
lable at ScienceDirect

Clinical Radiology xxx (xxxx) xxx
Contents lists avai
Clinical Radiology

journal homepage: www.cl inicalradiologyonl ine.net
Whole-body MRI: a practical guide for imaging
patients with malignant bone disease
J.M. Winfield a,b, M.D. Blackledge a,b, N. Tunariu a,b, D.-M. Koh a,b,
C. Messiou a,b,*

aDivision of Radiotherapy and Imaging, The Institute of Cancer Research, 123 Old Brompton Road, London, SW7 3RP,
UK
bMRI Unit, Royal Marsden NHS Foundation Trust, Downs Road, Sutton, Surrey, SM2 5PT, UK
article information

Article history:
Received 21 September 2020
Accepted 8 April 2021
* Guarantor and correspondent: C. Messiou, MR
20 8661 0846.

E-mail address: christina.messiou@rmh.nhs.uk

https://doi.org/10.1016/j.crad.2021.04.001
0009-9260/� 2021 The Author(s). Published by Elsev
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Winfield JM et al
Radiology, https://doi.org/10.1016/j.crad.202
Whole-body magnetic resonance imaging (MRI) is now a crucial tool for the assessment of the
extent of systemic malignant bone disease and response to treatment, and forms part of na-
tional and international recommendations for imaging patients with myeloma or metastatic
prostate cancer. Recent developments in scanners have enabled acquisition of good-quality
whole-body MRI data within 45 minutes on modern MRI systems from all main manufac-
turers. This provides complimentary morphological and functional whole-body imaging;
however, lack of prior experience and acquisition times required can act as a barrier to
adoption in busy radiology departments. This article aims to tackle the former by reviewing
the indications and providing guidance for technical delivery and clinical interpretation of
whole-body MRI for patients with malignant bone disease.
� 2021 The Author(s). Published by Elsevier Ltd on behalf of The Royal College of Radiologists.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

The assessment of the extent and response of systemic
malignant bone disease to treatment represents a major
unmet need in oncology. Skeletal metastases develop in up
to two-thirds of cancer patients and the bone is the most
common site for cancer spread in prostate (up to 90% of
patients) and breast cancers (70% of patients).1 Multiple
myeloma, the most common primary bone marrow malig-
nancy, has an incidence of over 5,000 cases per year and
prevalence of about 17,600 people.1
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Conventional imaging tests, e.g., computed tomography
(CT) and radionuclide bone scintigraphy (BS), are widely
used in the detection of malignant bone disease but lack
sensitivity. Furthermore, the assessment of treatment
response of bone disease is unreliable as most bone me-
tastases are unevaluable by conventional CT criteria (e.g.,
response evaluation criteria in solid tumours, RECIST2) un-
less there is an associated soft-tissue component. The only
recognised criteria for BS, the Prostate Cancer Working
Group (PCWG), define progression/non-progression based
on the development of two new lesions3 that need to be
confirmed by subsequent BS at 6e12 weeks. Whole-body
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(WB) magnetic resonance imaging (MRI) has been reported
to have similar or better diagnostic accuracy than integrated
positron-emission tomography (PET)-CT for metastatic
disease4 and myeloma5e7; this holds particularly true for
lesions that are PET tracer negative such as 2-[18F]-fluoro-2-
deoxy-D-glucose (FDG)-negative disease in lobular breast
cancer or renal cell carcinoma and prostate-specific mem-
brane antigen (PSMA)-negative disease in prostate cancer.
WB-MRI is non-invasive, well tolerated by patients, is low-
risk unless MRI is contraindicated, and facilitates long-term
monitoring without radiation burden; the latter point is
influential in directing patient preference for WB-MRI.5,8 In
addition, MRI is highly accurate for assessing skeletal
complications such as metastatic spinal cord compression
(MSCC) and vertebral fractures.

In prostate cancer, next-generation WB-MRI (including
diffusion-weighted [DW] MRI and Dixon imaging) is useful
for assessing the response of metastatic bone disease,9,10

and is recommended in the latest American Society of
Clinical Oncology (ASCO) guidelines for advanced prostate
cancer in staging and detection of progression.11 Specif-
ically, the guideline suggests WB-MRI when conventional
imaging is suspicious/equivocal or when detection of
additional sites will alter management; and for therapy
monitoring where there is high suspicion for progression
despite stable conventional imaging; however, it is impor-
tant to recognise that when minor disease progression on
WB-MRI is used to trigger a change in therapy, there is
potential for lead-time bias with apparent improvements in
survival, which should be considered when interpreting the
results.12

The International MyelomaWorking Group (IMWG) now
recognises the presence of more than one focal bone
marrow lesion >5 mm on MRI as an indication for starting
systemic treatment for patients with suspected myeloma.13

In 2016, National Institute for Health and Care Excellence
(NICE) guidelines positioned WB-MRI as the imaging tech-
nique of choice for all patients with a suspected diagnosis of
myeloma in the UK with increasing evidence and adoption
for monitoring, response assessments, and restaging.14 The
guidance from NICE was based not only on diagnostic ac-
curacy but compelling quality of life and health economics
analyses.15 The increased sensitivity ofWB-MRI in detecting
focal myeloma lesions in the bone marrow allows accurate
distinction between patients with multiple myeloma who
require andwill derive survival benefit from treatment from
those with high-risk asymptomatic myeloma who would
not benefit from treatment.13 As WB-MRI is non-invasive, it
is also attractive as a surveillance tool for higher risk
asymptomatic patients for early detection of progression.

The high soft-tissue contrast, good spatial resolution,
wide anatomical coverage and non-invasive nature of WB-
MRI can potentially lead to disruption of existing clinical
pathways for managing systemic malignant bone disease,
by providing faster and more accurate assessment of dis-
ease and response to treatment, which can lead clinicians
towards more confident and cost-effective decision-mak-
ing, leading to improved outcomes. The evidence for the use
of WB-MRI combined with NICE guidance for patients with
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
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myeloma has created huge demand for training, which in
part is being addressed by interactive training courses,
which have been ongoing over the past few years16 in
addition to international consensus documents to support
acquisition and reporting.17,18 We are of course mindful that
lack of capacity also presents a significant barrier to adop-
tion.19 Compared with data from the Organisation of Eco-
nomic Cooperation and Development (OECD), the UK has
one of the lowest number of MRI systems per capita.20 It is
hoped that in part this will be addressed by the UK gov-
ernment’s commitment of £200 million for cancer
screening, which will include investment in new scanners.

At Royal Marsden NHS Foundation Trust, we have been
providing a WB-MRI service for 9 years, delivering more
than 5,300 scans over that time. In this article, we aim to
share the experience gained, providing insights into WB-
MRI protocol composition, and how that can be optimally
translated into an invaluable suite of evidence for directing
patient care.
WB-MRI protocols

WB imaging may extend from the eyes to the mid thighs
(metastatic bone disease) or skull vertex to knees
(myeloma), depending on the clinical application, local
preferences, and the ability of the patient to tolerate the
examination. Images are acquired in stations, with usually
five to seven stations to cover the WB, depending on the
scanner and required coverage. The couch is moved
through the scanner between stations, in order to position
the imaging volume at the isocentre of the magnet for
acquisition of each station. WB receiver coil coverage is
required. Modern MRI scanners can provide WB coverage
using multiple receiver coils, without the need to reposi-
tion coils or the patient during the examination. The in-
tegral body coil is not conventionally used to receive the
MR signal inWB-MRI examinations.21 WB table movement
is required in order to move each imaging station to the
isocentre of the magnet and is therefore an increasingly
important specification for procurement of new scanners.
Sufficient distance is required between the magnet and the
walls of the scanner room in order to allow WB table
movement, which should be considered when designing a
new MRI facility.

Images are usually acquired axially, and it is desirable to
match slice positions between imaging sequences to
facilitate direct comparison. Composed series are con-
structed by combining images acquired at separate sta-
tions to form a new series for each imaging contrast. Most
modern MRI systems are able to produce composed series
on the console using automated processing steps during
the WB-MRI examination. Some older models may require
composed series to be produced by the operator as a post-
processing step on the scanner console or on a separate
workstation.

Recommendations have been published for the imaging
protocols, interpretation, and reporting of whole-body MRI
in some of the more common applications: Myeloma
al guide for imaging patients with malignant bone disease, Clinical
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Response Assessment and Diagnosis System (MY-RADS) in
myeloma17 and METastasis Reporting and Data System for
Prostate Cancer (MET-RADS-P) in advanced prostate can-
cer.18 MY-RADS and MET-RADS-P both recommend core
protocols for disease detection (approximately 45 minutes
scan time) and comprehensive protocols (up to 1 hour scan
time) for assessment of soft tissues or for use in clinical
trials. The core and comprehensive protocols are described
in Table 1 and an example core acquisition of MY-RADS is
shown in Fig 1. The core protocols consist of sagittal spine
imaging, axial WB-DW-MRI with two b-values (low b-value
50e100 s/mm2 and high b-value 800e900 s/mm2 [MY-
RADS] or 800e1,000 s/mm2 [MET-RADS-P]), axial or coro-
nal T1T1-weighted (W) Dixon, and optional axial T2W
single-shot fast/turbo spin echo (ss-FSE/TSE) imaging. The
comprehensive protocols include the same sequences as the
core protocols but are extended by the addition of an in-
termediate b-value (500e600 s/mm2) in the DW-MRI to
facilitate quantitative measures of response, additional
coronal T1W Dixon imaging, which can help visualise
Table 1
Summary of imaging protocols described in MY-RADS16 and MET-RADS-P17 recom

Image/contrast MY-RADS16

Core protocol Comprehensiv
protocol

Diffusion-weighted
imaging

Whole body (vertex to kneesa);
axial; diffusion-weighted; STIR
fat suppression; 5 mma

contiguous slices; multiple stations;
two b-values
(50e100 and 800e900 s/mm2 a);
ADC estimated using mono-
exponential fitting; MIP of highest
b-value images

As described i
core protocol,
additional b-v
(500e600 s/m

T1W Dixon imaging Whole body (vertex to kneesa);
axial or coronal; T1W gradient
echo Dixon; 5 mm section
thickness; fat and water
image reconstructions;
estimate fat fraction mapsa.
(3D T1W FSE/TSE may be
performed as alternative)

As described i
protocol, with
and coronal im

T2W imaging Whole body (vertex to kneesa);
axial; FSE/TSE; no fat suppression;
5 mm contiguous slices; multiple
stations; preferably matching
diffusion-weighted images;
optional in core protocol

As described i
protocol; shou
always be per
in comprehen
protocol

Spine Sagittal whole spine; 4e5 mm slice
thickness. T1W FSE/TSE and STIR
or T2W fat-suppressed imaging

As described i
protocol

Regional assessments Not usually acquired Optional

Both recommendations include core protocols and comprehensive protocols.
STIR, short tau inversion recovery; ADC, apparent diffusion coefficient; MIP, maxi
weighted; T2W, T2-weighted.

a The small differences between MY-RADS and MET-RADS-P recommendation
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extent of disease in long bones, T2W ss-FSE/TSE imaging,
which supports anatomical correlation and assessment of
soft tissues, and selected regional assessments. The imaging
sequences and coverage recommended in theMY-RADS and
MET-RADS-P protocols can be achieved using modern MRI
systems from all of the main manufacturers.

Image acquisition and clinical application of
WB-MRI

Sagittal imaging of the spine

Technical background
Sagittal spine imaging is usually acquired using fast/

turbo spin echo (FSE/TSE) sequences, which provide high-
resolution images (approximately 1.0 mm � .01 mm in-
plane voxel dimensions) with minimal geometric distor-
tion in acceptable acquisition times.22 Guidelines for WB-
MRI recommend acquisition of T1W images plus either
short-tau inversion recovery (STIR),23 T2W, or fat-
mendations.

MET-RADS-P17

e Core protocol Comprehensive
protocol

n
with
alue
m2)

Whole body (skull base
to mid-thighsa);
axial; diffusion-weighted;
STIR fat suppression; 5e7 mma

contiguous slices; multiple
stations; two b-values
(50e100 s/mm2 and
800e1,000 s/mm2 a); ADC
estimated using mono-exponential
fitting; coronal reformata

and MIP of highest b-value images

As described in
core protocol,
with additional
b-value (500e600
s/mm2)

n core
axial
aging

Whole body (vertex to mid-
thighsa); axial (5 mm sections) or
coronal (2 mma); T1W gradient
echo Dixon; fat images must be
reconstructed.
(3D T1W FSE/TSE may be
performed as alternative)

As described in
core protocol,
with axial and
coronal imaging

n core
ld
formed
sive

Whole body (vertex to mid-thighsa);
axial; FSE/TSE; no fat suppression;
5 mm contiguous slices; multiple
stations; preferably matching
diffusion-weighted images;
optional in core protocol

As described in
core protocol;
should always be
performed in
comprehensive
protocol

n core Sagittal whole spine; 4e5 mm slice
thickness. T1W fast FSE/TSE and STIR
or T2W fat-suppressed imaging

As described in
core protocol

None Dedicated prostate,
small field-of-view
spine, brain, and
contrast enhancement

mum intensity projection; FSE/TSE, fast spin echo/turbo spin echo; T1W, T1-

s.
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Figure 1 Core MY-RADS protocol in a patient with multifocal myeloma bone disease. (a) Sagittal T1W and (b) T2W images. (c) Supplemental
axial T2W images; (d) axial b ¼ 50 s/mm2 DW-MRI; (e) b ¼ 900 s/mm2 and (f) ADC map from DW-MRI acquisition. (g) Axial fat-only (h) water-
only and (i) FF map from Dixon MRI. (j) Inverted grey-scale b ¼ 900 s/mm2 MIP. Despite the large burden of multifocal disease and cord
compression in (a-c), the skeletal survey was reported as negative for focal bone disease (k, lateral thoracic spine radiography).
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suppressed T2W images, with axial series added if
required.17,18 Some centres may choose to use modified
versions of their standard whole-spine protocol in order to
reduce acquisition times, for example by reducing the
number of signal averages, if acceptable image quality can
be achieved. At Royal Marsden NHS Foundation Trust, we
chose to omit the anterior saturation band to enable
sagittal views of the sternum, which may be involved by
disease.

Clinical applications
Sagittal imaging of the spine constitutes a crucial

component of the WB-MRI protocol providing the ability to
assess for disease, whichmay be threatening the spinal canal
and/or nerve roots (Fig 1). Such findings are the most com-
mon indication for urgent contact with the clinical team
following WB-MRI, although acute fractures, particularly
those causing canal stenosis, should also be flagged urgently.
Morphological features of convex vertebral body posterior
margins, soft-tissue components, and involvement of pedi-
cles can help to diagnose malignant rather than benign
vertebral fractures and use of a localiser facilitates labelling
the level of vertebral abnormalities identified on axial im-
aging. Although morphological detail from sagittal MRI se-
quences are often the cornerstone of characterising vertebral
fractures, supplementary information from DW-MRI also
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
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contributes to aging and differentiating benign from malig-
nant fractures as malignant marrow tends to exhibit
impeded diffusion.24

WB-DW-MRI

Technical background
Diffusion is the motion of molecules due to their thermal

energy.25 Diffusion of water molecules in tissues can be
impeded by boundaries, such as cell membranes.26 Many
tumour types exhibit impeded diffusion compared with
normal tissues, thus providing a valuable contrast mecha-
nism in oncology.27

WB-DW-MRI is usually acquired using single-shot echo-
planar imaging (EPI) in clinical applications.28,29 Magnetic
field gradients are applied either side of the 180� refocusing
pulses to sensitise the image contrast to themotion of water
molecules.30 The net effect of the diffusion gradients is to
reduce the signal from tissues where the motion of water
molecules is less impeded, whereas the signal is retained in
tissues where the motion of water molecules is more
impeded. Regions where diffusion is more impeded thus
appear bright on DW images, against a background of low
signal from less impeded regions.

The degree of diffusion weighting is often described us-
ing a “b-value”(units s/mm2), which depends on the
al guide for imaging patients with malignant bone disease, Clinical
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strength of the diffusion gradients and their timings. A
higher b-value corresponds to a more heavily diffusion
weighted image. Two or three diffusion-weightings (b-
values) are usually acquired. Larger numbers of b-values
would lead to unreasonably long acquisition times for WB-
DW-MRI. A low b-value of 50e100 s/mm2 is usually used,
rather than 0 s/mm2, to reduce the influence of perfusion on
apparent diffusion coefficient (ADC) estimates.31

The degree of impeded diffusion can be quantified using
the ADC(units mm2/s), which is estimated by fitting a
mono-exponential decay function to the signal acquired at
two or more b-values.30 ADC maps should be viewed
alongside diffusion-weighted images. The manufacturer’s
software should be capable of producing ADC maps (using
mono-exponential fitting of the b-value signal intensity
data) as an automated processing step carried out on the
scanner console as part of the DW-MRI acquisition.

Contiguous slices should be acquired. The size of each
imaging station in the headefoot direction should not
exceed approximately 20 cm depending on the scanner.32 It
is undesirable to use larger imaging stations, even if the
imaging sequence permits a larger number of slices, due to
magnetic field inhomogeneity at the edges of a very large
field-of-view (FOV) and non-linearities in themagnetic field
gradients at larger distances from the isocentre of the
magnet. Gradient non-linearities lead to spatial variation in
the diffusionweighting, which causes bias in ADC estimates
and thus impairs quantitative analysis.32,33 A slice thickness
of 5 mm is usually used,34e36 although thicker slices may be
used where rapid acquisitions are required, for example in
some screening protocols.37 The in-plane dimensions of the
acquired voxels are usually between 2.5 mm � 2.5 mm and
3.5 mm � 3.5 mm,35,36 although interpolation is often used
to reconstruct images with smaller in-plane voxel di-
mensions. Acquisition of substantially smaller voxels would
result in unacceptably low signal-to-noise ratio (SNR),
particularly at high b-values, which impedes qualitative
interpretation andmay introduce systematic errors (bias) in
ADC estimates.38

EPI is strongly affected by geometric distortion artefacts,
arising from magnetic field inhomogeneities, for example,
near metal hips or air in the stomach, and at the edges of a
large FOV.

Good fat suppression across the whole FOV is essential
for WB-DW EPI. Unsuppressed fat signal appears very
bright in DW-MRI due to the low ADC of fat and, further-
more, exhibits a large chemical shift in the phase encoding
direction.39 Unsuppressed fat may therefore obscure fea-
tures of interest, and degrades maximum intensity pro-
jections (MIPs), which are often used to view composed
high-b-value images. STIR is used to achieve good fat sup-
pression throughout the WB. STIR provides robust fat sup-
pression in regions of relatively poor B0 homogeneity,
whereas spectral fat suppressionmethods often fail in these
areas, for example, near the neck and shoulders and at the
edges of the FOV.40,41
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
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Clinical applications
DW-MRI is the most sensitive sequence for identification

of bone marrow lesions42 and is recognised as a biomarker
of response.43 For patients with metastatic bone disease,
accurate delineation can guide selection of patients with
oligometastatic disease for targeted treatment, or aid
assessment of response/progression to therapy when CT
and BS appearances are static (Fig 2) or confounded by
possible osteoblastic flare that requires additional imaging.
A randomised controlled trial has shown overall survival
benefit for patients with oligometastatic disease treated
with stereotactic ablative radiotherapy versus standard of
care.44 In patients withmyeloma, the presence of more than
one focal lesion with diameter �5 mm is crucial for estab-
lishing need for systemic treatment whereas large solitary
plasmacytomas may be treated with radiotherapy alone.13

Assessing distribution of disease for patients with
myeloma must also include a specific assessment of the
bone marrow trephine sites (posterior iliac crests) as this
presents an opportunity to judge potential for sampling
error, which arises from blind sampling. Although focal le-
sions are often identified on b ¼ 900 s/mm2 images, cor-
relation with all other sequences is mandatory to avoid
false-positive findings due, for example, to “T2 shine-
through” which may occur from treated lesions, hae-
mangiomas, infection, bone infarction, fractures, and arte-
facts around metal implants14 (Fig 3). Similarly, although
the b ¼ 900 s/mm2 MIP serves as a useful overview of dis-
ease burden, it should never be viewed in isolation as T2
shine-through effects cannot be distinguished and small
volume disease is poorly resolved (Fig 4). The MIP images
are, however, helpful for identification of rib or spinous
process lesions, which are easily overlooked on axial series.
False-negative reports after review of DW-MRI can occur
when background diffuse hypercellularity obscures focal
lesions. Therefore, the Dixon imaging should always be
carefully interrogated for focal lesions where marrow ap-
pears diffusely hypercellular.

Arguably the most important contribution of DW-MRI is
the capability to assess response/progression independent
of changes in lesion size through measurement of ADC, in
combination with DW-MRI signal intensity and T1W Dixon
morphological images, which has led to response criteria
such as MET-RADS-P and MY-RADS17,18,35,45,46 (Fig 4).
Reduced cellularity in treated focal bone marrow lesions
results in increasing ADC values. Both ADC and disease
volume are relevant depending on the clinical scenario.
When looking at progression, the volume of disease matters
more than minor changes in ADC. When looking at
response, the significant increase in ADC matters more than
volume as bone disease may not change its size/volume at
the onset of disease response. In cases where normal
marrow fat is restored, for example, diffuse disease
responding to treatment, it is possible for ADC to fall and the
returning marrow can be confirmed on Dixon MRI; how-
ever, it should be noted that although there is early
al guide for imaging patients with malignant bone disease, Clinical



Figure 3 T2 shine-through. (a) Axial b ¼ 900 s/mm2 DW-MRI of a patient with suspected relapsed myeloma shows bilateral acetabular lesions
(arrows); (b) however, the corresponding ADC map shows that the lesion on the right returns a high ADC equivalent to fluid in the bladder
confirming this to be an acellular treated lesion (arrow). The high signal on the b ¼ 900 s/mm2 image represents T2 shine-through. Conversely,
the lesion in the left acetabulum shows impeded diffusion in keeping with an active focal lesion (dashed arrow).

Figure 2 WB-MRI demonstrates progressive metastatic bone disease whilst BS remains stable in a 66-year-old man with bone-only metastatic
prostate cancer at baseline and after therapy. (a) Posterior view b ¼ 900 s/mm2 MIP at baseline and (b) after 3 months follow-up. (c) BS before
and (d) after 3 months follow-up and (eeh) representative axial b ¼ 900 s/mm2 DW-MRI before and (iel) after 3 months follow-up. BS shows
now new lesions and therefore no progression by radiological PCWG criteria. PSA rise (19e60 mg/l). MRI shows multiple new bone lesions and
significant increase in size of the pre-existent lesions (arrows).
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Figure 4 (aec) Axial b ¼ 900 s/mm2 DW-MRI, b ¼ 900 s/mm2 MIP, and ADC map pre- and (def) post-chemotherapy in a patient with myeloma.
The right posterior rib lesion (arrows) appears unchanged following treatment on b ¼ 900 s/mm2 and MIP images; however, the ADC map
confirms that the lesion showed impeded diffusion at baseline and high ADC following treatment in keeping with response. Post-treatment
signal on b ¼ 900 s/mm2 images represents T2 shine-through.
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evidence that WB-MRI imaging responses may relate to
clinical benefit, using WB-MRI to assess bone disease
response or treatment benefit has not yet translated into
clinical guidelines. Diffuse involvement can be suspected
from diffuse decreased signal on T1W FSE/TSE or Dixon in-
phase and fat-only images, and diffuse increased signal
throughout the marrow relative to normal muscle on high
b-value images; however, there is potential for false-
positive appearances due to young age, rebound hyper-
cellularity related to treatment effects, or granulocyte col-
ony stimulating factor.17,47 For patients with myeloma, the
diagnosis of diffuse disease must be confirmed with tre-
phining, as diffuse MRI changes are not specific and not
included in the diagnostic IMWG criteria.13 The ADC map
also allows differentiation of active/cellular sites from
treated/acellular sites at restaging (Fig 3). There is work in
progress towards delivery of software tools that could allow
whole-tumour burden assessment in diffuse disease and
assessment of multiple lesions. Currently, the radiologist
will choose representative lesions or areas for targeted
quantitative evaluation. DW-MRI also allows detection and
response assessments of extramedullary disease in
myeloma patients48 and nodal, visceral (e.g., liver, perito-
neum) and intra-muscular metastases in non-myeloma
patients, which are areas where MRI is recognised to have
increased sensitivity compared with CT (Fig 5); this can be
achieved using a combination of RECIST and DW-MRI
criteria. In addition, review of both low and high b-value
DW-MRI can detect CT-occult pathological fractures and
avascular necrosis.49
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
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Fat/water (Dixon) imaging

Technical background
Dixon imaging exploits the difference in resonance fre-

quency between hydrogen nuclei attached to fat and water
molecules in order to reconstruct images showing only fat
and only water-based tissues.50 Implementations differ
between manufacturers, with differences in the number of
echoes, spectral model of fat, and processing methods being
employed.51

Fat and water images highlight regions where the fat
content differs from surrounding tissues. Some imple-
mentations of Dixon imaging also produce fat fraction (FF)
maps. Alternatively, fat and water images can be used to
produce estimates of FF, often using calculation tools
available on the scanner console or workstation
(FF ¼ 100 � SF/(SF þ SW)), where SF and SW are the pixel
values in the fat-only and water-only images respectively,
and FF is expressed as a percentage; some centres/manu-
facturers prefer to use a factor of 1,000, rather than 100,
which may aid windowing the FF maps).

Dixon images are usually acquired using three-
dimensional (3D) gradient-echo sequences, with accelera-
tion techniques to reduce acquisition times to <20 seconds
per imaging station. Breath-hold acquisitions may be used
in abdominal and thoracic stations.

Centres may choose to acquire T1W Dixon imaging or
proton density weighted (PDW) Dixon imaging. T1W Dixon
imaging has the advantage of providing T1W images
alongside fat and water images, thus removing the
al guide for imaging patients with malignant bone disease, Clinical



Figure 5 Hepatic and bone disease responding to 6 cycles of docetaxol treatment in a patient with advanced prostate cancer. (a,b) Axial ADC
map and b ¼ 900 s/mm2 DW-MRI before and (c,d) after 6 cycles of treatment demonstrates sites of disease in the liver (white arrows) and T11
(white dashed arrows). Following treatment, there is a decrease in size of the liver lesions and increase in ADC of the liver and bone lesions.
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requirement for additional T1W sequences; however, FF
estimates from T1W Dixon images are less accurate that
those from PDW images.52e54 T2W TSE Dixon imaging is
also available onmany modern MRI systems55 and has been
demonstrated for bone marrow imaging,56,57 but is not yet
widely used in WB-MRI.

Fat/water swaps may occur in Dixon imaging, but occur
less often in more recent Dixon algorithms. Fat/water swaps
may be global, where the whole image is incorrectly
labelled as fat or water, or local, where parts of the image
show fat and parts show water-based tissues. Fat/water
swaps are detrimental to FF estimates, although global fat/
water swaps can be re-assigned by the user. Fat/water
swaps are more likely to occur in regions of B0 in-
homogeneity, such as near metal implants, skin folds, or at
locations far from the isocentre of the magnet. The likeli-
hood of fat/water swaps can be reduced by removing metal
objects where possible, positioning the patient centrally on
the couch, and limiting the size of the FOV.

Clinical applications
The early clinical application for Dixon MRI was primarily

to provide anatomical correlation for findings on DW-MRI
(Fig 6); however, Dixon is also extremely helpful in pa-
tients with a background of diffuse marrow hypercellularity
or rib lesions where the contrast between focal lesion and
background marrow cannot be distinguished on DW-MRI. In
such circumstances, it is important to interrogate the Dixon
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
Radiology, https://doi.org/10.1016/j.crad.2021.04.001
MRI images where the contrast can be better maintained
through a different mechanism (Fig 7); however, Dixon is
also a quantitative technique and measures of fat and water
in bone marrow are also used to reflect response.45,58

Although the evidence for ADC as a response biomarker in
bone marrow is more extensive, early changes in fat fraction
have been shown to predict response and it seems likely that
ADC and fat fraction will be complimentary metrics.58

T2W imaging

Technical background
T2W images are usually acquired using single-shot FSE/

TSE (ss-FSE/ss-TSE) sequences. ss-FSE/ss-TSE sequences
acquire all of the data required to reconstruct one image in a
single echo train59. ss-FSE/ss-TSE images exhibit more
blurring than conventional FSE/TSE images due to the long
echo trains, but their rapid acquisition makes ss-FSE/ss-TSE
suitable for WB applications. ss-FSE/ss-TSE images are
relatively robust to motion and acceptable images may be
obtained using free-breathing acquisitions even in abdom-
inal and thoracic stations.

Clinical applications
T2W images are particularly helpful for imaging ma-

lignancies such as breast and prostate cancer where soft
tissue and bone disease co-exist. Furthermore, T2W im-
ages provide additional information in the case of
al guide for imaging patients with malignant bone disease, Clinical



Figure 6 Rib fracture. (a) Axial b ¼ 900 s/mm2 DW-MRI shows abnormal signal relating to a right sided rib (arrow) and (b) the ADC map shows
high ADC indicating oedema (arrow). (c) The corresponding fat-only Dixon MRI image demonstrates an underlying well-marginated likely
benign fracture (arrow).
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malignant spinal cord compression or local relapse in the
prostate. Although visceral and nodal metastases are often
detected on DW-MRI, the T2W sequences add diagnostic
confidence and can also be reviewed for incidental find-
ings. Although incidental findings are common, they are
usually characterised by WB-MRI and only a small number
(3%) of additional investigations are triggered.48
Structured clinical reporting

The proposed WB-MRI protocols provide the breadth of
detail necessary to inform and support clinical decision-
making.17,18 In our experience, structured reporting tem-
plates serve to ensure that the reporting radiologist follows
a systematic review process, facilitates interpretation by the
Figure 7 Diffuse marrow hypercellularity obscures focal lesions on DW-M
signal in the bone marrow and (b) impeded diffusion on the ADC map, whi
FF map from Dixon MRI shows a focal lesion in the right side of the sacr
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clinician with signposting of significant findings, and im-
proves opportunities for targeted data extraction for
research and audit. An example of structured clinical
reporting of a WB-MRI of a patient with myeloma (Fig 1) is
provided below in Box 1.
Informatics developments and future vision

A key consideration when performing WB-MRI is the
large volume of data that is acquired for each examination.
Typical patient studies currently require around 1 GB of
storage due to (i) the large FOVs required resulting in the
acquisition of 200e300 axial slices, and (ii) the acquisition
of multiple image contrasts including DW-MRI, Dixon, and
T2W WB images, plus additional series such as sagittal
RI. (a) Axial b ¼ 900 s/mm2 DW-MRI shows diffuse abnormal high
ch suggests diffuse hypercellularity. (c) Corresponding fat only and (d)
um (arrows), which is not discernible on DW-MRI.

al guide for imaging patients with malignant bone disease, Clinical



Box 1
Structured clinical reporting of a whole-body magnetic resonance imaging of a patient with myeloma.

Clinical indication: ? New diagnosis of myeloma

Findings: WB-MRI has been performed from the skull vertex to the knees and only the proximal humeri are
included in the field of view. The protocol has been supplemented with axial T2W images
through T1eT6

Spine: Vertebral body heights are maintained. There is paramedullary disease encroaching the
spinal canal at T2eT5 effacing cerebrospinal fluid (CSF) with cord compression

Marrow: There is a large burden of multifocal disease throughout the skeleton with the majority of
lesions measuring >1 cm. This includes multifocal disease in the femora; however, on MRI there
is no evidence of cortical breach

Posterior iliac crests: Appearances suggest that posterior iliac crest trephining will sample representative marrow
Extramedullary disease: None
Incidental findings None concerning
Opinion: There is a heavy burden of widespread multifocal disease in the bone marrow with

cord compression from T2e5. This includes disease in weight-bearing bones, and
particularly if there are local symptoms, targeted plain films are recommended to
assess for cortical oss
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spine images. It is, therefore, essential that robust infor-
matics pipelines be developed in order to assist radiologists
with the interpretation of these data and maximise the
accuracy of clinical findings.

Delineation of disease in WB-MRI datasets is of para-
mount importance if the methodology is to be successful as
Figure 8 Automatic and semi-automatic segmentation methods of bony
biomarkers of response: the global average ADC (gADC) and total dise
treatment, it may be possible to identify patients who are benefitting fro
however, investigation of the distribution of ADC values also reveals sign
elucidate patterns of response in patients. In this case of a patient with me
pre-treatment ADC distribution, and apply these thresholds to the post-tr
increase (green), and no change (blue) after therapy. Such statistical appro
ADC maps (right).
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a quantitative technique for assessing patient response to
therapy and predicting patient outcome. Numerous studies
have demonstrated the potential of average or median ADC
values derived from disease (Fig 8) as an imaging biomarker
for response and patient prognosis in myeloma,35 and
metastatic prostate34,46,60 and breast cancers61,62; however,
disease (purple) in WB-MRI enable extraction of two quantitative
ase volume (tDV). By assessing changes in these parameters after
m treatment at an early stage and thus guide personalised therapy;
ificant heterogeneity of response, which can be investigate to further
tastatic prostate disease, we obtain the 10th and 90th percentile of the
eatment distribution to highlight regions of ADC decrease (red), ADC
aches may be used to highlight differential patterns of response on the

al guide for imaging patients with malignant bone disease, Clinical
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manual delineation of disease in these large datasets is not
practical in the clinic and methods for automatic63 or even
semi-automatic60 contouring are an active area of research.

Recent evidence demonstrates that response in WB dis-
ease can be highly heterogeneous, with patterns of both
intra- and inter-tumour response heterogeneity occurring
within individual patients.64 Non-invasive imaging pro-
vides a unique opportunity to probe and characterise het-
erogeneous response to systemic treatments, without the
requirement for multiple or serial biopsies (Fig 8). Compu-
tational approaches that can discriminate and highlight
responding from non-responding disease in each patient
will provide a window of opportunity to switch or augment
treatment at an early stage and improve patient outcome.

The complexity of clinical reporting fromWB-MRI is well
known and has driven the radiological community to pro-
vide guidelines for reporting finding in multiple myeloma,17

and metastatic prostate cancer.18 Development of elec-
tronic, structured reporting systems will help support the
adoption of these guidelines, and combining structured
reports with adequate data repositories and data-mining
tools could facilitate investigative studies of other imaging
biomarkers.

Informatics developments have also led to the genera-
tion of novel image contrast in WB-MRI. Computed DW-
MRI (cDWI) is an approach whereby images are obtained
in post-processing with different b-values to those acquired
at the scanner, potentially improving visualisation of dis-
ease for certain tumour types.65e67 This methodology has
now been adopted on many clinical scanners.

There is no doubt that artificial intelligence and machine
learning (AI/ML) will have considerable impact on the
future analysis of WB-MRI. AI/ML has dramatically accel-
erated the development of powerful processing tools
throughout medical imaging fields, including algorithms for
region delineation,68e70 image denoising,71 image recon-
struction,72,73 tissue characterisation,74 and artefact
removal.75 Many of these issues are still to be addressed in
WB-MRI, but it should be noted that these algorithms are
data-hungry and reliant on the curation of large represen-
tative datasets acquired at multiple institutions; AI/ML
models should ideally be trained/tested using images ac-
quired from different vendors and at different field-
strengths. In the UK, NHSX and NICE have recently pub-
lished guidelines and evidence standards to support the
safe adoption of new digital health technologies (including
AI/ML) within the NHS.76,77
Conclusion

WB-MRI is now a crucial tool for delivering precision
therapy for patients with myeloma at diagnosis and relapse
and metastatic bone disease, in particular in the response
assessment setting. For patients with high-risk myeloma or
oligo/non-secretory myeloma WB-MRI can be used as a
non-invasive surveillance tool and response assessment is
particularly helpful for patients who have undergone mul-
tiple lines of therapy when clonal disease evolution is more
Please cite this article as: Winfield JM et al., Whole-body MRI: a practic
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likely to result in heterogeneous response. Mature acquisi-
tion protocols are now enabling much wider adoption and
new insights on bone disease are stimulating novel thera-
peutic opportunities. The non-invasive nature of WB-MRI is
also attracting increasing interest for paediatric applica-
tions. Current development strategies are focusing on
reducing acquisition times, automating disease measure-
ments and detection of pulmonary nodules, which is a
limitation of MRI. WB-MRI is possible on modern MRI
scanners from all mainmanufacturers, and clinical adoption
will be improved with increased resources and training.
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