific scenarios along the natural history of PCa (13).
Increased 18F-FDG uptake seems to be more frequent in aggres-
sive forms, aberrant histology (e.g., neuroendocrine), and advanced
cases of metastatic castration-resistant PCa (mCRPC) (14,15).

18F-Sodium Fluoride (NaF) PET/CT. As with BS, 18F-NaF up-
take does not provide direct visualization of the presence of tumor
cells but rather reflects the increased blood flow, bone remodeling,
and osteoblastic activity related to osseous metastases. Compared
with BS, 18F-NaF has greater bone uptake and faster soft-tissue
clearance (due to minimal binding to serum proteins), which trans-
late to a higher bone-to-background contrast and shorter exami-
nation time (16). In a prospective study by Löfgren et al. (17),
18F-NaF PET/CT resulted in reduced equivocal readings compared
with BS. There is currently no evidence to support the clinical
benefit of routine use of 18F-NaF PET/CT over BS. Another lim-
itation of 18F-NaF PET/CT is its bone-only detection capability,
which renders it a less appealing choice in the era of evolving
targeted tracers for molecular imaging of PCa that can concur-
rently depict extraskeletal disease.
Choline PET/CT. Imaging with either 11C- or 18F-labeled cho-

line is based on an increased uptake and turnover of phosphati-
dylcholine in cancer cells, which is an essential part of the
phospholipids in the cellular membrane (18). The advantage of
11C over 18F is a lower urinary excretion that facilitates evaluation
of the prostate bed and lower patient exposure, but it is limited by
a short half-life of 20 minutes, which necessitates an on-site cy-
clotron (19). The role for choline PET/CT is limited in diagnosis
and primary staging of PCa because of its relatively low sensitiv-
ity; the main use of choline PET/CT lies in restaging in the setting
of biochemical recurrence (BCR). It has been replaced by pros-
tate-specific membrane antigen (PSMA) PET/CT in many institu-
tions, albeit not in the United States and some other countries
where regulatory approval for use of PSMA is pending. In the
United States, 11C-choline PET/CT is currently performed by sev-
eral institutions under an investigational new drug exemption
issued by the U.S. Food and Drug Administration. A potential role
for choline PET/CT may be in the small proportion of PSMA-
negative PCa cases, although this indication has not yet been
studied and requires extended evaluation.

18F-Fluciclovine PET/CT. 18F-fluciclovine (anti-1-amino-3-18F-
flurocyclobutane-1-carboxylic acid [Axumin; Blue Earth Diagnos-
tics, Inc.]) is a non–naturally occurring L-leucine amino acid analog
radiotracer. Imaging with 18F-fluciclovine mirrors the upregulated
transmembrane amino acid transport that occurs in PCa second-
ary to increased tumor-related metabolism and protein synthesis.
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Axumin was approved in 2016 by the Food and Drug Administra-

tion for PET imaging in men with suspected recurrence in the
setting of BCR after prior treatment (Fig. 1; Supplemental Fig. 3),

the groundwork for which was laid by the prospective study of

Schuster et al. (20) showing high accuracy for this radiotracer in

detection of recurrent PCa. It is currently not Food and Drug Ad-

ministration–approved for primary staging or response assessment.
PSMA PET/CT. PSMA is a type II transmembrane glycoprotein

with enzymatic carboxypeptidase activity that is expressed in the

cytosol of normal prostatic tissue and highly overexpressed on the

membrane in PCa cells (21). The extent of membranous PSMA

expression correlates positively with tumor grade and rises under

androgen deprivation and in metastatic and castration-resistant can-

cer, thus rendering it an ideal target for imaging and treatment (21).
PSMA seems to be an ideal target for several reasons: preferential,

marked overexpression by most PCa cells, positive correlation of its

expression with tumor grade and disease stage, low presence in the

bloodstream by virtue of its transmembrane localization, and in-

ternalization and retention within tumor cells after binding to its

ligand (22). Furthermore, in the era of personalized medicine, there

is increased interest in the use of PSMA for therapeutic approaches,

that is, in the theranostics setting, combining imaging diagnosis with

targeted radionuclide therapy.
Although the name implies specificity, PSMA expression is by

no means exclusive to the prostate. There is physiologic high expression

in the kidneys and small intestines and abnormal expression in a variety

of benign and malignant nonprostatic processes, such as benign skeletal

abnormalities (fractures, fibrous dysplasia) and other cancers (23,24).

PSMA uptake in nonprostatic malignancies is related to PSMA expres-

sion of the tumor-related neovasculature (25). Nevertheless, because of

its high sensitivity, PSMA has quickly become the front-runner of the

currently available tracers for imaging of PCa and has shown a robust

performance even at low PSA levels.
Currently, the most widely used PSMA tracer is 68Ga-PSMA-11;

other commonly used tracers are radiofluorinated 18F-DCFPyL-PSMA,
18F-DFCBC-PSMA, and 18F-PSMA-1007—the last of these being

potentially interesting for future applications because of its predomi-

nantly hepatobiliary clearance, as opposed to the renal clearance of
68Ga-PSMA-11, by which it could overcome some limitations in eval-

uation of local recurrence and locoregional pelvic nodal disease (26).
18F-FDHT PET/CT. 18F-16b-fluoro-5a-dihydrotestosterone

(18F-FDHT) is of particular interest in the setting of advanced
castration-resistant PCa. It targets the androgen receptor (AR), which
with its native ligands testosterone and 5a-dihydrotestosterone plays a
pivotal role in the development of male sexual differentiation. Func-
tional alterations of the AR are linked to the development and progres-
sion of PCa, rendering it an androgen-driven disease. Therefore,
virtually all patients initially respond to androgen-deprivation therapy
(ADT). However, nearly all patients will invariably progress to a cas-
tration-resistant state within 2–3 years despite low testosterone levels
(27). This is due to incomplete depletion of androgens and persistent
AR signaling through mechanisms such as mutations, overexpression,
and ligand-independent AR activation promoting cancer growth and
metastasis in those patients on conventional ADT (28).
A potential role for 18F-FDHT PET/CT may be in advanced

PCa refractory to initial conventional ADT. 18F-FDHT PET/CT

is currently exclusively used for investigational research purposes

and has not been approved for clinical routine. Preliminary studies

on the use of 18F-FDHT PET/CT in patients with castration-

resistant PCa demonstrated safety, feasibility, good accuracy of

lesion detection, and association with survival (29,30).

PET/MRI

Main advantages of PET/MRI over PET/CT are higher soft-
tissue contrast and lower radiation dose to the patient. Challenges

that once precluded the adoption of hybrid PET/MRI systems in

clinical practice have recently been addressed whereas some remain,

notably issues related to MR-attenuation correction and validation of

quantitative uptake metrics (e.g., accuracy of SUV measurements).

Operational challenges include the need for technologists appropri-

ately trained in dual PET and MRI applications as well as training

for hybrid imagers enabling interpretation of combined PET/MRI

studies. The long-term challenges of PET/MRI use entail clinical

validation through evidence of improved patient outcomes and

incremental value when compared with PET/CT or mpMRI alone.
Several studies have shown the potential for improved lesion

detection using combined PSMA PET/MRI for primary PCa (31–33).

The combined PET/MRI approach has also been shown to increase

the specificity of 18F-fluorocholine PET, which is generally limited in

specificity because of significant overlap in uptake between malignant

and benign conditions (e.g., benign prostatic hyperplasia) (33).

OVERVIEW OF POTENTIAL IMAGING INDICATIONS FOR

DIFFERENT CLINICAL SCENARIOS

Imaging of the Primary Prostate Tumor

Because of its superb soft-tissue resolution, MRI has estab-
lished itself as the modality of choice for the assessment of primary

prostate tumors and has been applied in clinical practice for over 3

decades. During most of this time, it was predominantly used in

tertiary academic centers with special interest and expertise, but

FIGURE 1. A 75-y-old patient with local recurrence of Gleason 3 1 4

PCa (arrows) treated with radical prostatectomy. (A–C) mpMRI shows

masslike T2-hypointense thickening at right lateral vesicourethral anas-

tomosis (A) with diffusion restriction on apparent diffusion coefficient

image (B) and early arterial enhancement on dynamic contrast-en-

hanced image (C). (D) 18F-fluciclovine PET/CT shows asymmetric in-

creased radiotracer uptake at that site (SUVmax, 5.5).
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most recently its adoption has been more widespread, partly
because of the introduction of PI-RADS in 2012 and the updated
version 2 in 2015 and version 2.1 in 2019 (3,5). PI-RADS standard-
ized image acquisition and reporting, with assessments based on the
appearance of lesions on T2-weighted imaging, diffusion-weighted/
apparent diffusion coefficient imaging, and, as an ancillary adjunct,
dynamic contrast-enhanced imaging. Prostate tumors typically
demonstrate homogeneously low T2 signal intensity, diffusion re-
striction, and early enhancement (Fig. 2). Per-lesion assessment
categories are assigned, ranging from 1–5 and reflecting the like-
lihood of clinically significant PCa. Thus, PI-RADS 1 suggests a
very low probability of clinically significant cancer whereas PI-
RADS 5 suggests a very high probability. PI-RADS 3 defines an
intermediate (and in clinical practice often translating into in-
determinate) probability.
Two landmark papers providing level 1 evidence for the incre-

mental benefit of mpMRI have substantiated the strength of MRI in
the detection of clinically significant PCa, that is, the PROMIS and
PRECISION trials (34,35).
PROMIS (34) was a multicenter prospective trial comparing the

accuracy of mpMRI versus transrectal ultrasound (TRUS)–guided
biopsy to the reference standard of transperineal mapping biopsy
in 576 biopsy-naı̈ve patients with an elevated risk for PCa. MRI
was found to be superior to standard TRUS-guided biopsy for
the detection of clinically significant PCa, missing only 17 of
230 (7%) clinically significant cancers compared with 119 of 230
(52%) clinically significant cancers by TRUS-guided biopsy. mpMRI
was more sensitive than TRUS-guided biopsy (93% for mpMRI vs.
48% for TRUS, P , 0.0001) but less specific (41% for mpMRI vs.

95% for TRUS, P, 0.0001), with a positive predictive value of 51%
(95% confidence interval, 46%–56%) but a high negative predictive
value for mpMRI of 89% (95% confidence interval, 83%–94%).
Thus, given the high negative predictive value, biopsy could be
avoided in 27% of patients if mpMRI were incorporated in the
diagnostic work-up.
The PRECISION study (35) was a prospective multicenter ran-

domized trial comparing MRI-targeted prostate biopsy with standard
TRUS-guided biopsy for the detection of clinically significant cancer
in at-risk biopsy-naı̈ve men. In the MRI-targeted biopsy group, 38%
of clinically significant cancers were found, compared with 26% in
the standard biopsy group, whereas fewer indolent cancers were
detected in the mpMRI-targeted biopsy group than in the stan-
dard-biopsy group (9% vs. 22%; P , 0.001). A potential limi-
tation was that men with normal MRI results (28%) did not
undergo subsequent biopsy (as compared with the PROMIS trial,
in which all patients underwent the transperineal mapping as a
reference standard), thus leaving some uncertainty as to the true
prevalence of disease in these patients without tissue sampling.
Overall, both studies conformed to the goals of contemporary

PCa management—namely, to accurately find the ‘‘bad actors’’
while minimizing the detection of low-grade, low-volume indolent
disease that is unlikely to result in adverse cancer-related events
but may lead to overtreatment.
The value of mpMRI for ruling out clinically significant PCa

was also evaluated in a large metaanalysis of 48 studies including
9,613 patients (36). The median negative predictive value of mpMRI
for detecting clinically significant PCa was 88.1% (interquartile
range, 85.7–92.3), although results varied widely because of het-
erogeneity in study design, inclusion criteria, preimaging risk strat-
ification, definition of clinically significant cancer, and mpMRI
reporting of positive findings.
Despite the high negative predictive value of mpMRI, clinically

significant tumors can still be missed and the false-negative rate of
mpMRI could be reduced further (37). False-negative mpMRI
findings are commonly associated with smaller tumor size, multi-
focality, presence of postbiopsy or postinflammatory changes dis-
torting normal zonal anatomy, and tumor location in the transition
zone or anterior fibromuscular stroma (38). Herein lies the poten-
tial incremental value of PET/MRI: improving the detection rate
for cancers that are commonly missed on mpMRI and at the same
time offering a one-stop shop for staging of PCa (Supplemental
Figs. 4 and 5). In a retrospective study by Hicks et al. (33) in
which 32 patients with biopsy-proven PCa scheduled for radical
prostatectomy were included, the authors looked at region-specific
sensitivities and specificities of PSMA-11 PET/MRI compared
with mpMRI. PSMA PET/MRI had higher sensitivity than
mpMRI alone (74% vs. 50%; P, 0.001), whereas both were equally
specific.

Imaging Evaluation of Extraprostatic Extension of

Primary Tumor

An important contribution of mpMRI in the setting of local
staging is evaluation for the presence of extraprostatic extension,
which can best be assessed on T2-weighted imaging as broad
contact of the tumor with the prostatic capsule, bulging of the
capsule beyond the expected boundary of the gland, obliteration of
the rectoprostatic angle, and asymmetry of the neurovascular
bundles. Signs of seminal vesicle invasion are low signal on T2-
weighted imaging in the seminal vesicle, tumor location at the
prostate base, loss of normal tubular architecture of the seminal

FIGURE 2. A 53-y-old patient with abnormal digital rectal findings,

elevated PSA level, and lesion (arrows) found on imaging. (A–C) mpMRI

shows circumscribed T2-hypointense lesion in right posterior base to

mid gland peripheral zone (A) with marked diffusion restriction (B) and

early arterial enhancement (C). Lesion measured 1.9 cm and involved

the central zone and base of seminal vesicles. Final surgical pathology

revealed 3 1 4 Gleason PCa with extracapsular extension and seminal

vesicle invasion.
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vesicle, and associated diffusion restriction (39). A systematic analy-
sis by de Rooij et al. (40) showed moderate sensitivity but very high
specificity and negative predictive value for mpMRI in prediction of
extraprostatic extension and seminal vesicle invasion.
Although MRI has been the primary imaging modality used

for the evaluation of extraprostatic extension, more recently there
has been an interest in using combined PSMA PET/MRI for im-
proved accuracy of local T staging and evaluation of extraprostatic
extension (41).

Imaging of Nodal Metastases at Initial Staging

The probability for LN metastases at initial diagnosis of localized
PCa is associated with risk classification; very low risk and low-risk
patients (e.g., Gleason grade# 6, PSA, 10 ng/mL, T1–T2a stage)
have an exceedingly low probability for LN metastasis (42). Accu-
rate assessment of LN status helps in therapeutic decision making,
prediction of recurrence risk, and assessment of prognosis.
The presence of LN metastasis is an independent risk factor for

BCR (43), and there is great interest in preoperative imaging-
based identification of LN metastases to optimize surgical and
adjuvant or neoadjuvant treatment planning. Currently, the clinical
practice and urologic guidelines primarily rely on validated clin-
ical nomograms to help guide decision making for pelvic lymph
node dissection, with a calculated estimated risk of more than 5%
being an indication to perform extended pelvic lymph node dissection
(44). Even though pelvic lymph node dissection is the traditional gold
standard for LN staging, it is an invasive, time-consuming approach
largely dependent on surgical skill and templates.
The role of imaging for the detection of LN metastases is

controversial and still evolving. It is acknowledged that the low
sensitivity of conventional modalities routinely leads to underes-
timation of the disease burden. Assessment criteria for suggestion
of abnormal LNs on conventional imaging are based on morphol-
ogy (e.g., size and shape), but almost 80% of LN metastases occur
in small, subcentimeter LNs and there are also benign causes for
enlarged LNs, rendering size-based criteria unreliable (45). A
metaanalysis of 24 studies (46) found pooled sensitivities and
specificities of 42% and 82%, respectively, for CT and 39% and
82%, respectively, for MRI for the detection of malignant LNs. A
more recent metaanalysis of 24 studies with 2,928 patients on the
performance of mpMRI for detection of LN metastases (47) came
to a similar conclusion, finding only moderate sensitivity of 56%
but high specificity of 94%.
As of yet, no single imaging modality has shown optimal diag-

nostic performance in the assessment of metastatic LNs. Studies
with the PET tracers 18F-choline, 11C-choline, and 18F-fluciclovine
reported similar high specificities but low sensitivities ranging from
40% to 50% (48,49).
Several studies have established the value of PSMA PET in the

evaluation of early BCR, and there are also increasing reports on
the utility of PSMA PET for preoperative LN staging. An ongoing
Australian phase III prospective randomized multicenter trial, the
proPSMA study (Australian New Zealand Clinical Trials Registry
12617000005358), is under way and may provide better insight
into the value of PSMA PET/CT in the primary staging setting
(50). Another multicenter trial, in Germany, is prospectively in-
vestigating the accuracy of 68Ga-PSMA-11 PET/CT for primary
staging of high-risk PCa patients (NCT03362359).
In a prospective study including 122 patients, Grubmüller et al.

(51) evaluated the performance of 68Ga-PSMA-11 PET/MRI
for preoperative staging of PCa. They found a moderately high

sensitivity, good specificity, and high accuracy for detection of LN

metastases (68.8%, 100%, and 93%, respectively). Those cases that

were missed in imaging were all sized less than 4 mm, indicating

limited sensitivity for very small micrometastases. These findings

are in line with the findings of Maurer et al. (52) (with sensitivity of

65.9% on patient-based analysis) and Giesel et al. (53), with the

latter specifically emphasizing the superior performance of PSMA

PET/CT in detecting smaller LNs that do not meet conventional

morphologic criteria.

Imaging of Distant Metastases at Initial Presentation

The most common site of distant metastases in PCa is the
skeletal system, but the prevalence is variable and dependent on

risk categories. For example, in patients with newly diagnosed

PCa undergoing preoperative staging mpMRI, the prevalence of

bone metastases is only 1.5% (14). Therefore, whole body imag-

ing (with any technique) is indicated only in patients with inter-

mediate- or high-risk disease. Visceral metastases are rare at initial

diagnosis.
Although current guidelines recommend conventional imaging

modalities such as BS and CT for the detection of metastases, it is

well recognized that these suffer from moderate sensitivity, a

significant rate of equivocal findings, poor performance for PSA

levels of less than 20 ng/mL, and a lack of specificity. Therefore,

more advanced techniques are being increasingly used (Supple-

mental Fig. 5). However, BS is established for treatment response

assessment and has been shown to be an independent prognostic

imaging biomarker of survival in patients with metastatic disease

(54,55).
An important role for imaging in advanced PCa is the identifica-

tion of patients with unfavorable features, namely bone metastases
beyond the axial skeleton, lytic-appearing bone metastases, visceral
metastases, or bulky tumor masses (10). These patients with unfavor-
able features will likely benefit from intensified treatment regimens
including targeted radiation therapy and chemotherapy (56).
A retrospective study of 126 patients by Pyka et al. (57) com-

pared the diagnostic performance of 68Ga-PSMA PETwith that of
99mTc-methyldiphosphonate BS for the detection of bone metas-

tases in a mixed cohort of patients with initial diagnosis, recurrent

disease, and advanced mCRPC. Patient-based sensitivities and

specificities were 98.7%–100% and 88.2%–100%, respectively,

for PSMA PET and 86.7%–89.3% and 60.8%–96.1%, respec-

tively, for BS. In the subgroup analysis, PSMA PET outperformed

BS specifically in the primary staging cohort (sensitivity, 100% vs.

57.1%).
These findings highlight that although current recommendations

favor CT, MRI, and BS for staging of metastatic disease based on

robust data on treatment response and prognostic value, newer

imaging modalities, such as PSMA PET, have shown higher diag-

nostic value albeit their association with prognosis and outcome

are yet to be determined.

Imaging in BCR and Recurrent Disease After Treatment

With the increasing use of posttreatment monitoring of PSA
(e.g., after radical prostatectomy and radiation therapy), disease

recurrence and metastatic state are often being detected earlier,

at a time of lower disease burden. Disease recurrence is generally

suspected when there is increased PSA levels from previously

undetectable (after radical prostatectomy) or nadir (after radiation

therapy) levels. Disease recurrence after definitive initial therapy

is not rare: between 27% and 53% of all patients undergoing
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radical prostatectomy or radiation therapy develop PSA recurrence
within 10 years (58).
BCR is not synonymous with the presence of clinical disease

and often predates clinically overt disease for months to years.
Nevertheless, despite the variability in the natural history of BCR,
it may be a window of opportunity for early initiation of salvage
therapy. Evidence suggests that in recurrent disease, local
therapies such as salvage external-beam radiation therapy after
radical prostatectomy are most effective during the early phase of
PSA recurrence (59). This suggestion translates into great interest
in early imaging-based detection of actionable disease. Imaging
plays a pivotal role in the assessment of disease recurrence by
providing information on disease presence, volume, and distribu-
tion, with profound implications for management and clinical de-
cision making. Although local recurrence can be treated with a
combination of salvage radiation therapy and ADT, metastatic
disease requires the addition of systemic or targeted therapy of
affected regions; the distinction is mainly made based on imaging.
mpMRI is the most widely studied imaging technique for the

detection of local recurrence after definitive therapy. The most
common site of local recurrence after radical prostatectomy is the
neovesicourethral anastomosis (Supplemental Fig. 6) (60). On
mpMRI, local recurrence usually presents as a nodular to ill-de-
fined soft-tissue mass of intermediate T2-weighted signal intensity
with associated diffusion restriction and rapid, early enhancement
on dynamic contrast-enhanced imaging. The distorted anatomy
and posttreatment edematous changes after radiation therapy may
limit evaluation. In the setting of radiation therapy, diffusion-
weighted imaging and dynamic contrast-enhanced imaging have
been shown to accurately identify local recurrence in the irradiated
prostate (Supplemental Fig. 3) (61,62).
In a metaanalysis of the performance of mpMRI for the detec-

tion of local recurrence after radical prostatectomy, the pooled
sensitivities and specificities were 82% and 87%, respectively. The
pooled sensitivities and specificities after radiation therapy were
82% and 74%, respectively (63). These findings were supported in
another metaanalysis comprising 718 patients (64), with pooled
sensitivities and specificities of 84% and 85%, respectively, for
the use of mpMRI to detect local recurrence after radical
prostatectomy.
Barchetti et al. (65) evaluated the performance of unenhanced

WB MRI for the detection of lesions in the setting of BCR in 152
patients. WB MRI detected LN metastases with a sensitivity,
specificity, positive predictive value, negative predictive value, and
accuracy of 98%, 99%, 97%, 98%, and 98%, respectively, and for
osseous metastases the respective results were 99%, 98%, 98%,
96%, and 98%. Although the inclusion criterion of a post–radical
prostatectomy PSA level of at least 1.2 ng/mL was stated, the
mean PSA values of the included patients were not reported.
There are distinct clinical scenarios of local recurrence in which

PSMA PET/MRI could increase the detectability of MR-occult
lesions, such as after brachytherapy, when the artifacts associated
with the seeds may degrade image quality and limit evaluation.
Another use for PSMA PET/MRI could be the assessment of local
recurrence after focal ablation therapy (e.g., high-intensity focused
ultrasound or cryoablation) (Fig. 3) (66).
A limitation of the currently most widely used PET tracer,

68Ga-PSMA-11, is its urinary excretion and high activity within
the urinary bladder (67). The development of novel tracers, such
as the recently introduced 18F-PSMA-1007, which is predomi-
nantly excreted via the hepatobiliary route, could thus improve

the evaluation for locoregional recurrence and small pelvic LNs
near the ureter.
Although 18F-fluoromethylcholine, 11C-choline, and 18F-fluci-

clovine PET/CT are used in recurrent PCa, they have limited
performance at low PSA levels—the window of opportunity when
salvage treatment strategies are most efficient. Recent data suggest
that imaging with PSMA-targeting radioligands is sensitive for the
detection of lesions in BCR, even at low PSA levels (Fig. 4) (68).
In a recent metaanalysis including 43 studies with 5,113

patients, Tan et al. (69) analyzed the performance of PSMA-tar-
geted radiotracers for the detection of BCR stratified by PSA level.
The pooled detection rate was 70.2% for the entire cohort, ranging
from 44.9% for a PSA level of less than 0.5 ng/mL to 93.9% for a
PSA level of at least 2 ng/mL on stratified subgroup analysis. All
the studies showed a maximal detection rate at a PSA level of at

FIGURE 3. A 69-y-old patient with history of Gleason 7 PCa treated

with high-intensity focus ultrasound therapy 1 year previously. (A, B, and

D) Surveillance mpMRI does not reveal any findings concerning for re-

currence. (C) On 68Ga-PSMA PET/MRI, area of focal intense uptake

localized to right apex (arrow) is seen, corresponding to subsequently

biopsy-proven recurrent Gleason 4 1 4 tumor.

FIGURE 4. A 68-y-old patient with BCR of Gleason 3 1 4 PCa after

radical prostatectomy and pelvic LN dissection 11 years previously. PSA

was 1.4 ng/mL at time of imaging. (A) CT portion of study does not

reveal any abnormal LNs. (B) Fused 68Ga-PSMA PET/CT shows focal

avid uptake in right external iliac region (arrow) corresponding to sub-

centimeter external iliac LN (arrow in A), suggestive of LN metastasis,

which was confirmed on subsequent excisional biopsy.
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least 2 ng/mL, with rates of around 90%, as is consistent with the
fact that around 5%–10% of PCa do not overexpress PSMA and
are thus PSMA-negative (70). The authors concluded that PSMA-
targeted radiotracers are likely effective for the detection of BCR
at low PSA levels, but there was significant study heterogeneity
(I2 of 95.6% for the entire cohort) due to differences in inclusion
criteria, study populations, methodology, radiotracers used, retro-
spective designs, and reference standards.
In the LOCATE trial (71), a prospective, single-arm multicenter

trial including 213 men with BCR (median PSA level, 1.0 ng/mL;
range, 0.2–93.5 ng/mL), the detection rate and impact of 18F-flu-
ciclovine PET/CT on clinical management were evaluated. In 59%
of patients, clinical management was changed when the results of
the 18F-fluciclovine PET/CT were obtained; of those cases, 78%
were classified as a major change—namely, change in treatment
modality. Detection rates were compared with that of conventional
imaging (BS and CT or MRI). The overall per-patient detection
rate for 18F-fluciclovine was 57%, with a positive correlation
with PSA level (50% at a level of 0.5–1.0 ng/mL, dropping to
31% at a level of ,0.5 ng/mL). The improved detection rate of
18F-fluciclovine PET/CT, when compared with conventional im-
aging modalities, is not surprising given the well-known limita-
tions of the latter in the setting of BCR.
In a retrospective trial by Jilg et al. (72), the detection rate of

LN metastases by 18F-choline PET/CTwas compared with that by
68Ga-PSMA using histopathology from salvage pelvic lymph node
dissection as a reference standard. The investigators specifically

examined the PET detection rate in relation to the size of LN

tumor deposits. 68Ga-PSMA PET/CT was superior to 18F-choline

PET/CT in the detection of smaller LN metastases, with a detec-
tion rate of 90% at 7.4 and 4.9 mm (long and short diameters) for
68Ga-PSMA PET/CT, compared with of 90% at 11.2 and 6.3 mm

for 18F choline PET/CT, highlighting the higher sensitivity of

PSMA PET/CT for small LN metastases
An important prospective study substantiating the high perfor-

mance of PSMA PET in the setting of recurrent disease was

published recently by Fendler et al. (73). This study included 635

men and used a composite reference standard and an independent
masked multireader analysis. Their results showed not only high

detection rates and positive predictive value (84% or 92%,

depending on reference standard) but also high interreader agree-

ment for localization of recurrent PCa even at low PSA levels
(detection rate of 84% for PSA level , 2 ng/mL).
Although PSMA-targeting radiotracers are appealing given

their diagnostic performance and potential for combined diag-

nostic and therapeutic use, there are no published formal all-
encompassing prospective trials comparing the performance of

PSMA tracers with other tracers head to head. It is expected that

the evidence for PSMA will be strengthened by results from

ongoing prospective trials, such as the phase II prospective trials
comparing 68Ga-PSMA-11 PET/CTwith 18F-fluciclovine PET/CT

in the setting of primary PCa and BCR (NCT03762759 and

NCT03515577). Preliminary results from one of these studies by

Calais et al. (74) showed prospective detection rates for PSMA
to be double those for 18F-fluciclovine in patients with BCR after

radical prostatectomy at low PSA levels (#2.0 ng/mL).

Imaging mCRPC

mCRPC is an advanced form of PCa defined by the develop-
ment of resistance to conventional ADT. Most patients with

mCRPC develop bone metastases. Further, the fact that visceral

metastases are more common in mCRPC and after multiple lines
of therapy is thought to correlate with emergent aggressive histologic
variants.
AR-targeted imaging with 18F-FDHT is an interesting area of

current research for pretreatment stratification and therapeutic re-
sponse assessment in castration-resistant patients evaluated for
newer, high-affinity AR inhibitor therapy (e.g., enzalutamide)
(75). In combination with 18F-FDG, 18F-FDHT PET/CT may also
be a useful marker of PCa heterogeneity. In a study by Fox et al.
(76) including 133 patients with mCRPC undergoing dual 18F-
FDG and 18F-FDHT PET/CT, metastatic lesions were grouped
into 4 different phenotypes based on the evaluation of metabolic
activity with the 2 different tracers. Patients with predominantly
18F-FDHT–negative and 18F-FDG–positive lesions had the poorest
prognosis, leading to the assumption that those patients had bi-
ologically more aggressive tumors without significant expression
of wild-type AR (which would be actionable with antiandrogenic
therapy) (76). This result suggests that the presence of 18F-FDG–
avid disease is a surrogate marker of poor prognosis and aggres-
sive biology.

FUTURE OUTLOOK: THERANOSTICS

Beyond diagnostic capabilities, PSMA-based imaging has direct
therapeutic implications. Targeted radioligand therapy (RLT) with
PSMA is an attractive, quickly evolving therapeutic option for
advanced mCRPC, as PSMA expression is particularly high in
castration-resistant metastases after multiple lines of therapy (77).
The rationale is to ‘‘see what you treat’’ by combining a diagnos-
tic with a therapeutic radioligand. 177Lu-PSMA-617 and 177Lu-
PSMA I&T are small-molecule inhibitors of PSMA that can be
used therapeutically. 177Lu decays through b-emission and low-
energy g-photons; the former is used therapeutically whereas the
latter is used for imaging. RLT with 177Lu-PSMA is not yet ap-
proved by the Food and Drug Administration or by the European
Medicines Agency but has been shown to have favorable safety and
toxicity profiles (78). Further, data from prospective phase 2 trials
have shown high response rates in patients with mCRPC treated
with PSMA RLT who had progressed after conventional treatments
(79). The efficacy of PSMA RLT is currently being evaluated in an
ongoing randomized phase 3 trial (VISION) for subsequent ap-
proval evaluation.
Nonetheless, results evaluating the theranostics approach in PCa

appear promising. In a systematic review, von Eyben et al. (80)
compared 177Lu-RLT with other third-line treatments in mCRPC,
including 12 studies with 669 patients and 16 studies with 1,338
patients. 177Lu-PSMA RLT more frequently yielded a PSA decline
of at least 50% than did third-line treatment (mean, 44% vs. 22%;
P 5 0.0002). Further, the adverse event–related discontinuation
rate was higher for third-line treatments than for 177Lu-PSMA
RLT (P , 0.001). Results from several international ongoing pro-
spective trials should help elucidate the value of 177Lu-PSMA RLT
in the management of mCRPC (phase III VISION trial [NCT03511664,
NCT03454750], phase II TheraP trial [NCT03392428]). The
VISION trial will evaluate the outcomes of patients with mCRPC
treated with 177Lu-PSMA-617 compared with the best standard care.
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