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The management of advanced prostate cancer has changed substantially with the availability of multiple effective novel treatments,
which has led to improved disease survival. In the era of personalized cancer treatments, more precise imaging may help physicians
deliver better care. More accurate local staging and earlier detection of metastatic disease, accurate identification of oligometastatic
disease, and optimal assessment of treatment response are areas where modern imaging is rapidly evolving and expanding. Next-
generation imaging modalities, including whole-body MRI and molecular imaging with combined PET and CT and combined
PET and MRI using novel radiopharmaceuticals, create new opportunities for imaging to support and refine management pathways
in patients with advanced prostate cancer. This article demonstrates the potential and challenges of applying next-generation imag-

ing to deliver the clinical promise of treatment breakthroughs.
©RSNA, 2019
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dvanced prostate cancer comprises several clinical-

pathologic states characterized as incurable due to
the presence of locally advanced or metastatic disease.
The disease is considered locally advanced when it has
extended beyond the confines of the prostate gland,
which can also involve adjacent structures or pelvic
lymph nodes. Metastatic prostate cancer occurs when
the disease has spread to sites remote from the pri-
mary tumor (eg, bones or distant lymph nodes); it is
a fatal condition, with a 5-year relative survival rate of
about 30% (1). Because treatment-naive prostate can-
cers are sensitive to hormonal treatment (also known
as hormone-sensitive prostate cancer), combination
treatments with androgen deprivation therapy are the

mainstay treatments for advanced and metastatic pros-
tate cancer at initial diagnosis. Patients who have disease
progression while undergoing androgen deprivation
therapy enter a clinical state called castration-resistant
prostate carcinoma (CRPC). The prevalence of meta-
static disease is greatest in men with high risk (accord-
ing to established clinical and pathologic criteria) and
locally advanced disease and in those with castration-
resistant disease. Patients who have CRPC with rising
prostate-specific antigen (PSA) levels and without me-
tastases that can be detected with imaging (CT or bone
scans) are classified as having MO CRPC disease and are
considered to have advanced prostate cancer (Fig E1
[online]).
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Abbreviations

CRPC = castration-resistant prostate cancer, DW = diffusion weighted,
FDG = fluorodeoxyglucose, FDHT = 16-f-fluoro-5-a--dihydrotestos-
terone, MET-RADS-P = METastasis Reporting and Data System for
Prostate Cancer, PSA = prostate-specific antigen, PSMA = prostate-
specific membrane antigen, RECIST = Response Evaluation Criteria In
Solid Tumors, SUV = standardized uptake value, USPIO = ultrasmall
superparamagnetic iron oxide

Summary

Whole-body diffusion-weighted MRI and molecular imaging will
play increasing roles in defining the presence and extent of metastatic
disease, enabling assessment of treatment response and disease pro-
gression, and will improve our understanding of disease biology.

Essentials

= Conventional imaging with CT and bone scanning has limited
sensitivity to depict nodal and bone disease in prostate cancer.

= Next-generation imaging, including whole-body diffusion-weighted
MRI with novel radiopharmaceuticals for combined PET and CT
and combined PET and MRI, is more accurate in defining the
presence and extent of disease.

= Next-generation imaging enables earlier initiation of treatment in
patients with occult metastatic discase at CT and bone scanning;
optimal change in treatment via earlier detection of disease pro-
gression; detection of oligometastatic state (limited metastatic dis-
ease), which may be treated more aggressively; guidance of tissue
biopsies for molecular tumor characterization; and development of
novel predictive and prognostic biomarkers to guide therapies.

Research has shown considerable inter- and intrapatient
heterogeneity of disease biology at the genetic and molecular
levels (2), with advancing disease before and during therapy.
Tumor heterogeneity is thought to underlie response hetero-
geneity to treatments, contributing to the development of re-
sistance. The increasing number of life-prolonging therapies
for advanced prostate cancer demands improved molecular
stratification and predictive biomarkers to optimize patient
treatment. Emerging predictive molecular biomarkers to new
therapies include BRCA gene mutation, androgen receptor
splice variants (3), phosphatase and tensin homolog loss (4),
homologous recombination deoxyribonucleic acid repair de-
fects (5), and mismatch repair defects (6). Modern imaging
contributes to advanced prostate cancer management by de-
fining the presence and extent of tumor, enabling imaging-tar-
geted metastatic disease sampling, depicting disease response,
and allowing earlier detection of treatment failure. Modern
imaging, together with imaging-targeted tissue sampling
and molecular biomarkers, can improve the understanding
of prostate cancer biology by elucidating the development of
therapy resistance and evolution of metastases (6,7).

In this review, we discuss the roles of established (CT and
bone scanning) and next-generation imaging technologies,
including whole-body MRI and PET, combined PET and
CT, and combined PET and MRI, in defining the presence
and extent of disease to support modern advanced prostate
cancer management. We discuss the emerging role of imag-
ing in the evaluation of oligometastatic disease, recognize
the growing importance of imaging in the evaluation of dis-
ease response to treatment, and appreciate the potential for
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imaging theranostics in guiding patient care. Some of the
potential and challenges of next-generation imaging are also
discussed.

Advanced Prostate Cancer Imaging at
Staging and during Follow-up

Imaging investigations of prostate cancer are more informa-
tive when physicians have knowledge of a patient’s clinical
findings and symptoms, risk status, likely testosterone level,
and perceived risk of metastatic disease. When we apply the
National Comprehensive Cancer Network, or NCCN, 2018
(8) and European Association of Urology, European Society
for Radiotherapy and Oncology, and International Society of
Geriatric Oncology (hereafter, EAU-ESTRO-SIOG) (9) man-
agement guidelines, patients who present with intermediate-
or high-risk locally advanced disease are usually referred for
imaging to detect metastatic disease (Fig 1). Imaging is also
performed when disease relapse is suspected, usually based on
rising serum PSA levels (biochemical recurrence), in patients
who have undergone curative treatment (8,9). Once disease is
confirmed, subsequent imaging is performed to assess therapy
response and complications. The frequency of imaging assess-
ment is guided by the prostate cancer state (hormone sensi-
tive or castration resistant), anatomic location, and extent of
metastatic disease (Fig 2).

The volume of disease at presentation and during initial
biochemical recurrence and biochemical failure while under-
going systemic therapy are highly prognostic, affecting ther-
apy options. In patients with only a few (=5) demonstrable
sites of metastatic disease described as oligometastatic disease
(10), more aggressive metastasis-directed treatments can be
considered, such as targeted radiation therapy, surgery, or lo-
cal ablative procedures. However, the impact of such treat-
ments is still being investigated (11).

Systemic treatment responses are usually monitored with
a combination of imaging, clinical assessments, measurement
of the serum PSA level, and evaluation of other biochemi-
cal indexes. Imaging plays a relatively minor role if patients
are responding clinically and with blood biomarkers in those
with hormone-sensitive states. If first-line androgen depriva-
tion therapy becomes ineffective, patients move into a CRPC
state (with suppressed serum testosterone levels). This situa-
tion is associated with a high incidence of metastatic disease;
thus, other life-prolonging or palliative therapies are consid-
ered. Patients with CRPC who do not have metastatic disease
that is visible at imaging can also be considered for newer
therapies (12).

Imaging Assessment of Advanced Prostate
Cancer

Prostate cancer has a propensity to spread to the bones, lymph
nodes, liver, lungs, and—rarely—brain (13,14). Up to 62%
of patients with newly diagnosed metastatic prostate cancer
(13) and more than 40% of patients with CRPC (14) have
metastatic disease confined to the skeletal system. When pa-
tients undergo multiple treatments with different drugs, vis-
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tate cancer surgery has been largely
guided by clinical nomography. Im-

aging has been used to guide nodal

dissections to suspicious sites outside
the “normal surgical field” (9,18,19).
Molecular and functional imaging
techniques are being investigated to
improve the accuracy of nodal me-

tastasis detection and to guide nodal

grade 4/5) or >cT2c) + EAU-ESTRO-SIOG: all patients
Bone scintigraphy:

+ NCNN and EAU-ESTRO-SIOG: all patients

Low risk Additional imaging for staging purposes not indicated
(PSA <10 ng/mL and GS <7 NCNN only- Consider mpMRI if anterior and / or aggressive cancer is suspected when
(lSUP glade 1) and CTI-ZB} PSA increases and systematic prostate biopsies are negative
mpMRI for local staging:
Intermediate risk * EAU-ESTRO-SIOG: only - predominantly Gleason 4
Cross-sectional abdomino-pelvic imaging (s.a. CT/MRI):
PSA 10-20 ng/mL or GS 7 fonal abdomino-pelvic imaging [s.a. CT/MRI)
( 5 nglm or * NCNN: -If nomogram predicts >10% probability of pelvic node involvement
(ISUP grade 2/3) or cT2b) ] - EAU-ESTRO-SIOG: If predominantly Gleason 4
NCCN includes cT2c Bone scintigraphy:
¢ NCNN: - not in favourable intermediate group with <50% of biopsy cores
* EAU-ESTRO-SIOG: all patients
mpMRI for local staging:
High ek + EAU-ESTRO-SIOG: all patients

Cross-sectional abdomino-pelvic imaging (s.a. CT/MRI):
(PSA>20ng/mL or GS>7 (ISUP [ . ncnn: if nomogram predicts >10% probability of pelvic node involvement

sampling at surgery (20).

MRI.—Diffusion-weighted ~ (DW)

MRI is sensitive to differences in the

mobility of water between tissues

mpMRI for local staging:
¢ EAU-ESTRO-SIOG: all patients

Locally advanced PCa
any PSA any GS cT3-4 or cN+
Any ISUP grade + EAU-ESTRO-SIOG: all patients
S Bone scintigraphy:
* NCNN and EAU-ESTRO-SIOG: all patients

Cross-sectional abdomino-pelvic imaging (s.a. CT/MRI):
* NCNN: If nomogram predicts >10% probability of pelvic node involvement

and enables calculation of the ap-
parent diffusion coefficient (ADC).
Malignant nodes return lower ADC
values than do benign lymph nodes,
but there is overlap of ADC values

Prostate Specific Antigen (PSA), International Society of Urological Pathology (ISUP) , multiparametric Magnetic
Resonance Imaging (mpMRlI), Bone Scinitigraphy (BS) Computed Tomography (CT), Magnetic Resonance Imaging (MRI);
Prostate specific Membrane Antigen (PSMA), 18F-fluciclovine (FACBC), Positron Emission Tomography (PET).

Figure 1: Schematic shows patient and imaging pathways for disease staging. Recommen-
dations are based on National Comprehensive Cancer Network (NCCN) guidelines, version
3.2018, and European Association of Urology, European Society for Radiotherapy and Oncol-
ogy, and Infernational Society of Geriatric Oncology (EAU-ESTRO-SIOG) guidelines 2017.

ceral metastases and unusual sites of metastatic involvement
become more frequent. Both CT and bone scanning have
limited ability to depict the heterogeneity of response behav-
ior of metastatic and local disease, thereby contributing to
therapy failure and poor patient outcome (15). Hence, there
is growing interest in next-generation imaging techniques,
such as whole-body MRI and PET/CT and PET/MRI using
a variety of radiopharmaceuticals (Table), to improve disease
assessment. The proposed roles of imaging in the manage-
ment of advanced prostate cancer are summarized in Table E1
(online). The table shows that in patients with advancing dis-
ease, there are multiple key clinical issues that can be affected
by imaging. These include identifying the presence and extent
of metastases, assessing treatment response, and potentially
providing predictive and prognostic biomarkers for therapy
selections and allowing identification of metastases that can
be biopsied for genomic or molecular categorization.

Detection of Metastatic Nodal Disease

Conventional CT imaging.—The performance of conven-
tional CT in the detection of lymph node involvement based
on size criteria is poor (16) since there is significant overlap in
the size of benign reactive and metastatic lymph nodes. On
the basis of size, the diagnostic sensitivity of CT (and conven-
tional anatomic T1- or T2-weighted MRI) sequences in the
detection of nodal metastases (0.5—2 cm in shorter axis) is less
than 40% in patients with prostate cancer (16,17) because of
the high prevalence of micrometastases. For this reason, the
decision to perform nodal dissection during primary pros-
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between malignant and nonmalig-
nant nodes (21). On per-patient
level and per—pelvic side-wall nodes
level subanalyses, negative likelihood
ratios are not low enough to avoid
or lateralize lymphadenectomy. This
is relevant as pelvic side-wall nodes
are the most frequent site of meta-
static disease from prostate cancer and define the extension
of surgery. However, positive likelihood ratios are sufficiently
high to increase the extent of planned lymphadenectomy
or prophylactic pelvic nodal irradiation if suspicious nodes
are seen outside planned surgical or radiation therapy fields
(21). There has been hope that use of a lymphotrophic ul-
trasmall superparamagnetic iron oxide (USPIO) MRI con-
trast medium (Fig 3) (22,23) can improve malignant lymph
node detection, especially when combined with DW imaging
(22,23). Meta-analysis showed that DW MRI with a USPIO
had higher diagnostic sensitivity compared with conventional
MRI without the USPIO (24). In a study evaluating 2993
normal-size lymph nodes in patients with prostate or blad-
der cancer, combining DW MRI with a USPIO improved
diagnostic sensitivity and specificity (range, 65%—-75% and
93%-96%, respectively) compared with sensitivity and speci-
ficity of MRI with a USPIO alone (range, 55%—65% and
71%-91%, respectively) (22). However, USPIO MRI did
not demonstrate clinical utility in phase III studies, and it
remains commercially unavailable for nodal imaging.

PET/CT and PET/MRI.—Fluorine 18 (‘*F) fluorodeoxyglu-
cose (FDG) has poor performance in patients with prostate
cancer (25) because prostate cancer cells are usually not glucose
avid. In contrast, radiolabeled choline derivatives (eg, carbon
11 ["'C] and '®F choline) that are used to detect increased cell
membrane turnover are effective prostate cancer PET tracers.
In a meta-analysis of 609 patients, the sensitivity and specific-
ity of !C and "®F choline PET/CT for pelvic lymph node me-
tastases were 62% and 92%, respectively (Fig 4) (26). Another
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Biochemical NCNN:
+ CXR/CT chest, Abdo-pelvic CT/MRI, Bone imaging
Recurrence (BCR) = Consider C-11 choline / 18F-fluciclovine PET CT/PET MRI and 18FNaF for bone & prostate bed imaging
EAU-ESTRO-SIOG :
Post Radical + PSA <1 ng/mL: noimaging is recommended
Prostatectomy + PSA>1ng/mL: PET CT is recommended (choline or PMSA).

two consecutive rising PSA * BSand abdo-pelvic CT for baseline PSA>10ng/ml, high PSA kinetics (PSA DT <6 months) or symptoms of bone disease.

values >0.2 ng/ml

NCNN: candidate for local therapy
+ CXR/CT chest, MRI prostate, bone imaging
+ Consider: abdominal/pelvic CT/MRI, C-11 choline / 18F-fluciclovine PET CT/PET MRI

POS‘E Radical NCCN: no candidate for local therapy

Radlotherapv + Boneimaging, consider F-18 sodium fluoride PET/CT

Any PSA increase 22 ng/mL =" EAU-ESTRO-SIOG:

higher than PSA nadirvalue, + mpMRI in patients considered for local salvage therapy, use mpMRI to localise abnormal areas and guide biopsies.
regardless of the serum + Choline PET/CT recommended to rule out lymph nodes or distant metastases in patients fit for curative salvage

concentration of the nadir*®

treatment.
+ Local recurrence detection with mpMRI/choline PET-CT
+ BSand abdo-pelvic CT for baseline PSA >10ng/ml, high PSA kinetics (PSA DT <6 months) or symptoms of bone disease.

NCNN:
Metastatic hormone *  CXR/CT chest, Abdo-pelvic CT/MRI, Bone imaging
sensitive Prostate Cancer =" Consider C-11 choline / 18F-FACBCPET CT/MRI and 18FNaF for bone
+ For symptoms and as often as every 6- 12months.
(HSPC) Follow-up EAU-ESTRO-SIOG : Guided by symptoms and rise in PSA
+ Asymptomatic patients with a stable PSA level do not require further imaging.
+ PSArise / clinical progression / bone pain: BS +/- additional imaging guided by symptoms or subsequent treatments

NCNN:
Metastatic Castration- + CXR/CT chest, Abdo-pelvic CT/MRI, Bone imaging
Resistant Prostate A+ Consider C-11 choline / 18F-fluciclovine PET CT/PET MRI and 18FNaF for bone
R * For symptoms and as often as every 6- 12months.
Carcinoma (CRPC) EAU-ESTRO-SI0G :

*+ Baseline and bone scintigraphy and CT scans at least every 6 months, even in the absence of a clinical indication

Prostate Specific Antigen (PSA), International Society of Urological Pathology (ISUP) , multiparametric Magnetic Resonance Imaging (mpMRI), Bone
Scinitigraphy (BS) Computed Tomography (CT), Magnetic Resonance Imaging (MRI); Prostate specific Membrane Antigen (PSMA), 18F-fluciclovine
(FACBC), Positron Emission Tomography (PET).

Figure 2: Schematic shows patient and imaging pathways for follow-up. Recommendations are based on National Com-
prehensive Cancer Network (NCCN) guidelines, version 3.2018, and European Association of Urology, European Society for
Radiotherapy and Oncology, and International Society of Geriatric Oncology (EAU-ESTRO-SIOG) guidelines 2017.

Summary of the Targets, Strengths, and Weaknesses of PET/CT and PET/MRI Radiopharmaceuticals Widely Used to
Assess Advanced Prostate Cancer

Radiopharmaceutical Target Weakness

BE FDG

Strength

Glucose metabolism Tracer activity may identify

highly aggressive tumors

Poor performance in
prostate cancer, prostate
cancer cells are usually not
glucose avid

"C and '®F choline Can be used to visualize

both soft-tissue and bone

Cell membrane turnover Limited sensitivity for liver
metastases detection because
disease of high tracer uptake in the

normal liver

%Ga PSMA Cell membrane protein High sensitivity in the Limited evidence from literature
expressed in prostate detection of nodal discase, on real impact on patient
cancer promising detection rates survival, PSMA expression is

in prostate cancer with low increased with antiandrogen
PSA or PSA doubling time therapy
'8F NaF Bone turnover High sensitivity for bone Bone disease specific, cannot
metastases detection be used to assess soft-tissue
disease
SF FDHT Binds to the androgen receptor Indicator of wild-type Lack of ligand binding due

androgen receptor expression,
may be useful as a response
indicator to androgen

to generation of androgen
receptor splice variants when
prostate cancer develops
resistance to androgen
deprivation therapy

deprivation therapy

Note.—FDG = flurodeoxyglucose, FDHT = fluorodihyrotestosterone, PSMA = prostate-specific membrane antigen, NaF = sodium fluoride.
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Figure 3: Ultrasmall superparamagnetic iron oxide (USPIO) MRI was used to detect nodal disease in a 65-year-old
man with prostate cancer. (a, b) Axial T2*-weighted MRI (multi-echo data image combination, or MEDIC) before (a)
and after (b) USPIO administration (intravenous feuromoxtran, 0.13 ml per kilogram of body weight) shows normal
nodal contrast material uptake in normal external iliac lymph nodes (arrows), with reduced nodal signal after contrast
material administration. On the other hand, a malignant left obturator node (arrowhead) shows no appreciable signal
reduction after USPIO contrast material administration (Images courtesy of Dr Aslam Sohaib.)

a. b.

C.

Figure 4: A 63-year-old man with high-risk Gleason 4+3 prostate cancer underwent fluorine 18 ('®F) choline PET/MRI to
detect malignant nodal disease. (a) Coronal T1-weighted PET/MRI shows a 1-cm node (arrow) in the left pelvic sidewall. (b)
Coronal diffusion-weighted MRI (b value = 900 sec/mm?) shows impeded diffusion (arrow). (¢) Coronal fusion '®F choline and
T1-weighted MRI shows increased tracer activity within the node (arrow), suggesting disease involvement. (Images courtesy of

Dr Gary Cook.)

meta-analysis by Evangelista et al (27) in 441 patients under-
going nodal staging with ''C and 'F choline PET reported a
pooled sensitivity of 49.2% and a specificity of 95%. More
recently, gallium 68 (®*Ga) prostate surface membrane antigen
(PSMA) PET/CT has shown higher sensitivity in the detec-
tion of nodal disease. PSMA is a cell surface enzyme, which is

Radiology: Volume 292: Number 2—August 2019 = radiology.rsna.org

overexpressed in patients with prostate cancer. While the name
suggests that the protein is prostate specific, the protein is also
expressed by the lacrimal gland, salivary gland, proximal renal
tubules, small intestine, and neovasculature of the thyroid and
renal neoplasms (28). In patients with prostate cancer, greater
PSMA expression is seen with higher Gleason score (29) in
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castration-resistant tumors and with androgen deprivation
therapy (30). In a meta-analysis of five retrospective studies
with pathology-proven disease, ®*Ga PMSA had combined
sensitivities and specificities of 86% (95% confidence interval:
37%, 98%) and 86% (95% confidence interval: 3%, 100%),
respectively, at a patient level (31). In a study of 130 patients
at high risk for prostate cancer with histopathologic correlation
(32), ®®Ga PSMA PET had a sensitivity of 65.9%. The mean
size of malignant nodes missed with ®*Ga PSMA PET was 3
mm * 1 (standard deviation). More recently, second-gener-
ation '®F-labeled PSMA-directed radiopharmaceuticals with
longer half-life, slightly different biodistribution and kinetics,
and higher spatial resolution than ®*Ga have shown promise for
disease staging and biochemical relapse (33). The *F PSMA
can depict metastases in nodes smaller than 8 mm in diameter
(34), but additional studies are needed to establish the clinical
utility of "8F PSMA tracers.

Detection of Bone Metastases

Standard bone scan and CT.—Technetium 99m (**"Tc) di-
phosphonate bone scanning is the most widely used method
to evaluate bone metastasis presence in patients with prostate
cancer. Bone matrix interactions are depicted (osteoblastic
activity and increased bone turnover in the vicinity of the
metastases). However, early metastases confined to the bone
marrow may not show tracer uptake, thereby limiting disease
detection. The addition of SPECT to planar imaging, espe-
cially when using hybrid SPECT/CT cameras, can improve
diagnostic accuracy by reducing the number of equivocal
lesions and allows more direct comparison with CT and
MRI. A meta-analysis of 1102 patients with prostate can-
cer comprising 12 studies using * ™Tc planar bone scanning
and three studies using SPECT showed a combined sensitiv-
ity and specificity for bone metastasis detection of 79% and
82%, respectively, on a per-patient basis. On a per-lesion ba-
sis, diagnostic sensitivity and specificity were 59% and 75%,
respectively, for planar bone scanning compared with 90%
and 85%, respectively, with the addition of SPECT (35).

CT has modest diagnostic accuracy in the detection of
bone metastases. This is because small lesions within the bone
marrow are difficult to distinguish from the fatty marrow, and
substantial bone destruction or new bone formation must oc-
cur before lesions can be detected. The pooled sensitivity and
specificity of CT in the detection of bone metastases from
prostate tumors and other tumor types are reportedly 73%
and 95%, respectively (36). However, like many studies re-
porting on the accuracy of bone scanning, these were con-
ducted without pathologic analysis as the reference standard
and in patients with advanced disease, which can bias results
toward better diagnostic performance.

In recognition of the fact that both bone scanning (37) and
CT (36) result in underestimation of the presence and extent
of bone disease, there are implications for patient care, as treat-
ment is increasingly stratified according to disease presence
and extent, particularly in patients with oligometastatic dis-
ease who frequently receive focal treatments (10). Additionally,
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recent data have shown that pelvic radiation therapy, tradition-
ally used in patients without metastases, is also effective in pa-
tients who present with de novo low-volume disease (38).

For these reasons, whole-body MRI, PET/CT, and PET/
MRI are increasingly used to detect bone metastases, with
frequent upstaging of the oligometastatic state.

MRI.—When compared with bone scanning and CT, MRI is
more accurate in the detection of bone metastases (35) (Fig 5).
Whole-body MRI is more sensitive than bone scanning and
choline PET/CT in the detection of bone metastases on a per-
patient basis, although choline PET/CT showed higher speci-
ficity in one study (35). Modern whole-body MRI comprises
morphologic sequences (eg, T1- or T2-weighted sequences,
short inversion time inversion-recovery sequence), and the ad-
dition of DW MRI further improves bone metastasis detection
(39-41). Whole-body MRI, including DW MRI, has been
shown to be more sensitive and specific than bone scanning
in the detection of bone metastases in clinical practice (42),
although one recent study showed higher diagnostic perfor-
mance with ®Ga PSMA (43). Advantages of using a whole-
body MRI protocol that comprises both conventional and
DW imaging sequences include high detection sensitivity and
a more consistent response assessment of bone and visceral
metastases through use of the standardized METastasis Re-
porting and Data System for Prostate Cancer (MET-RADS-
P) (44,45). MET-RADS-P recommends standardization of
image acquisition and data collection and facilitates detailed
recording of the presence, location, and extent of disease. In
addition, these techniques are widely available and can be
implemented on standard MRI systems. Whole-body MRI,
including multiparametric MRI of the prostate, may enable
one-modality imaging in patients suspected of having pros-
tate cancer relapse (46) and for primary staging in patients

with high risk (40).

PET/CT and PET/MRI.—PET/CT with '*F sodium fluoride
(NaF) PET, a bone turnover—specific agent, has higher sensi-
tivity in bone metastases detection compared with planar or
SPECT bone scanning (47). However, unlike choline PET/
CT, NaF does not accumulate in individuals with nonskeletal
disease, and it is less cost-effective than bone scanning; how-
ever, it does share the limitations of reduced specificity in the
differentiation of malignant from benign osteoblastic uptake.

It is unclear whether choline PET/CT is more sensitive
than conventional bone scanning, but it does have higher
specificity, with fewer indeterminate bone lesions (26). Won-
dergem et al (48) found choline PET/CT had better specific-
ity than NaF PET/CT in the detection of bone metastases. At
lesion-based analysis, sensitivity and specificity were 84.0%
and 97.7%, respectively, with similar results at patient-based
analysis (85.2% and 96.5%, respectively). There is limited ev-
idence regarding the performance of ®*Ga PSMA PET/CT in
the detection of prostate cancer bone metastasis at initial di-
agnosis. The largest study comparing “*Ga PSMA PET/CT or
PET/MRI with bone scanning in 37 patients showed 100%
sensitivity for ®*Ga PSMA PET/CT and 57% sensitivity for
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Figure 5: Whole-body MRI has higher sensitivity for bone metastases detection in a 7 1-year-old man with castration-resistant
prostate cancer who was receiving antiandrogen targeted therapy and had a rising prostate-specific antigen (PSA) level (109
ng/ml) and a PSA doubling time of 1.5 months. (a) Coronal anterior (left) and posterior (right) images obtained with techne-
tium 99m bone scintigraphy. (b) Inverted coronal maximum intensity projection whole-body diffusion-weighted (DW) MRI (b
value = 900 sec/mm?) shows marked discrepancy between the number of metastatic bone lesions detected, with whole-body
DW MRI showing more bone disease as multiple low-signal-intensity focal lesions.

bone scanning; specificity was comparable (100% vs 96%, re-
spectively) (49) (Fig 6), bearing in mind the caveat of absent
lesion-based histologic verification.

Other Radiopharmaceuticals to Detect Disease in
Advanced Prostate Cancer

'The radioconjugate containing a derivative of testosterone, 16-3-
fluoro-5-a-dihydrotestosterone (FDHT), and labeled with '*F
(**F FDHT) binds to the androgen receptor. In patients with
CRPC, '8F FDHT PET/CT has reasonable sensitivity (86%) in
disease detection (50) and as an indicator of wild-type androgen
receptor expression. It may also indicate response to antiandro-
genic drugs (51). However, advancing prostate cancers acquire
antiandrogen treatment resistance, with the emergence of andro-
gen-receptor splice variants lacking the ligand binding domain,
which can limit the usefulness of this agent.

As prostate cancers upregulate certain amino acid transport-
ers, anti-1-amino-3-'*F-fluorocyclobutane-1-carboxylic acid,
orFACBC,alsoknownas'®Ffluciclovine,isanaminoacidanalog
directed at fatty acid synthesis that has been evaluated as an
imaging tracer. A meta-analysis of 251 patients showed pooled
sensitivity and specificity of 87% and 66%, respectively (52).
Another multicenter study in 596 patients showed sensitiv-
ity and specificity of 62.7% and 69.9%, respectively, in the
detection of disease relapse (53), which may lead to false-
positive results and spurious upstaging of disease because of
the lower diagnostic specificity.
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The main published meta-analyses and prospective imaging
studies of radiopharmaceuticals and MRI in nodal and bone me-
tastases assessment are summarized in Tables E2 and E3 (online).

Oligometastatic Prostate Cancer at Initial
Staging and Disease Relapse: Changing
Paradigm

The improved performance of prostate cancer—directed next-
generation imaging methods (54,55) in the detection of
small-volume metastases has enhanced interest in treatment
of the oligometastatic state. Oligometastatic disease may be
an earlier intermediate stage in cancer spread in between lo-
calized disease and widespread metastases. Oligometastatic
disease has been defined as no more than five detectable me-
tastases in three clinical scenarios: de novo oligometastatic
prostate cancer, oligorecurrent prostate cancer (Fig 7), and
oligoprogressive prostate cancer (10,11). Focal treatments,
such as radiation therapy or surgery, have been postulated
to debulk metastatic tumor and slow disease progression,
perhaps delaying the start of systemic treatment (10,11,56).
Others, however, have expressed skepticism (57), comment-
ing that the oligometastatic state is merely a feature of limited
sensitivity in disease detection (58). Nonetheless, randomized
controlled trials are now being conducted to address unan-
swered questions regarding the treatment of oligometastases
and metastases-directed therapies (11) and the role of ad-
vanced imaging in this disease setting.
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b.

C.

Figure 6: Gallium 68 (¢*Ga) PET targeting the prostate-specific membrane antigen (PSMA) enables
detection of bone mefastases not visible at bone scanning in a 100-year-old man with castration-resistant
prostate cancer, a rising serum prostate-specific antigen (PSA) level (81 ng/mlL), and a PSA doubling time
of 2.7 months. (a) Coronal anterior (left) and posterior (right) images obtained with technetium 99m scin-
tigraphy. (b) Coronal unenhanced CT and (¢) ¢®Ga PSMA images show a false-negative result. All images
were acquired within 1 month of each other. In ¢, there is a PSMA-avid left anterior iliac crest bone metas-
tasis (arrow) not visible on @ or b, which prompted antiandrogen targeted therapy.

Published data from choline PET/CT (11) and whole-
body MRI (55) show that patients with oligometastatis expe-
rience relapse most often in the nodes, followed by relapse in
bone and viscera. While this finding is encouraging, there is
a lack of conclusive evidence on the use of PET/CT or PET/
MRI with new prostate cancer—directed radiopharmaceuticals
in the management of oligometastatic disease (20,59-61).

Detection of Therapeutic Response

The availability of several effective therapies for advanced
prostate cancer has shifted the treatment paradigm toward
a more aggressive approach. Overall, measurement of serum
PSA level alone to monitor treatment response is not recom-
mended (62), especially in patients with metastatic CRPC
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because of disease molecular heterogeneity, such that radio-
logic progression can occur without an increase in PSA level
(63) (Fig 8). Thus, imaging is becoming more important in
the assessment of treatment benefit in patients with meta-
static CRPC. A major challenge remains the lack of objective
criteria to assess response of disease confined to the bone mar-
row, which is common in individuals with advanced prostate
cancer (13,14).

Assessment of Soft-Tissue Disease Response

Prostate Cancer Working Group 3 criteria include the Re-
sponse Evaluation Criteria in Solid Tumors (RECIST), version
1.1, applied to conventional CT and MRI to assess the treat-
ment response of soft-tissue disease in patients with advanced

radiology.rsna.org = Radiology: Volume 292: Number 2—August 2019



b.

Figure 7: Gallium 68 (¢®Ga) PET targeting the prostate-specific
membrane antigen (PSMA) enables detection of oligorecurrent rib
metastasis in a 73-year-old patient with castration-resistant prostate
cancer 3 years affer initiation of androgen deprivation therapy. (a,
b) Axial unenhanced CT (a) and **Ga PSMA PET (b) images show

a solitary site of recurrence (arrow) in the right fourth rib on b that is
difficult to discern on a. Surgical rib resection enabled confirmation of
metastatic prostate cancer. The serum prostate-specific antigen level
became undetectable after surgery.

prostate cancer. This relies on accurate measurements of sum-
mated tumor diameters to categorize therapeutic effects. In the
clinical trial setting, whole-body MRI, as well as PET/CT and
PET/MRI with a range of radiopharmaceuticals, are investi-
gated for treatment response assessment in patients with soft-
tissue and bone disease. These are discussed in the next section.

Assessing Response of Bone Metastases

Radionuclide bone scan.—When evaluating therapeutic
benefits in bone metastases, bone scanning is widely used as
part of the validated Prostate Cancer Working Group 3 cri-
teria (51) to determine disease progression after treatment.
These criteria require identification of at least two new bone
lesions in consecutive bone scans performed 9-12 weeks
apart; if detected, the new bone lesions need to be confirmed
with a subsequent bone scan performed a minimum of 6
weeks later to confirm progression. This is because the os-
teoblastic flare phenomenon may occur during bone healing
(Fig 9) (51). Identification of new lesions is suboptimal in
patients with diffuse disease showing generalized increased
tracer uptake.

These criteria have substantial limitations given recent im-
aging advances. (2) There is a reliance on bone scanning to
depict new metastases, and this modality is less sensitive than

PET/CT, PET/MRI, or whole-body MRI. (4) Bone scanning
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is unable to define new bone lesions in patients with diffuse
bone involvement. (¢) Bone scanning must be repeated 6-12
weeks after the first bone scan to confirm disease progression,
thereby prolonging patient exposure to the toxicities of non-
efficacious treatment. («) Enlargement of bone lesions does
not qualify as a progression criterion. (¢) The Prostate Cancer
Working Group 3 criteria document bone disease progres-
sion but have no direct measure of treatment benefit. Nev-
ertheless, this method of defining radiographic progression-
free survival for bone disease, in combination with modified
RECIST, version 1.1, for soft-tissue disease, has been shown
to correlate with overall disease survival (64) and is widely
adopted in clinical trials.

The bone scan index is a semiquantitative index. It is a
method of expressing the tumor burden in bone as a percent-
age of total skeletal mass. The bone scan index can facilitate
comparison of results across measurement time points and
institutions. Studies have shown that the bone scan index is
prognostic, both at baseline (65) and at follow-up, with pa-
tients who have a smaller increase in bone scan index during
treatment having longer overall survival (66). However, the
bone scan index still does not overcome the issue of flare phe-
nomenon, nor can it enable direct assessment of treatment

benefit.

Radiopharmaceuticals for PET imaging.—Interesting re-
sults are emerging from small studies in which PET/CT or
PET/MRI were used with different radiopharmaceuticals. **F
NaF PET/CT has shown good measurement variability with
coefficients of variation for maximum (14.1%) and mean
(6.6%) standardized uptake values (SUVs) (67). Harmon et
al (68) found that patients who showed disease progression at
8F NaF PET/CT by measuring the functional SUV disease
burden have shorter progression-free survival. However, simi-
lar to bone scanning, the flare response (ie, increased tracer
activity related to treatment) may confound assessments.
Likewise, '®F NaF PET/CT appears to be more useful in the
detection of disease progression, as there are no universally
accepted response criteria, and the technique is not used to
assess soft-tissue disease.

PET/CT with choline radiolabeled with either "¥F or ''C
and PSMA radiolabeled with either ®®Ga or "*F has the ad-
vantage of enabling one to assess soft-tissue disease and bone
disease at the same time. Several studies have also shown that
F choline PET/CT can depict disease progression earlier
than conventional CT and bone scanning. Decreases in SUV
correlate with overall survival (69-71). Flare response may
also be observed early after the start of therapy (69). A poten-
tial limitation of choline PET/CT is the poor visualization of
liver metastases due to high normal liver background tracer
uptake.

A recent study assessed bone response to chemotherapy
with ®Ga PSMA PET/CT (72). Inhibition of the androgen
receptor (eg, by androgen deprivation therapy drug treat-
ment) can markedly increase PSMA expression (73). This can
limit the usefulness of this technique in monitoring the thera-
peutic effects of androgen deprivation therapy.
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Whole-body MRI (including DW MRI).—DW
MRI is a technique that does not require intra-
venous contrast material injection and provides
insight into tumor cellularity and tumor cell
kill. By combining anatomic and functional
imaging, whole-body DW MRI can be used to
assess tumor response without the confounder
of flare phenomenon. Whole-body DW MRI
can also depict complications, such as malig-
nant spinal cord compression, fractures, or
genitourinary tract obstructions. Evidence is
accumulating for the value of whole-body DW
MRI in the assessment of therapeutic response
(74-76). Two quantitative parameters derived
from whole-body DW MRI—apparent dif-
fusion coeflicient value and tumor diffusion
volume—have been shown to correlate with
circulating biomarkers and clinical response to
olaparib (an inhibitor of the enzyme poly [ADP-
ribose] polymerase, also known as a PARP in-

hibitor) in individuals with advanced prostate .
cancer (Fig 10) (74). ‘The re-
cently published MET-RADS-P

criteria (44) combine RECIST version 1.1
for soft-tissue assessment with new DW
MRI  bone metastases response  criteria.
MET-RADS-P reporting criteria also facilitate
the categorization of response to treatment,
including any discordant or heterogeneous re-
sponses. Application of MET-RADS-P criteria
could facilitate the conduct of multicenter clini-
cal trials using whole-body MRI to define better
response criteria in patients with bone disease.

a.

b.

Figure 8: Discordant radiologic and biochemical response in a 68-year-old man
with metastatic castration-resistant prostate cancer who had undergone previous
treatment with pelvic exenteration for locally advanced prostate cancer and was

currently on antiandrogen targeted therapy. Inverted gray-scale coronal maximum

Circulating tumor cells.—Concerted efforts
are being made to standardize blood circulating
tumor cell count as a treatment response crite-
rion. The results from 6081 patients in five pro-
spective randomized phase III trials for blood
circulating tumor cell count have been recently
reported (77). Changes in circulating tumor cell
count measurement before treatment and 13
weeks after treatment were robust and meaningful response
end points for early phase metastatic CRPC trials. However,
many patients have low circulating tumor cell counts despite
having widespread disease. This suggests heterogeneity in the
shedding of tumor cells into the blood or the sensitivity of the
assay for their detection.

Theranostics: Diagnosing and Treating
Advanced Prostate Cancer with
Radiopharmaceuticals

Theranostic imaging refers to the combination of an imag-
ing biomarker and a specific targeted therapy with radiophar-
maceuticals. The overexpression of PSMA in patients with
CRPC has led to the development of PSMA PET/CT trac-

ers as a potential imaging biomarker to guide therapy using
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intensity projection whole-body diffusion-weighted MRI (b value = 900 sec/mm?)
obtained (a) before and (b) at 12 weeks of treatment shows an increase in the num-
ber of bone metastases (color overlay in red), with a contemporaneous reduction in
serum prostate-specific antigen (PSA) level from 16 to 4.8 ng/mL. Progression was
confirmed 8 weeks later when new bone lesions were seen on a bone scan obtained
by using Prostate Cancer Working Group 3 criteria and when new lung metastases
were seen on a CT scan (not shown), while the serum PSA level remained low.

PSMA ligand-directed treatments, such as radioimmunocon-
jugates or immunoconjugates with cytotoxic payloads (78). A
number of tracers can be linked for diagnostic (eg, '*F, ®*Ga,
and ¥Zr) or therapeutic (eg, *'I, ""Lu, ***Ac) indications.
The PSMA-targeting theranostic concept offers a new
treatment option in patients with CRPC when the ligand is
labeled with B-emitting ’Lu or "'l isotopes or an a-emit-
ting *Ac isotope (79). There is compelling evidence that
77Lu PSMA-617 can lead to a biochemical response (serum
PSA reduction of >50%) (80) and improved progression-free
survival with relatively low incidence of adverse side-effects
in patients with advanced prostate cancer (79,81). A recent
meta-analysis of 10 studies comprising 455 patients found
that serum PSA decline was observed in 68% of patients after
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Flare phenomenon was seen on technetium 99m (?""Tc) bone scans 12 weeks after successful therapy in a 64-year-old man with met-

astatic castration-resistant prostate cancer with bone-only metastases. (a—¢) Coronal anterior (leff) and posterior (right) ***Tc bone scans obtained
at baseline (a), 12 weeks (b), and 24 weeks (¢) affer therapy. Note the multiple new rib metastases in b, with no further new bone lesions in ¢.
When the Prostate Cancer Working Group 3 criteria were applied, the criteria for disease progression were not met, and flare phenomenon was
documented. A contemporaneous serum prostate-specific antigen response was observed, with 61% reduction at 12 weeks and 69% reduction at

24 weeks.

treatment, with 34% of patients showing a PSA decline of
more than 50%. The pooled hazard ratios for the overall sur-
vival of any PSA decline was 0.29 (P < .001), indicating se-
rum PSA decrease was associated with longer overall survival
(82). The incidence of hematologic toxicity (grade IIT or IV)
was reportedly low, comprising anemia (9%), thrombocyto-
penia (4%), and neutropenia (6%) (83). More recently, it was
shown that disease SUV at ®*Ga-PSMA PET imaging at base-
line screening was predictive of a more than 30% reduction
in the serum PSA level (84) after ""Lu PSMA-617 therapy. In
addition, a decrease in segmented total tumor volume at ®Ga
PSMA PET imaging was associated with serum PSA response
after 7"Lu PSMA therapy (85). The presence of hepatic dis-
ease in patients was associated with poorer serum PSA re-
sponse, as well as shorter progression-free and overall survival
(83). However, the long-term outcomes and efficacy of "’Lu
PSMA treatment need to be further validated in prospective
clinical trials.

Potential and Challenges of Next-
Generation Imaging

There is substantial promise in the use of next-generation im-
aging to aid the delivery of precision oncology in patients
with advanced prostate cancer. Areas in which the greatest
potential impact may be seen include (2) early and timely
detection of biochemical recurrence that may increase the
chances of cure, (b) more accurate depiction of metastatic

Radiology: Volume 292: Number 2—August 2019 = radiology.rsna.org

tumor burden that has prognostic implications, (¢) manage-
ment of oligometastatic disease, and () earlier detection of
response or progression of bone disease to therapy.

In addition, there are opportunities to use novel imaging
to advance knowledge of evolving tumor biology. Imaging
can be used to study tumor heterogeneity, both within and
between tumors. Imaging-targeted tissue sampling will fur-
ther our understanding of the molecular and genetic profiles
associated with treatment resistance, thus guiding therapy se-
lection. The use of PET radiopharmaceuticals, such as PSMA
and FDHT, can provide insights into receptor expression and
signaling pathways, which may indicate sensitivity or resis-
tance to treatments and can guide the development of future
theranostics.

Robust quantitative measurements across imaging plat-
forms are achievable with whole-body DW MRI, as apparent
diffusion coefficient measurements have been shown to have
good measurement repeatability and reproducibility. How-
ever, more studies are needed to validate whole-body MRI
measurements as response, predictive, or prognostic bio-
markers, including the performance of standardized report-
ing systems (eg, MET-RADS-P) in the clinical setting. The
cost-effectiveness of these modern imaging techniques is also
yet to be determined.

Regionally limited availability of novel imaging tracers and
the variable imaging expertise across centers constitute major
impediments toward the development of validated imaging
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Figure 10: Whole-body MRI shows a response to a targeted therapy (poly [ADP-ribose] polymerase inhibitor). (a,

b) Images of inverted gray-scale coronal maximum intensity projection (MIP) whole-body diffusion-weighted [DW] MRI
(b value = 900 sec/mm?) before (a) and 12 weeks after (b) treatment in a 70-year-old man with castration-resistant
prostate cancer. Color overlay in red shows projection of disease sites before (a) and after (b) treatment, which are sum-
mated fo derive the total diffusion volume (DV, from DW imaging [b = 900 sec/mm?] disease signal) and the associ-
ated global apparent diffusion coefficient (ADC) values, as shown in (c) the histograms (plotted as probability density on
the y axis). The images show dramatic reduction in tDV (from 613 mL to 54 ml) accompanied by a marked regression
of lung, liver, and nodal metastases, as well as the local prostate tumor. However, there is heterogeneous response,
with persistent signal abnormality in the left pelvic bone and the left lung on MIP images. (d) Axial posttreatment ADC
map through the pelvis shows responding disease (color coded green, ADC > 1.3 pm?/sec) is visible in the anterior left
acetabulum, while nonresponding disease (color coded red, ADC = 0.73 pm?/sec) is seen in the posterior left acetabu-
lum, accounting for the bimodal distribution of the posttreatment global ADC histogram.

criteria. Furthermore, different classes of drugs used to treat
metastatic CRPC may impact imaging in unique ways that
are relatively underexplored. Some drug, such as abiraterone
or enzalutamide, may change the regulation of the targets for
radiopharmaceuticals without killing cancer cells, and such
potential effects need to be better understood when selecting
modern imaging for treatment response assessment.

In conclusion, next-generation imaging techniques will
undoubtedly play increasing roles in defining the presence
and extent of metastatic disease and enabling assessment
of treatment response and disease progression, particularly
in patients with bone disease, and will improve our under-
standing of disease biology through imaging-targeted tumor
sampling. These developments will promote the development
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and use of precision therapies in patients with advanced pros-
tate cancer, with the aim of improving outcome.
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