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Abstract

Over the past decade, updated definitions for the different stages of prostate cancer and risk for distant disease, along
with the advent of new therapies, have remarkably changed the management of patients. The two expectations from
imaging are accurate staging and appropriate assessment of disease response to therapies. Modern, next-generation
imaging (NGI) modalities, including whole-body magnetic resonance imaging (WB-MRI) and nuclear medicine (most often
prostate-specific membrane antigen [PSMA] positron emission tomography [PET)/computed tomography [CT]) bring
added value to these imaging tasks. WB-MRI has proven its superiority over bone scintigraphy (BS) and CT for the detec-
tion of distant metastasis, also providing reliable evaluations of disease response to treatment. Comparison of the effec-
tiveness of WB-MRI and molecular nuclear imaging techniques with regard to indications and the definition of their
respective/complementary roles in clinical practice is ongoing. This paper illustrates the evolution of WB-MRI imaging pro-
tocols, defines the current state-of-the art, and highlights the latest developments and future challenges. The paper pre-
sents and discusses WB-MRI indications in the care pathway of men with prostate cancer in specific key situations:
response assessment of metastatic disease, “all in one” cancer staging, and oligometastatic disease.
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INTRODUCTION

Prostate cancer (PCa)’ is the second most common cancer in
men, with an estimated 1,276,106 new cases worldwide in
2018.” Despite improvement in therapy, PCa remains the
fifth leading cause of cancer-related death and is responsible
for 3.8% of total cancer deaths.”

Patients with newly diagnosed (ND) PCa are stratified
into different risk groups based on their clinical state, Interna-
tional Society of Urological Pathology (ISUP) grading, and
prostate-specific antigen (PSA) levels in order to define their

prognosis and further care.” Early detection of high-risk

recurrent cancer after definitive initial therapy is critical
because salvage treatments can be successful. Later on, reliable
quantification of metastatic burden and monitoring response
to therapy are key expectations for imaging.

Next-generation imaging (NGI) techniques such as
whole-body magnetic resonance imaging (WB-MRI) and
prostate-specific membrane antigen (PSMA) positron emis-
sion tomography (PET)/computed tomography (CT) address
the clinical need for better stratification of PCa states.*™®
These techniques are being evaluated for the assessment of
local and distant metastasis at the time of initial staging, when
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biochemical recurrence (BCR) occurs, and in the follow up of
men with metastatic disease.

Although there is compelling evidence that WB-MRI
and PSMA PET/CT are superior to conventional imaging
with bone scintigraphy (BS) and CT for determining disease
volume and extent, NGI techniques are still not routinely rec-
ommended by international guidelines at the time of first
diagnosis even in men with locally advanced PCa.”” Still,
NGI techniques are increasingly recognized to have the poten-
tial to play an important role in select patients, and PSMA-
PET/CT, due to the strength of the evidence, is already rec-
ommended in guidelines for BCR patients.'™'" Even so, the
availability of PSMA-PET/CT remains limited, and while
awaiting its wider availability, WB-MRI has been proposed as
a viable alternative because it does not require a separate,
extensive supportive radionuclide production infrastructure,
and it provides reliable information for decision-making.

WB-MRI protocols are constantly evolving in order to
reliably detect every single lesion, with more time-efficient
acquisitions and workflows, so that the necessary information
is obtained for clinical decision-making. Anatomical and dif-
fusion sequences have been improved, and several quantita-
tive parameters, for example, apparent diffusion coefficient
(ADC; unit mm?®/s) values and fat fraction (FF; %), bring
objectivity to the measurements. Recommendations regarding
the choice of sequences and technique, as well as the reading
and reporting of images, have emerged.'>"?

In this paper, we review the design of WB-MRI proto-
cols and their evolution, discuss their clinical roles in the stag-
ing and therapeutic pathway of PCa patients, assess their
place and limitations compared to other NGI methods, and
address future and challenging directions.

WB-MRI TECHNIQUE: EVOLUTION OF
HARDWARE AND SOFTWARE

WB-MRI consists of the acquisition of consecutive stacks of
high spatial resolution images of consecutive parts of the body
that are then fused using reconstruction software. Initially,
WB-MRIs were limited by the need to reposition the patient
between each station along with long acquisition times per
station, but the introduction of rolling bed platforms and the
acceleration of sequences eliminated the need for repositi
oning and made it possible to scan patients in less than
1 h.'*'° Advances in radiofrequency coils led to changes
from built-in body coils, first used to increase z-axis coverage,
to whole-body surface coils that combine numerous inte-
grated coil elements, which improved contrast-to-noise-ratio
(CNR) and spatial image resolution.'”'® Today, a continu-
ous increase in the number of receiving channels and
improvements in the design and weight of surface coils are
increasing the overall performance, resolution, and rapidity

of WB-MRI examinations.'®

654

Advances in software and acceleration techniques such
as parallel imaging technique have enabled faster acquisition
of images and have contributed to the emergence of func-
tional techniques such as diffusion-weighted imaging (DW1I)

19,20
%20 and

using single-shot spin echo planar imaging (ssEPI)
quantitative fat imaging using gradient echo-based Dixon
approaches. In addition, the growing use of 3T magnets in
clinical practice has led to increases in signal-to-noise ratios
(SNR) and faster acquisition times and has made acquisition
of three-dimensional (3D) isotropic T1 sequences possi-
ble."** Nevertheless, performing 3T WB-MRI is more

. . .2
prone to artifacts and is more challenging. 3

TARGET ORGANS: FROM BONE TO
ALL-ORGAN IMAGING

In general, the setup of MRI protocols depends on the likely
distribution of metastases, which in turn depends on the pri-
mary cancer location, stage, and histotype. In PCa, metastatic
disease is initially observed in the skeleton and the lymph
nodes; visceral locations are less common.**2® However,
increasingly effective therapies have resulted in an increased
incidence of multiorgan metastases during later stages of
disease,”” and an autopsy study of 1589 patients revealed that
hematogenous metastases were present in 35% of the
patients, and these metastases were located in the skeleton in
90%, the lung in 46% (pleura 21%), the liver in 25%, and
the adrenals in 13%.”® This requires imaging protocols that
are able to depict metastases at a variety of anatomic sites dur-
ing a single examination.

WB-MRI ANATOMICAL IMAGES

From Axial Skeleton to Whole-Body and All-Organ
Screening

Axial skeleton (spine and pelvis) MRI (AS-MRI) combining
T1- and short inversion time inversion recovery (STIR)-
weighted images of the spine in the sagittal plane, often com-
plemented with coronal images of the bony pelvis, were ini-
tially used to study skeletal red bone marrow areas most likely
to harbor bone metastases.?>?° The presence of lesions, epi-
dural extension, and spinal cord compression is assessable.”’
The AS-MRI technique alone was very competitive with BS,
although this technique could not detect appendicular, ster-
nal, or rib lesions, but involvement of these sites alone is
exceptional.*>* The assessment of the spine still remains
necessary to complement other WB-MRI sequences in mod-
ern practice.

The availability of WB-MRI anatomic sequences made
coverage of the whole skeleton in the coronal or axial plane
possible, although in practice, this is limited to the region
from the eyes to the mid-thighs; more distal limb metastases
are exceptional.”>™> Compared to AS-MRI for the detection
of bone lesion, coronal WB-MRI did not detect significantly
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more bone metastases (134 with WB-MRI vs. 124 with AS-
MRI) in 60 patients.”> With the introduction of dedicated
sequences, for example, breath-hold 3D T1 gradient echo
(GRE), WB-MRI protocols evolved to encompass all organs
and now enable more complete staging evaluations, which
include assessments of lymph nodes, lung and liver paren-
chyma, and the prostatic bed.'*?*%’

Initially, WB-MRI protocols relied exclusively on ana-
tomical sequences such as T1 and T2 with fat suppression or
STIR-weighted images, sequences that enable the detection of
bone metastases. Compared to the normal bone marrow,
bone metastases exhibit low signal intensity (SI) on
T1-weighted images, and an intermediate to high SI lesion is
observed on T2-weighted images, depending on the minerali-
zation status and water content of lesions, and sometimes
with a peripheral “cellular” high SI T2 halo thought to reflect
more active or aggressive disease surrounding a more mineral-
ized central portion of the lesion.*®

T2-weighted sequences have been optimized to improve
lesion detection by increasing contrast between lesions and
the surrounding normal marrow using different methods to
suppress the fat signal, that is, chemical shift selective satura-
tion (CHESS), STIR, or the Dixon method (see below).?**°
These anatomical MRI sequences are sufficient to distinguish
bone metastasis from the normal fatty bone marrow back-
ground in the majority of patients. Difficulties may be
encountered in patients with more cellular marrow, such as
in younger individuals and patients being administered bone
marrow-stimulating factors, due to the reduced contrast
between lesions and the background hyperplastic marrow.*’

As with CT scans, anatomical WB-MRI sequences also
have limited diagnostic value for detecting pathological lymph
nodes because the main criterion of metastatic lymph node
involvement is based on its size. Anatomic images have low
sensitivity and specificity in detecting the microscopic infiltra-
tion of normal-sized nodes, a common phenomenon in
PCa.*’

As already noted, visceral metastases mainly affect the
liver and lungs and occur at later stages of the disease.*> WB-
MRI anatomical images are progressively being optimized for
detecting lung metastases, but there is little objective informa-
tion concerning their use in the literature.'* Liver metastases
can be efficiently detected using DWI, and characterization
of lesions can be carried out using anatomic signal characteris-
tics using DWI (see below) and contrast-enhancement

(if necessary).%’43

From 2D to 3D Imaging: Multiplanar Capability and
Speed

Anatomic  images acquired using  two-dimensional
(2D) sequences are obtained in the coronal or axial plane for
skeletal and node screening but also in the sagittal plane for

optimal study of the spine. Advances in both hardware and
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software have made it possible to obtain 3D images, which
allow multiplanar reformatting after acquisition of a single-
volume sequence. Initial approaches involved acquiring coro-
nal 3D-T1 fast spin echo (FSE); Sampling Perfection with
Application optimized Contrasts using different flip angle
Evolution (SPACE); or cube sequences using very thin, nearly
isotropic voxels (section thickness of 1.2 mm). These
approaches facilitated the detection of bone and node metas-
tases, especially in difficult-to-evaluate anatomic areas
(e.g., posterior vertebral elements, pelvic nodes, etc.), and
avoided the need for acquiring additional dedicated images of
the spine and retroperitoneal lymph nodes?? (Figure 1), hence
saving time. However, a remaining drawback of 3D ESE
sequences was an acquisition time of more than 4 min for
each station and more than 12 min for whole-body coverage,

and the Dixon approach can address this limitation.

Contribution of the Dixon Technique to WB-MRI
The Dixon technique obtains images using two (two-point
Dixon) or more (multipoint Dixon, mDixon) echoes.** Fat
suppression takes advantage of the fact that the nuclei in
water and fat molecules precess at different frequencies, alter-
nating over time to being in-phase (IP) and out-of-phase/
opposed-phase (OP) with each other. The Dixon technique
enables the reconstruction of four types of images: IP and OP
images but also fat-only (FO) and water-only images (WO,
which correspond to fat-saturated images).

Breath-hold 3D-T1 GRE images acquired using the
Dixon technique can decrease the acquisition time for ana-
tomical images. The value of one pelvic 3D T1-weighted
GRE sequence with a 2-point Dixon fat—water separation was
compared to TIW FSE in 39 PCa patients. The sequence
provided better image quality, equivalent performance for
node and bone detection, and a reduced acquisition time
(2 min 37 s vs. 5 min 16 5).*> The Dixon technique was first
introduced in WB-MRI for bone lesion screening in meta-

46-48 . o .
in association with

static breast cancer and in myeloma®’
DWT sequences. The FO images improved contrast between
tumoral lesions and the normal marrow, which is sometimes
limited on T1 IP images.”’® A WB-MRI study compared the
performance of the 3D T1 GRE breath-hold mDixon
sequence to 3D T1-FSE for the detection of node and bone
metastases in 30 patients with high-risk PCa and demon-
strated that the accuracy of 3D mDixon T1 GRE was compa-
rable to 3D T1 FSE, while acquisition times were shortened
significantly from 14 min to 1 min 20s.°" The T1 GRE
mDixon technique has also been assessed for node and bone
metastases screening in PCa and was found to perform better
than BS for detecting bone metastases and similar to 18
choline-PET/CT for detecting malignant node involve-
ment.”> The Dixon acquisition also showed promise for
detecting lung metastases and exhibited a similar performance

to low-dose CT on a per-patient basis. Of note, ultra-short
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Figure 1: Comprehensive whole-body magnetic resonance imaging (WB-MRI) used for staging of newly diagnosed prostate cancer in
a 74-year-old man at high risk of metastasis. (a) Coronal 3D T1-weighted (W) turbo-spin echo (TSE) sequence shows a unique left
femoral neck metastasis (arrow). (b) Coronal reformatted DWIBS image at b 1000 s/mm? diffusion DWI (multiplanar reconstruction,
inverted grayscale) confirms left femoral neck lesion (arrow). Note that the dark signal of the brain, spleen, and spinal cord and small
lymph nodes in the neck, axillae, and groin are a normal finding. (c) Sagittal reformatted 3D T1W FSE image of the spine show no
vertebral metastasis. (d) Transverse reformatted 3D T1W TSE image confirms the presence of a left femoral neck metastasis. (e) Fat
fraction (F%) map obtained using the Dixon technique shows complete disappearance of fat pixels within the metastatic deposits. (f)

ADC map shows abnormal signal within the femoral lesion (1235 pmm?/s). F% and ADC values may be used for lesion monitoring

echo time (UTE) acquisitions can also be used to assess lung
parenchyma as UTE can detect pulmonary nodules that are
5 mm or larger, but this adds significantly to scan time.>>
Conventional Dixon MR images are less able to detect nod-

54-56 include

ules smaller than 10 mm. Recent advances
breath-hold lung sequences, which promise shorter acquisi-
tion times while maintaining lesion detection sensitivity of
lesions sized 5 mm or more; these sequences require further

evaluations.

Fat Fraction Measurements

Dixon acquisitions can be used to generate fat fraction
maps.57 The signal or relative fat fraction (sFF/rFF; unit
%) is calculated using the formula: (SI FO/[SI FO + SI
WO]) x 100. The calculated sFF value is reproducible
with a small standard deviation for repeated measurements
(6R = 13%-32%).°®>° sFF maps provide a quantitative
assessment of bone marrow fat and can be used to assess
treatment response.sg’GO*62 A retrospective comparison of
sFF and ADC values of 43 bone lesions with histology
showed that active bone lesions had a significantly lower
sFF (11.5% vs. 62%) and median ADC (898 x 107°

656

vs. 1617 x 107° mm?/s) compared to responding lesions®®

(Figure 1).

T2-Dixon: Tomorrow's Single Anatomic Sequence?
According to guidelines, whole-spine sagittal fat-suppressed
T2 or STIR images are recommended in WB-MRI proto-
cols to study vertebral lesions and their complications.'?
The added value of the T2 Dixon method is notable
because it provides a more uniform suppression of the fat
signal and higher SNR and CNR, making bone lesions
more conspicuous compared to other techniques, including
CHESS or STIR sequences.46_48 In one sequence, the T2
Dixon technique offers improved sensitivity emanating
from WO images (equivalent to T2 fat-saturated or STIR
images); the effectiveness of T2 IP images for the study of
the spinal canal, discs, and marrow; the ability to evaluate
lymph nodes; and the “T1-like” information of FO/FF
images, which provide high contrast between bone metas-
tases and normal marrow.

In the spine, a retrospective analysis compared whole-
spine sagittal T2 mDixon FSE to T1 FSE in 121 patients
with metastatic involvement and found an equivalent
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Figure 2: Value of a single T2 Dixon sequence as alternative to the combination of T1 and STIR sequences as anatomical sequences.
Staging in 55-year-old man with ND prostate cancer (PCa) at high risk of metastasis. (a, b) Coronal T1 TSE and STIR images show a
metastasis within the L2 vertebral body (arrow). (¢, d) Fat only (c) and Water only (d) images obtained from one single T2 Dixon TSE

acquisition show the same lesion (arrows)

performance between the FO images derived from the T2
Dixon acquisition and the T1 imalges.64 Furthermore, T2
mDixon had better CNR (181 vs. 84.7) and good to very
good interobserver agreement. Another retrospective study
compared the performance of sagittal mDixon T2-TSE to the
conventional T1-TSE images in 33 patients with 68 metasta-
ses and also found no differences between FO images from
the T2 Dixon acquisition and T1 sequence.®® The acquisition
time of the T2 Dixon sequence is longer (6 min 15 s
vs. 4 min 14 s for the T1 sequence), but, overall, the Dixon
approach provides both FO (T1-like) and WO (STIR-like)
images in shorter times than the guideline-recommended
combination of T1 and STIR images. Using T2 Dixon
sequences as an alternative to the sum of T1 and STIR for
WB-MRI anatomical sequences images could drastically
shorten the acquisition times, but this remains to be evaluated
in comparative studies (Figure 2).

Both T2- and T1-weighted sequences acquired using
the Dixon method can be affected by the fat—water swapping
artifacts, especially in heterogeneous anatomic regions (neck,
close to metallic implants), leading to the replacement of a
part of the fat-only image by part of the water-only image
and vice versa. This artifact is quite easy to identify, and the
reading must then be made by side-by-side analysis of FO
and WO images.66’67

FUNCTIONAL MRI: DWI

Standard DWI

The introduction of whole-body DWI with background
body signal suppression (DWIBS) using STIR—echo-planar
imaging sequence (STIR EPI) during free breathing

March 2022

allowed acquisition of whole-body DWI with reduced slice
thickness and homogeneous fat suppression,*?-3%-3%34.68-72
Fat-suppressed (most frequently using the inversion recov-
ery technique) DWI sequences using high-diffusion sensi-
tizing gradients (b-values; unit s/mm?®) are generally
acquired in the axial plane from head to mid-thigh. For
DWIBS, STIR is preferred over CHESS for more uniform
fat suppression because of its lower sensitivity to magnetic
field inhomogeneities, and images are acquired using free
breathing.”* Two or more b-values are acquired, and ADC
maps are calculated with monoexponential fitting of the
signal intensity data. A lower b-value in the range
50-100 s/mm® minimizes the contribution of microcircu-
lation perfusion effects. A higher b-value set between
800 and 1000 s/mm” attenuates the SI of normal tissues
without compromising SNR.”? Intermediate b-values of
500-600 s/mm” may be considered to improve the accu-
racy of calculated ADC maps.'?

DWI sequences are usually read on Picture Archiving
and Communication System (PACS) workstations using mul-
tiplanar reformatting (MPR) and maximal intensity projec-
tion (MIP). Both lower and high b-value images should be
evaluated synchronously with the anatomical images.'”
Reconstructed high b-values DWI images allow the visualiza-
tion and measurement of focal lesions on native or inverted
grayscale contrast, usually displayed as multiplanar
reformatted views or MIPs.

Before interpreting WB-DWI images, the reader should
be familiar with the normal appearance of the bone marrow
and lymph nodes. Normal yellow bone marrow in adults has
low perfusion and is mainly composed of large fat cells, which
impede the movement of extracellular water molecules,
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Figure 3: Whole-body magnetic resonance imaging (WB-MRI) and ®*Ga-PSMA PET/CT obtained in the same week in a 63-year-old
man with advanced prostate cancer (PCa). (a, b) Coronal WB-MRI (a) T1 TSE and (b) coronal reformatted DWIBS (b 1000; inverted

grayscale) images show right lung (arrow) and left ischiopubic bone (arrowhead) metastasis. (c, d) *®Ga-PSMA-PET/CT: reformatted
fused PET/CT (c) and metabolic PET (d) images show the same lung (arrow) and bone metastasis (arrowhead)

causing a low SI in high b-value images and low ADC
values.”* Normal red bone marrow has a higher perfusion,
cellularity, and water content, which results in higher SI in
high b-value images and higher ADC values. Of note, false-
positive observations due to high SI on high-b-value images
include the T2 shine-through effect from benign vertebral
lesions (e.g., hemangioma, endplate degenerative changes),
but these pitfalls can be easily overcome by correlating high
b-values images to anatomical sequences and corresponding
ADC values.””

Normal ADC values of adult bone marrow range from
0.2 107> mm?/s to 0.6 X 10~ mm?/s.>° ADC values of bone
marrow decrease with aging in proportion to an increase in fat
content accompanying osteoporosis and age-related marrow
atrophy.76’77 Bone metastatic disease appears as focal or diffuse
areas of increased SI on high b-value images and higher ADC
compared to normal bone marrow. Tumor ADC values have
an upper range value of 1.2-1.4 X 107> mm?*s. An ADC
threshold of 0.655 X 10™> mm?/s was shown to separate nor-
mal bone marrow in healthy volunteers from abnormal bone
marrow in 23 PCa, 9 breast cancer, and 11 myeloma
patients.78

The presence of bone edema, increased cellularity from
bone marrow stimulation, or focal bone marrow hyperplasia
may be responsible for increased marrow signal and should
not be misinterpreted as a diffuse or progression disease.””
False-negative DW1 results may be encountered in hyper-
cellular bone marrow due to reduced contrast between metas-
tases and the marrow background,” in densely sclerotic bone
lesions,”” and in some difficult anatomical areas such as the
lower neck and ribs.

658

The detection of abnormal lymph nodes remains diffi-
cult with DWI. Both normal and pathological nodes have
high ST in high-b value images because of their high cellular-
ity. Hence, similar to anatomic images, size remains the main
diagnostic criterion for abnormal nodes. ADC measurements
have been proposed to improve the value of DWI sequences
to distinguish malignant from benign lymph nodes presenting
a “normal” size. Malignant nodes have been shown to have
significantly lower ADC values (1.07+/—0.23 X 107> mm?/s)
than benign nodes (1.54 +/—0.25 X 10-> mm?/s) in several
studies.®*®? Studies have also found lower but nonsignificant
ADC values in metastatic lymph nodes (0.92 £ 0.22 and
0.94 +0.18 x 10> mm?/s) than in benign
(1.04 4 0.18 and 1.01 £ 0.28 x 10> mm?*/s).5>#*

As for visceral metastases, pulmonary nodules and liver

nodes

lesions may be detected as focal high-signal lesions on high b-
value images (Figure 3). A study including 22 patients
(17 with PCa) demonstrated a high sensitivity (96%) of WB-
MRI for the detection of visceral metastases compared to CT,
18 fluorodeoxyglucose (FDG) PET/CT, and "¢ choline
acetate PET/CT®” (Figure 4).

Computed DWI and Semiautomatic Segmentation

Computed WB-DWI consists of generating postprocessed
images at user-defined higher b-values based on voxel MR sig-
nal and ADC values.®® The generated images can help reduce
the T2 shine-through effect on MIP images; reduce near-field
flare signal, especially on images acquired at 3T; and can facil-
itate semiautomatic segmentation on MIP WB-DWI with
better delineation of the tumor volumetric burden (total
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1

Figure 4: Whole-body magnetic resonance imaging (WB-MRI) and PSMA PET/CT obtained in the same week in a 68-year-old man
with advanced prostate cancer (PCa). (a, b) Coronal WB-MRI (a) T1 TSE and (b) coronal reformatted DWIBS (b 1000; inverted
grayscale) images show liver metastasis (arrow) and common iliac metastatic lymph nodes (arrowhead). (c, d) 68Ga-PSMA-PET/CT:
reformatted fused PET/CT (c) and metabolic PET (d) images show the same lung (arrow) and bone metastasis (arrowhead)

. . 8 . . .
Diffusion Volume, tDV).®” However, their routine use is not

recommended.

Simultaneous MultiSlice-DWI

Simultaneous excitation and acquisition of multiple slices
allows an acceleration of data acquisition with a limited
impact on SNR.*® Parallel imaging and the CAIPIRINHA
technique (controlled aliasing in parallel imaging results in
higher acceleration) permit the potential use of simultaneous
muldslice (SMS)-DWI in  whole-body DWI1.% Using
PET/MRI, a study compared SMS-DWI to DWIBS in
10 volunteers and 20 patients at 3 T.”® Acquisition time was
reduced by 40% (84 s vs. 140 s) with a subjective cost in
image quality and more artifacts observed in the
thoracoabdominal area of the SMS-DWI images. Still, SMS-
DWI provided reliable lesion conspicuity, and the ADC
values were reliable and comparable to standard DWI.
Whole-body SMS-DW1T was recently used for bone metasta-
ses screening in PCa and showed similar image quality com-
pared to standard DWI.”! Deep learning methods for image
reconstruction are also emerging, which will further reduce
DWI sequence acquisition times. These methods are still not
widely available, and their impact on WB-MRI use cannot
yet be evaluated.

MULTIPARAMETRIC WB-MRI AND CHOICE OF
SEQUENCES

Multiparametric (mp) MRI, the association of anatomical
and at least two functional sequences, represents the current
standard for studies dealing with the local assessment of
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prostate,”” breast,” bladder,”* and brain®® cancers. WB-MRI
provides the same qualitative and quantitative mp approach,
relying on anatomical T1 and STIR sequences and functional
DWT sequences, along with ADC maps and FF maps for the
quantitative evaluation of bone lesions.

In 2016, an international expert panel designed the
METastasis Reporting and Data System for prostate cancer
(MET-RADS-P) in an attempt to harmonize and standardize
WB-MRI protocols in terms of content, quality, and
reporting. The core protocol comprises anatomical sequences,
including sagittal T1 and T2 fat-suppressed or STIR images
of the spine and coronal or axial whole-body T1 GRE Dixon
images along with FF mapping (Table 1). The 3D T1 FSE
was proposed as the single alternative to the previous T1
sequences. Axial WB-DWI with two b-values (b 50-100 and
b 800-1000 s/mm?) is also part of this protocol (Figure 1).
MET-RADS-P also proposed a more comprehensive protocol
with coronal and axial T1 GRE, axial FSE T2-weighted
sequences for node and visceral screening, a higher number of
b-values for the WB-MRI sequence, and optional contrast-
enhanced sequences. MET-RADS-P also provided response
evaluation criteria for bone, node, and visceral lesions.'?

The United Kingdom Quantitative WB-DWI Techni-
cal Workgroup addressed the question of harmonization of
quantitative DWI in order to optimize the response assess-
ment of bone metastases, and they proposed that the calcula-
tion of ADC be based on two b-values, b = 50100 s/mm®
and b = 800-1000 s/mm>.*

A recent study compared the diagnostic accuracy of the
individual T1, STIR, and DWI sequences and their various
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combinations (T1-DWI, TI1-STIR, STIR-DWI, and
T1-STIR-DWI) to detect bone metastases in WB-MRI in
50 patients with PCa and showed that the combination of
sequences T1-DWI and T1-STIR was sufficient with no dif-
ference in performance using the combination of all three,
T1-STIR-DWI, sequences (p > 0.07).96 In practice, how-
ever, the combination of T1 and DWI may be preferred as
DWT outperforms SNR in detecting node and visceral metas-
tasis (Figures 3 and 4). Moreover, another study found that
STIR images did not lend incremental value to WB-MRI cor-
onal T1-weighted images in metastatic screening.””

The need for sequences to be used following contrast
injection is often questioned. Bone lesions can be differenti-
ated from normal bone marrow (where perfusion is low) with
quantitative and semiquantitative parameters on dynamic
contrast-enhanced (DCE) images. For example, PCa lesions
have been shown to have a significantly higher transfer con-
stant (K™, the permeability surface area product) and high
increases in SI and the gradient of the upslope using DCE-
MRI sequences.”® Some investigators have suggested includ-
ing regional DCE for the detection and characterization of
bone metastases, as well as performing a delayed whole-body
contrast-enhanced phase in the equilibrium phase at approxi-
mately 3 min after contrast medium injection as the contrast
medium concentration levels last for about 5.5 min.””'%
Although recent work suggests that contrast-enhanced 3D T1
GRE sequences represent the most effective sequence along
with DWI

sequences have limited value for the detection of bone and

101
to detect metastases, contrast-enhanced

node lesions and are not included in routine WB-MRI proto-

. 52 . . 102
cols for metastasis’> or myeloma lesion detection.'®

TECHNICAL CHALLENGES

Registration and Postprocessing Strategies
and DWI

sequences requires postprocessing software that combines the

Reconstruction of multistation anatomical
different stacks of images in one volume dataset. WB-MRI is
a sum of three to six stacks of high-resolution images that
have variations in SI and contain artifacts that are sequence-
specific or related to patient motion. In order to overcome
these inconsistencies, images acquired for each section are
overlapped. Consequently, interscan inhomogeneities at the
edge of each section and intrascan inhomogeneities within
each stack may be seen,'®® and a variety of methods has been
proposed to overcome these inhomogeneities and allow opti-
mal reconstruction.'® Even so, postprocessing software may
fail to provide perfect image alignment and can result in arti-
facts such as “broken/dancing spine,” with DWI sequences
being particularly sensitive to misalignments. Geometrical
artifacts can lead to inaccurate assessments of ADC values or
lesion sizes. A recently proposed postprocessing, noise-

corrected, exponentially weighted DWI (niceDWI) approach

March 2022

was developed to standardize SI and generate quantitative
contrast in WB-MRI studies on PCa.* An alternative method
consists of using integrated slice-by-slice shimming, which
significantly improves the SNR of WB-DWI in the neck

. 105
region.

Artificial Intelligence

In the future, we can expect the routine use of deep-learning,
artificial intelligence (AI) reconstruction techniques to further
optimize data acquisition and image reconstructions free of
artifacts. Deep learning can reduce the computational time
for the reconstruction of parallel imaging and compressed
sensing techniques. Indeed, trained deep-learning models
optimize the reconstruction process or reduce artifacts in a
better assessment of sparsity and sampling of k-space.'® The
diagnostic performance with regard to the reading time of
WB-MRI by the radiologist alone or with the assistance of Al
is under study.'"”

CLINICAL INDICATIONS AND POSITIONING
OF WB-MRI AMONG OTHER TECHNIQUES

Newly Diagnosed Prostate Cancer

The imaging workup at initial diagnosis must distinguish
localized/locally advanced from metastatic PCa and evaluate
the metastatic load (Tables 2 and 3). Indeed, patients with
localized disease will be treated with local treatment, while
those with metastatic disease may benefit from combined sys-
temic and local treatment if they present with fewer than five
bone metastases.”'?! European guidelines recommend at least
cross-sectional abdominopelvic imaging (CT or MRI) and a
BS for metastatic screening in patients with unfavorable
intermediate- and high-risk localized or locally advanced dis-
ease, that is, those with a Gleason score of 7 (4 + 3) or a PSA
level between 10 and 20 ng/mL (Table 2).*? National Com-
prehensive Cancer Network (NCCN) guidelines recommend
performing abdominopelvic imaging only if nomograms
based on clinical features predict >10% probability of pelvic
lymph node involvement and performing bone imaging in

unfavorable intermediate- and high-risk localized PCa122

(Table 2).

Currently, WB-MRI and PET/CT are not rec-
ommended by guidelines for routine use at initial staging,
except for equivocal bone lesions on conventional imaging.'"
This is because the clinical benefit of an earlier detection of
metastases remains unclear for the whole populzltion.]23
However, it has been abundantly demonstrated that WB-
MRI and PET/CT can more accurately define the extent of
the disease, locally and remotely, and help tailor a more per-
sonalized treatment plan for patients. According to the recent
American Society of Clinical Oncology guidelines, however,
WB-MRI may be proposed as a second line in high-risk
patients with negative/equivocal conventional imaging or in
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Any risk group staging
Use prebiopsy mpMRI for staging information
Low risk (PSA < 10 ng/mL and ISUP1 and cT1-2a)
No additional imaging is indicated for staging purposes
Intermediate Risk (PSA10-20 ng/mL or ISUP2-3 or cT2b)
EAU

NCCN

involvement.

AUA

MRI) and BS.

EAU

NCCN

Bone imaging: recommended.

involvement.

AUA

Table 2. Current recommendations for imaging workup in localized newly diagnosed prostate cancer (PCa)

In ISUP grade 2 3, include at least a cross-sectional abdominopelvic imaging and bone scan for metastatic screening.

Bone imaging: only recommended if PSA > 10 ng/mL or T2

Abdominopelvic imaging: recommended if nomogram predicts >10% probability of pelvic lymph node

Clinicians should consider staging unfavorable intermediate-risk localized PCa with cross-sectional imaging (CT or

High risk (PSA > 20 ng/mL or ISUP 4-5 or = ¢T2c) or locally advanced (any PSA, any ISUP, ¢T3-4 or cN+)

Perform metastatic screening including at least cross-sectional abdominopelvic imaging and bone scan.

Abdominopelvic imaging: recommended if nomogram predicts >10% probability of pelvic lymph node

Clinicians should stage high-risk localized PCa with cross-sectional imaging (CT or MRI) and BS.

Note: Recommendations based on European Association of Urology, European Society for Radiotherapy and Oncology, and Interna-
tional Society of Geriatric Oncology (EAU-ESTRO-SIOG) guidelines 2020 and National Comprehensive Cancer Network (NCCN)
guidelines, version 2.2020.

Abbreviations: ¢, clinical; CT, computed tomography; EAU, European Association of Urology; ISUP, International Society of Urological
Pathology; mpMRI, multiparametric magnetic resonance imaging; MRI, magnetic resonance imaging; N, node; NCCN, National Com-

prehensive Cancer Network; T, tumor.

patients with a few deposits on BS/CT scans that may benefit
from additional metastasis-directed therapies (MDT).!24126
Thus, current guidelines still do not recommend first-line
NGI use outside clinical trials.'*”'?®

In bones, standard imaging modalities have poor diagnos-
tic accuracy for metastatic staging. CT has a modest pooled sen-
sitivity, 72.9%, and specificity, 94.8%, for detecting bone
metastases.' >’ Technetium 99 m (*°T¢) diphosphonate demon-
strates up to 40% false-positive results as it detects osteoblastic
activity that can be seen in either metastasis but also in benign
conditions like inflammation or fractures.'*® Single Photon
Emission Computed Tomography (SPECT)-CT can improve
the specificity and the positive predictive value of BS, improving

662

the accuracy of metastatic staging and allow downstaging of met-
astatic disease in 29.5% of PCa patients.131 Numerous studies
have shown that AS-MRI and WB-MRI outperform BS for
bone metastatic screening,''”> and a comparison of WB-MRI
with other modalities for newly diagnosed (ND) and BCR of
PCa is presented in Table 3 (Panels A and B).

Few studies have investigated the diagnostic perfor-
mance of ®*Ga-PSMA PET/CT in the assessment of bone
metastasis at initial staging,'> but a recent systematic analysis
did conclude that ®*Ga-PSMA PET/CT detects more bone
metastases than BS and improves the diagnostic performance
for staging ND PCa.'* In the prospective, multicenter
ProPSMA study, the sensitivity and specificity of **Ga-PSMA

Volume 55, No. 3
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PET/CT compared to BS for distant metastasis were 92%
versus 54% and 99% versus 93%, respectively. It should be
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Newly diagnosed PCa
Consider WB-MRI:

PSMA-PET/CT'?®

future therapy response assessments
Biochemical recurrence

Consider WB-MRI:

patients suitable for salvage pelvic or distant therapy
If no access to PSMA-PET/CT'2°
Castration-resistant prostate cancer

Consider WB-MRI:

assessments

Table 4. Current clinical positioning of whole-body magnetic resonance imaging (WB-MRI) in prostate cancer (PCa)

After equivocal conventional imaging (unconfirmed BS findings, CT, or MRI)
After negative conventional imaging (BS, CT, or MRI) in unfavorable intermediate or high/very high risk PCa

As a problem-solving tool in patients with ambiguous findings at PET/CT screening (numerous false positives of

As a first line “all in one” screening approach (local, regional, global) for locally advanced or high-risk disease

In de novo OMD by conventional imaging being considered for ablative therapy: validation—invalidation
tool = accurate diagnosis > > > role for metastasis directed therapy

Along with PET/CT for confident and comprehensive diagnosis of OMD: combinatorial approach'*®

Alternative to conventional imaging if PMD is expected, as baseline before the start of systemic treatment, for

After conventional imaging (BS, CT, or MRI) or PSMA-PET/CT if they are negative or equivocal in high-risk

Before initiating a new treatment: evaluate disease presence, extent, distribution, and as baseline for future response

At follow-up: therapy response assessment using MET-RADS-P criteria

To select bone and soft-tissue biopsy sites for approved genomic directed therapies

Abbreviations: OMD, oligometastatic disease; PMD, polymetastatic disease.

Biochemical Recurrence (Table 5)

The American Urological Association (AUA) defines BCR
after radical prostatectomy (RP) as a detection of increasing
PSA > 0.2 ng/mL on two consecutive tests and defines BCR
after radiotherapy as an increase in PSA level 2 ng/mL above
PSA nadir.'*!

Salvage local treatment is often applied in selected patients.
Because most patients do not show metastases on standard
imaging assessment, the decision to start systemic treatment was
mostly based on PSA kinetics. Recent developments in NGI rev-
ealed that a fair proportion of these patients was actually harbor-
ing limited metastatic spread using WB-MRI, often occurring
outside the pelvic region, and this result challenged the concept
of salvage pelvic treatment. For example, an assessment of meta-
static spread showed that more than two-thirds of 96 patients
with metastatic disease had lesions located outside the usually
recommended targets of extended pelvic LND (eLND) and
external beam radiation therapy (EBRT).!%

666

NGI has profoundly modified the approach to BCR. An
earlier and more precise assessment of metastatic deposit allows a
better selection of patients for salvage local treatment or further
surveillance. As for those with limited metastatic deposit, inter-
vention with MDT, mostly by stereotaxic ablative radiation
(SABR), delays progression.'*® In the ORIOLE Phase 2 Random-
ized Clinical Trial, 54 men with recurrent hormone-sensitive
PCa and one to three metastases detectable by conventional
imaging were randomized to receive systemic treatment alone or
in combination with SABR. Treatment with SABR improved
median progression-free survival (not reached vs. 5.8 months;
hazard 0.30; 95% interval, 0.11-0.81;
p= 0.002).'"* The most interesting observation was that total

ratio, confidence

consolidation of PSMA radiotracer decreased the risk of new
lesions at 6 months (16% vs. 63%; p = 0.006), thus confirming
the importance of accurate imaging staging by PSMA PET/CT.
At BCR, PSMA PET/CT has become the technique of
choice. European Association of Urology (EAU) guidelines
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Table 5. Indications for imaging workup at biochemical recurrence (BCR)

Post-RP (two consecutives rising prostate-specific antigen [PSA] >0.2 ng/mL)
EAU
If PSA level >0.2 ng/mL and results influence treatment decisions: PSMA PET/CT

If PSA level >1 ng/mL, PSMA PET/CT is not available, and results influence treatment decisions case: 18R,
Fluciclovine or ''C-choline PET/CT.

NCCN
Bone imaging, chest CT, abdominopelvic CT or MRI.
8E_NaF or 'C-choline or ¥F-Fluciclovine PET/CT or PET/MRI can be considered after BS if high clinical

suspicion of metastasis.
Post-RT (any PSA increase 22 ng/mL higher than PSA nadir value)
EAU
In patients who are candidates for local salvage therapy: prostate mpMRI

In patients who are candidates for curative salvage treatment: PSMA PET/CT (if available) or 18E_Fluciclovine
PET/CT or ''C-choline PET/CT.

NCCN
In patients who are candidates for local therapy: prostate mpMRI, BS, chest CT, abdominopelvic CT/MRI.

18E_NaF or 'C-choline or '®F-Auciclovine PET/CT or PET/MRI can be considered after BS when clinical
suspicion of metastasis is high.

In patients who are not candidates for local therapy: BS.

18E_NaF or 'C-choline or ®F-fluciclovine PET/CT or PET/MRI can be considered after bone scan when clinical
suspicion of metastasis is high.

Note: Recommendations are based on European Association of Urology, European Society for Radiotherapy and Oncology, and Interna-
tional Society of Geriatric Oncology (EAU-ESTRO-SIOG) guidelines 2019, and National Comprehensive Cancer Network (NCCN)
guidelines, version 2.2020.

Abbreviations: ''C-choline, carbon-11-choline; '*F-Fluciclovine, '*F-FACBC; '*F-NaF, fluorine 18-sodium fluoride; mpMRI, multi-

parametric MRI; RP, radical prostatectomy; RT, radical radiotherapy.

recommend performing PSMA PET/CT in patients with
relapse PSA >0.2 ng/mL after RP or, in case of unavailability
of PSMA PET/CT and a PSA level = 1 ng/mL, fluciclovine
choline PET-CT is used. After radiotherapy, guidelines rec-
ommend performing prostate gland mpMRI to localize
abnormal areas and guide further biopsies (Table 5)
(Figure 5). WB-MRI has not been widely evaluated in BCR
because of its limited value for the detection of early meta-
static involvement in normal-sized lymph nodes. The vast
majority of experts at the St. Gallen Advanced Prostate Can-
cer Consensus Conference (APCCC) 2019 recommended
performing %8Ga PSMA PET-CT +/— mpMRI rather than
WB-MRI in patients with BCR after RP or RT.

One retrospective report described the potential use of
WB-MRI combined with mpMRI in BCR after RP in
76 patients with low PSA level (median, 0.36 ng/mL).144
WB-MRI with mpMRI identified recurrence in 21% and
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local recurrence in 9% of the patients. MRI was found to be
a feasible modality for clinical practice and provided incre-
mental information compared to conventional imaging
(Figure 5). Due to the high lesion to background contrast of
DWI, compared to anatomical sequences, the detection of
distant metastasis, except sclerotic bone metastasis, should be
facilitated by DWI.'* The LOCATE trial is comparing WB-
MRI to conventional imaging (BS and CT) in a cohort of
213 patients for detecting nodes and bone metastasis in BCR
after radiotherapy.'*

The diagnostic accuracies of “*Ga-PSMA PET/CT, '*F-
NaF PET/CT, and DWI-MRI for the detection of BM were
prospectively compared in 68 patients with BCR."'” On a
patient level, sensitivity and specificity were, respectively,
0.80 and 0.98-1.00 for ®*Ga-PSMA PET/CT, 0.90 and
0.90-0.98 for '®NaF PET/CT, and 0.25-0.38 and
0.87-0.92 for DW¢oo-MRI. The diagnostic performance of
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Figure 5: “All in one” whole-body magnetic resonance imaging (WB-MRI) and ®3Ga PSMA PET/CT workup at BCR in a 65-year-old
man with rapid rising prostate-specific antigen (PSA) 2 years after brachytherapy (5.84 ng/mL) shows intraprostatic and
oligometastatic bone recurrence. (a, b) Normal AP bone scintigraphy (a) and coronal MPR thoracoabdominal CT image (b) show no
abnormality. (c-f) All-in-one WB-MRI at 3T: (¢, d) mpMRI, transverse T2 TSE (c) and DWI (b 1500 s/mm?) (d) images show
intraprostatic recurrence (arrows) with low Sl on T2 and restricted diffusion on DWI; coronal 3D T1 FSE (e) and DWI (b 1000 s/mm?,
inverted grayscale) (f) images show a single bone metastasis in the left ischiatic bone (arrowhead) of low Sl on T1 (e) and high signal
on DWI (f). (g, h) Fused %8Ga PSMA PET/CT images: transverse section at the level of the prostate (g) and coronal MPR image
(h) show intraprostatic recurrence (arrows in g and h) with focal high uptake (SUV max 6.92) and focal left ischiatic bone metastasis
(arrowhead in H) (SUV max 13.88). Patient was treated with stereotactic radiotherapy on both bone and prostate lesions and
6 months of ADT with subsequent drop in PSA level at <0.2 ng/mL

DWI-MRI was significantly lower than that of **Ga-PSMA
PET/CT and '®NaF PET/CT for diagnosing bone metasta-
ses. “*Ga-PSMA PET/CT showed a higher detection rate
(100%) than WB-MRI (23%) for lesions in 28 patients with
BCR following RP."*°

Advanced Disease and Response Assessment

Imaging plays an intrinsic role in defining the metastatic state
(M1) when PSA increases in patients with normal testoster-
one levels (hormone sensitive state) or when a patient has
state).
Imaging also has important roles to play when men with met-

suppressed testosterone levels (castration-resistant
astatic disease undergo treatment to assess response to therapy
and also to detect the emergence of primary or secondary
therapy resistance. In both hormonal states, the volume and
distribution of metastases are highly prognostic and can affect
therapy options.

Therapy options for the treatment of advanced metastatic
disease continue to evolve, and a layered approach is often
employed (Figure 6). Treatments include drugs targeting the
androgen axis (enzalutamide, abiraterone, darolutamide,
apalutamide), chemotherapy (docetaxel, cabazitaxel), and bone-
seeking agents including bisphosphonates and **’radium. More
recently, drugs targeting poly(ADP)-ribose polymerase (PARP)
and immunotherapy have been introduced. In the short term,
we can expect to see the successful deployment of ant-PSMA
directed therapies. When faced with these different therapeutic
options, the evaluation of therapy response in metastatic
patients is crucial for deciding whether to continue, adapt, or
change treatment strategies."*’

Quantitative measurements tools have been validated
for assessing the effectiveness of cancer therapy in soft-tissue

. . 148 .. . )
lesions using CT"*°; however, CT is ineffective for assessing
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response to therapy in bones because it relies on bone reac-
tion rather than assessing the tumor itself.®

BS is still recommended to assess bone disease response
in patients with metastatic CRPC (mCRPC),” but it suffers
The
(pseudoprogression), defined by the development of new

from  major limitations. “flare  phenomenon”
uptake foci on an early follow-up BS and due to osteoblastic
reaction, can occur within 8—12 weeks of treatment initia-
tion."* Hence, Prostate Cancer Working Group 3 defines
imaging progression in mCRPC based on BS as the appear-
ance of 22 lesions during treatment continuation and con-
firmed 6 weeks later by a second BS. This considerably
lengthens decision times and can cause the continuation of
ineffective and potentially toxic treatment.'”° Furthermore,
BS progression only relies on the emergence of new lesions
and does not account for an increase in the size of preexisting
lesions.'”" Finally, patients with diffuse metastatic bone dis-
ease on BS (so-called superscans) cannot be monitored
because new lesions cannot be identified in the background
of diffusely elevated tracer uptake.®

Nodes and detected by
abdominopelvic CT or MRI must be recorded and quantified
and followed per RECIST.">? For PCWG3, nodes are con-

sidered pathological when they are between 10 mm and

visceral  metastasis

15 mm on the short axis and are subject to clinical discretion,
but they are only considered measurable when they are over
15 mm in size."°

MRI provides the opportunity to assess the response to
therapy in bone lesions, the most frequent metastatic site in
mCRPC and one that cannot be correctly evaluated with stan-
dard imaging tests.">® The feasibility and the value of size criteria
determined using axial skeleton MRI to quantify bone metastasis

154
and measure tumor response have been demonstrated. >
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Localized prostate cancer

Hormone sensitive prostate cancer

Castration resistant prostate cancer
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Figure 6: Substantial progress is being made in the management of bone metastatic disease in prostate cancers. Optimal
management of metastatic bone disease utilizes a layered approach as more potential treatments are added to the armamentarium.
Choosing the right treatment, for the right patient, for the right duration and the correct sequence and combination remain

challenges that next-generation imaging (NGI) may help to inform

Response assessment with WB-MRI relies on an mp approach
combining anatomical and functional sequences (Table 6).
Response to therapy can be characterized quantitatively by a
decrease in the number and size of detectable lesions and can
be characterized qualitatively by a replacement of the peripheral
zone of lesion by fat cells, creating a “fatty halo sign,” followed
by a return of normal-appearing bone marrow.”® Potential lim-
itations of anatomical sequences in the evaluation of treatment
response are the difficult interpretation of residual low-signal
tissue on T1l-weighted images, which may represent inactive
lesions due to fibrosis or necrosis, and also a rare “flare phe-
nomenon” corresponding to an increase in diameter of the
lesion on T1 images due to edema posttherapy.'® Another
potential limitation is the reconversion of yellow bone marrow
to red bone marrow during the treatment, leading to diffuse
‘‘psc:udoprogression.”160

Thus, bone lesions must also be assessed qualitatively or
quantitatively using functional DWI-MRI sequences or total
DWI (tDV) measurements.”> A decrease in the SI of lesions
on high b-value images and an increase in ADC measured on
ADC maps may be indicative of response (Figure 7). Lesions
responding to systemic or radiation therapy may, however,
present an increased SI on high b-value DWI with a
corresponding increase in ADC values, known as the “T2
shine-though effect,” resulting from increase in water content
due to necrosis or edema.'®’ Quantitative assessment relies
on ADC measurement (ADC,,e.n, ADCy,, without the per-
fusion effect of lower b-values) and global ADC (gADC) in
case of total DWI.

MET-RADS-P defines criteria for the assessment of
response in metastatic PCa, using mpMRI to reliably evaluate

March 2022

the likelihood of the effectiveness of a treatment using a
Likert-like category scale from 1 to 5, where category 1 indi-
cates very high likelihood of response and 5 indicates high
likelihood of progression. Category 3 indicates stable disease.
Bone disease response is divided into progression, stable dis-
ease, response, and discordant categories. Soft-tissue disease is
recorded using RECIST 1.1 criteria. MET-RADS-P is still
being evaluated in clinical practice, as well as clinical trials, to

assess its impact on the care pathway for advanced PCa.'®?

One study assessed the value of MET-RADS-P criteria in
72 patients with mCRPC when disease progression was
suspected at the start of a new line of treatment and found
that a high number of bone (=10) and visceral metastases, as
determined by MET-RADS-P, was significantly associated
with shorter cancer-specific survival.'®® This suggests the
potential value of MET-RADS-P volume score as a prognos-
tic biomarker.

A retrospective study found that some lesions in
responder (13%) and nonresponder patients (13%) presented
a decrease in ADC values, while other lesions had increased
ADC."”® MET-RADS-P offers the possibility to record these
heterogeneous observations in their response evaluation and
categorizes the response as discordant if some soft-tissue or
bone lesions are progressing without meeting the criteria of
progression of disease, while others are stable or are
respondingm2 (Figure 7).

WB-MRI does not rely on the affinity of tumor cells
for a tracer or on the presence of receptors, and this makes it
a consistent and universal tool for response assessment. PSMA
PET/CT, which has been shown to be very efficient at BCR
and in newly diagnosed disease for detection, should be
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considered with caution for response evaluation at the CRPC
g8 stage not only because it shows variable affinity but because
3\0\ §§ g this affinity may vary with the line and type of treatment.
@ ° gz The interaction between androgen signaling and PSMA
=4 2 . . . . .
& O é g expression is quite complex and still under evaluation. Pro-
S v
I~ g 8 longed androgen blockade (AB) leads to the downregulation
N S . . R g
% GO\ 2 E § of PSMA expression, reducing the visibility and the possibil-
S Qg)é 2. ity of following metastatic PCa lesions on PSMA-PET/
2 5 = “g’ S = CT.'¢4 Conversely, short-term AB rapidly upregulates PSMA
<
% a2 5 = E B expression in CRPC, leading to a flare effect. This flare phe-
= )
[ ng g :; nomenon does not seem to be as transient compared to BS,
& Shes and it could plateau and lead to the misinterpretation of false
8= 3 . . 165,166 :
N §% ¢ progressive lesions. Experts recommend performing
g g e 3 & PSMA-PET/CT before the start of treatment and not earlier
< 2 e .
2 = = % g than 3 months after initiating systemic therapy and, most
§ L% g = ED importantly, agree to not routinely follow PCa patients with
_§ Ty A a = PSMA PET/CT."° Precise and reproducible criteria (akin to
=
o ° § g 5~ MET-RADS-P) for evaluating therapy response with PSMA
0 8.8
§ &4 ZE8% PET/CT are needed to standardize interpretations, and
g9 8= %98 . . . . .
£ £ §sd reporting of PET/CT is required to decrease inter- and
= intraobserver variability."®”
e > 25
SE e
8 ' &
g -
g ~E .2
£ E 2 B Current Developments and Future
= o - .
2 3 é:é E = Perspectives
g & % g “All in One” PCa Staging: Combining mpMRI and
o T == WB-MRI
9 o > 3 . 9 . .
E 8 g g An “all in one” MRI approach of PCa consists of a single
E_; 8‘5 MRI examination combining diagnostic mpMRI of the pros-
-= g . . .
9 : S %% tate for locoregional staging with WB-MRI for node and
o0 .=
g % -5 2 general metastatic staging. Both mpMRI and WB-MRI
& g0 =3
& S %b:g o acquisitions have been accelerated to make such an “all in
; Eic;i% one” imaging approach possible. PI-RADS v.2 guidelines
% £0¢ have reduced the importance of the DCE sequence for the
gp = S—gl_i characterization of PCa, with others showing low value of
§ ‘% 2 8_[:. the full mpMRI approach for men with clinically obvious
5 £ % locally advanced di ion.'®® This has led
&) $7° _ 8 ocally advanced disease at presentation. is has led to
S5 9 g . . .
55 %8 the development of a biparametric approach relying on T2
< as e £ . . .
£87Z g and DWI sequences for local disease detection, biopsy plan-
= .n
% U—:i 2 g ning, and staging.'® A recent meta-analysis of 31 studies for
53
& 5 E 2 & the detection of PCa in naive patients demonstrated no sta-
2 RS- tistical differences between biparametric MRI and mpMRI in
g 'g g3 = terms of sensitivity and specificity.'”°
ja=i &t .
2 O éo‘i § We have already noted that the use of 3D or Dixon
@ 9: S % E imaging decreases the number of necessary anatomical
- $8 &8 sequences for WB-MRI examinations. This reduces the
w3 9O »
g LD) & ) acquisition time of the “all in one” protocol combining
= <8g? bpMRI of the prostate and WB-MRI (WB 3D
S " g5 §§ T1GREmDixon and DWI sequence) to less than 40 min.
9] -2 a
N 2 § oy .2* & This protocol enables a one-step tumor node metastasis
Q a Q
% 2 = gg - (TNM) staging and is mostly relevant in men with newly
P 4 2888 diagnosed, high-risk locally advanced and high-risk BCR
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Figure 7: A 74-year-old man with metastatic castration-resistant prostate cancer (PCa). Prior androgen deprivation therapy (ADT)
and pelvic radiotherapy for node-positive Gleason 3 + 3 prostate cancer. Previous docetaxel chemotherapy for metastatic castration-
resistant PCa (mCRPC). Baseline whole-body magnetic resonance imaging (WB-MRI) and 3-m follow up on androgen receptor
directed therapy (enzalutamide). (a-c) Baseline (BL) WB-MRI. Coronal water-only T2 Dixon (a), F% (b), and b 900 s/mm? diffusion-
weighted imaging (DWI) (c) (maximal intensity projection [MIP]; inverted grayscale) images show retroperitoneal nodal enlargement
(vertical up arrows) and multiple bone deposits (horizontal arrowheads). A left humeral expansive metastasis with extraosseous soft
tissue disease is seen, suggesting significant fracture risk. (d-f) Follow-up (FU) WB-MRI shows corresponding images after
enzalutamide therapy. A “mixed” response is observed with significant reduction in the size of the retroperitoneal lymphadenopathy
but marked skeletal progression with increase in number and size of bone lesions. Fracture of the left humerus is seen with edema
of the surrounding soft tissues. Note that there was no intervening shoulder radiotherapy. (g, h) Comparison of BL (g) and FU
(h) axial ADC maps shows preserved malignant signal within the fractured humerus but marked edema of the surrounding soft-tissue
following the fracture (*). (i, j) Comparison of BL (I) and FU on therapy (J) examinations by quantitative MRI. WB tumor load
segmentation undertaken on syngo via onco-trend software (Siemens Healthineers, Erlangen, Germany). The MIP images on the
high b-value (900 s/mm?) are overlaid with ADC value color classes using the thresholds indicated on the histograms. The green
voxels are values 21500 pm?/s (voxels that are “highly likely” to be responding). The yellow voxels are set to lie between the 95th
centile ADC value of the pretreatment histogram (1337 pm?/s) and 1500 pm?%/s (voxels “likely” to be responding). Red voxels
represent mostly untreated and still active disease. An increase in the volume of the active (red voxels) disease is measured (166 mL
[95% of 174 mL before therapy] and 198 mL [76.2% of 259.7 mL after therapyl]). The increase in mean ADC due to increasing
numbers of green voxels located mostly in the left shoulder region is due to the fracture-related edema, but there is also some
response of the bone disease in the right femur and left iliac bone. Mixed responses between tissues (in this case, between nodes
versus bone) and within tissues (bones) strongly indicates that secondary resistance is due to Darwinian selection pressures. This
phenomenon is commonly seen in men with castration-resistant prostate cancer being treated with targeted therapies. WB-MRI can
enable the identification of skeletal sites at high risk of developing adverse events such as fractures even if they are asymptomatic

PCa to guide the choice between local or systemic treatment after treatment. First described using BS,'”" the current defi-

(Figure 6, Table 7).

Oligometastatic Disease
NGI allow the recognition of some patients with a low vol-

defined as
oligometastatic disease (OMD) either at diagnosis, BCR, or

ume of metastases to be patients  with
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nition of oligometastases consists of three to five lesions (usu-
ally node or bone) detected with NGI, including PET/CT
and WB-MRI.'”? In patients with ND PCa or BCR, the role
of imaging is to truly discriminate patients with OMD who
can potentially benefit from extended radical treatment or sal-
vage with MDT from polymetastatic patients who require
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Newly diagnosed PCa

response assessment in the follow-up.

intermediate/high to very high risk PCa.

Biochemical recurrence

Integrate hybrid PET/MRI modalities in BCR restaging.

ADT + MDT.

Castrate-Resistant Prostate Cancer: use WB-MRI

imaging (nmCRPC).

Table 7. Research indications for whole-body magnetic resonance imaging (WB-MRI) in prostate cancer (PCa)

De Novo OMD detected by conventional imaging: use WB-MRI as a validation—invalidation tool, adjunct to PSMA-
PET/CT, to validate the use of local treatment with MDT + ADT.

In case of de novo polymetastatic PCa detected by conventional imaging: use DWI WB-MRI to optimize therapy
Fast “all in one” screening approach: first line, quick, effective, nonirradiating “triage tool” for unfavorable

Integrate hybrid PET/MRI modalities in primary staging.

As a prognostic marker to distinguish candidate lower-risk patients for PSA-directed surveillance versus high risk for

As a prognostic marker to distinguish candidate patients for surveillance or ARPI + MDT after negative conventional

To confirm OMD CRPC to validate the use of MDT in addition of ARPI.
To evaluate homogeneity or heterogeneity of disease response/progression before initiating any subsequent treatment.
As a biomarker to assess therapy response regarding concordance or discordance with biology or clinical features.

To assess total tumor load when selecting patients for anti-PSMA directed therapies (theragnostic role)

Abbreviations: ADT, androgen deprivation therapy; ARPI, androgen receptor pathway inhibitor; BCR, biochemical recurrence; MDT,
metastasis-directed therapy; MET-RADS-P, metastasis reporting and data system for prostate cancer; nmCRPC, nonmetastatic castration
resistant prostate cancer; OMD, oligometastatic disease; PMD, polymetastatic disease.

systemic therapy. In a cohort of 96 patients with metastatic
ND PCa, WB-MRI identified patients with OMD in 28% of
the metastatic hormone-naive PCa and in 52% of the
mCRPC.'*

The scientific community has recently used PET/CT
("8F-Na or PSMA) or WB-MRI to stage ND disease in case
of negative or equivocal results with conventional imaging
tests and in BCR in case of salvage local therapy to ensure
that there is no distant metastasis.'*® The potential impact of
NGI in the selection of these patients and in long-term out-
comes is not yet clearly understood and deserves further
study, although patients benefiting from MDT have better
ADT-free survival rates."*>'7>7"77 There is no evidence that
the primary treatment influences the metachronous metastatic
status (oligo vs. polymetastatic).'”®

As previously mentioned, functional PET imaging and
high-contrast MRI are complementary, and hybrid PET/MRI
outperforms PET/CT or MRI alone in staging and in BCR
patients.'””™'®> A combination of both techniques may allow
better identification of patients with OMD at the ND or
BCR, which is fundamental for the effective treatment of
men with OMD.

March 2022

HYBRID PET/MRI: THE BEST OF BOTH
WORLDS

PSMA PET/CT and WB-MRI appear to be the techniques
of choice for staging and evaluating recurrence in PCa. There-
fore, PSMA PET/MRI could be of clinical interest as it com-
bines the best abilities of both techniques, provided that
PET/MRI scanners can perform the most effective MRI
sequences with quality similar to that of standalone MRI
systems.

Hybrid PET/MRI combines functional assessment with
the sensitivity of DWI and specificity of PET tracers and with
the high-contrast resolution and anatomical detail of MRI
(Figure 8). It is performed at 3T and obtains T2- (T2SSFE/
HASTE) and T1 Dixon images and DWI sequences.'®*!%
After intravenous injection of the PET tracer, emitted
511-keV photons from the radiotracers undergo attenuation
through the body before being detected. A key step in
obtaining high-quality images and the accurate calculation of
standardized uptake values (SUV) is to correct the attenuation
effect of the photons via attenuation correction maps. In
PET/CT, this correction is done with CT attenuation values.
In PET/MRI, MR-based attenuation correction (MRAC)
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Figure 8: Prostate-specific membrane antigen (PSMA)-positron emission tomography (PET)/magnetic resonance imaging (MRI) at
biochemical recurrence in a 56-year-old man with rising prostate-specific antigen (PSA) (2,2 ng/mL) after prostatectomy. (a) Coronal
T2W image shows enlarged right iliac lymphadenopathy (arrow). (b) Coronal diffusion-weighted imaging (DWI) (b 1000) confirms
nodal recurrence. (c) Simultaneous PET image shows increased PSMA uptake. (d) Image fusion of DWI and PSMA-PET shows the

coherence of both techniques

maps are based on a breath-hold two-point Dixon Volumetric
Interpolated Breath-hold Examination (VIBE) sequence that
generates water and FF signal with different frequencies.186

Recent works demonstrated better results using
PET/MRI compared to mpMRI of the prostate for local
staging.wgf181 In studies comparing PET/MRI to PET/CT,
either using Ga-PSMA-11 (81% of studies) or 11C-choline
(19% of studies), PET/MRI appeared more accurate for
detecting local recurrences and slightly better for detecting
nodal metastases.'®” MRI was crucial for the better detection
of local recurrences, and the longer tracer accumulation at
PET/MRI was likely responsible for the better lymph node
staging. As for detecting bone metastases, there is no advan-
tage to either imaging technique.

A current important limitation is the duration of
PET/MRI examinations compared to PET/CT (60 min
vs. 20 min). This depends on the inclusion of dedicated pelvic
and mp sequences and can make its integration in clinical prac-
tice difficult. Going forward, it will be important to determine
the specific indications where PET/MRI would deliver infor-
mation critical for treatment selections or prognostication in
order to justify the higher costs for PET/MRI. Nevertheless,
hybrid PET/MRI provides a unique research opportunity to
compare differences and complementary values of PSMA PET
and WB-MRI techniques at different stages of PCa and for the
development of new tracers such as '®F-labeled PSMA radio-
pharmaceuticals with longer half-lives, which enable higher spa-
tial resolution images with different biodistributions; 18p
16-pfluoro-5-a-dihydrotestosterone (FDHT), which binds to
the intracellular androgen receptor; and '8F fluciclovine, which
takes advantage of upregulated glutamate transporters in PCa.’
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The use of PET/MRI appears promising at BCR, and the
superiority of %8Ga PET-CT/mpMRI compared to %8Ga
PSMA-PET/CT alone for local recurrence assessment was

demonstrated in two studies.'8*188

CONCLUSION

Accurate staging and assessment of disease response to thera-
pies are the two main expectations for imaging in the era of
high-precision oncology. NGI modalities now stand beside
conventional imaging techniques in guidelines recommending
imaging use at the various stages of PCa. Currently, NGI
modalities mostly include WB-MRI and PSMA PET/CT. In
the future, we can expect the increasing use of NGI methods
in clinical practice because of improved disease detection sen-
sitivity and more accurate response assessments compared to
BS and CT. The impacts on patients’ outcomes resulting
from the reclassification of patients using NGI methods,
combined with improved therapeutics, are yet to be
determined.
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