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limited because of several artefacts due to cardiac
motion, respiration and limited signal-to-noise ratio
(Icuikawa and ARAKI 1999; Guo et al. 2002; HUISMAN
2003; TAKAHARA et al. 2004). However, advances in
MR imaging technologies have enabled reliable acqui-
sition of DW-MR images in the body using relatively
high b-values (e.g. b = 1,000s/mm?) (IcHIKAWA and
ARrAKI 1999). By applying the diffusion-weighted
whole-body imaging with background signal suppres-
sion (DWIBS) technique, whole-body DW-MR images
can be acquired within a reasonable scan time for
disease evaluation. When these images are displayed
using an inverted grey scale, they superficially resem-
ble images acquired using 18-fluorodeoxyglucose
positron emission tomography (PET) imaging
(TAKAHARA et al. 2004) and have been shown to be
helpful for tumour assessment (see Chap. 14).

MR imaging results in intrinsically high image
contrast between soft tissues and bones (SucimoTo
et al. 1988; JacoBssON et al. 1991; IMAMURA et al.
2000; NAKANISHI et al. 2005, 2007). With increasing
age, the normal cellular marrow is replaced by fat,
thus modifying the signal characteriztics of the bone
marrow on MR imaging. However, the fat-replaced
bone marrow provides a high signal intensity back-
ground to facilitate the detection of hypointense
disease on conventional T1-weighted MR imaging.
There is also emerging data that support the use of
DW-MRI (NoNOMURA et al. 2001) for the detection
and characterization of bone involvement in patients
with cancer, as well as for assessing tumour response
to treatment. The evaluation of tumour response to
treatment of bone disease is particularly challenging
because to date, there is no reliable imaging tech-
nique that can be applied to quantify the degree of
treatment change. As emphasized in previous chap-
ters, assessment of bone disease should not be made
in isolation using DW-MRI, but should be combined
with conventional imaging (including radiographs,
CT and conventional MR imaging) for the best
assessment to be made.

In this chapter, we will survey the range of malig-
nant conditions that may be encountered in the bones
of oncological patients. Conventional and DW-MRI
imaging techniques that can be applied for the detec-
tion and characterization of bone involvement will be
discussed. The emphasis of discussion will be on the
evaluation of metastatic bone disease and in the sys-
temic workup of patients with underlying cancer to
determine the extent of disease involvement. We will
also survey the imaging criteria that have been devel-
oped for the assessment of tumour response to treat-

ment in bones, and highlight the potential of DW-MRI
as an imaging technique that can be used to monitor
treatment change. Last but not least, we will review
some benign bone conditions, which may mimic
malignant bone diseases on DW-MRI.

Malignant Conditions of the Bones

Bone tumours can generally be divided into two
groups: benign and malignant bone tumours.
Malignant bone tumours can in turn be subdivided
into primary malignant bone tumours and bone
metastases.

When a focal bone lesion is encountered, knowl-
edge of the age of the patient and the location of dis-
ease are helpful for image interpretation. Imaging
features which are useful for lesion characterization
include the nature of the tumour matrix, the zone of
transition of the lesion and adjacent bone or soft tissue
changes. One of the key features in radiological assess-
ment is identifying the presence and nature of any
associated periosteal reaction, which may be charac-
terized as interrupted or non-interrupted, the former
being typical of malignant bone diseases. When all
these factors are considered, it is possible in most cases
to make a relatively specific radiological diagnosis
before definitive histological confirmation becomes
available (MILLER 2008).

Bone metastases are the most common malignant
bone tumours and for this reason should always be
considered in the differential diagnoses of suspicious
lesions, especially in the elderly. In patients with can-
cer, the development of metastatic bone involvement
represents disseminated disease which carries a poor
prognosis. As such, accurate determination of the
presence and extent of bone metastases is important.
Bone metastases commonly arise from tumours of
the lung, breast, prostate and thyroid, and usually
affect vertebrae of the spine, skull and proximal long
bones. Not uncommonly, bone metastases may be
complicated by a pathological fracture, which may
make it difficult to identify the malignant disease in
the presence of substantial secondary changes. The
bones can also be affected by haematological malig-
nancies including lymphomas. Leukaemia and mul-
tiple myeloma frequently infiltrate the bone marrow,
and involvement may be focal or diffuse (BAUR-MELNYK
et al. 2008a, b). Non-invasive imaging techniques are
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viewed upon as important tools to assess progno-
sis of the disease and for planning treatment strate-
gies in patients with haematological malignancies
(LEcouvET 1998). However, the lack of existing
standards for assessing bone involvement in malig-
nant bone disease remains an unresolved radiologi-
cal issue.

Conventional Imaging for the Detection
of Bone Involvement in Cancer

In clinical practice, the first step taken to diagnose
bone disease is usually by conventional radiography.
The main disadvantage of this technique is the low
sensitivity. Bone metastasis is only visible at the ear-
liest when there has been a loss of the bone mineral
content of 50% or more (RUBENs 1998) (Fig. 13.1).
For this reason, additional imaging such as CT, radio-
nuclide bone scans, *FDG-PET or MR imaging are
frequently employed.

CT is highly sensitive for identifying cortical
destruction, pathological fractures, and periosteal

Fig. 13.1. Magnified view of the mid right humerus of a
68-year-old man with multiple myeloma shows endosteal
scalloping of the inner bony cortex due to myelomatous
disease infiltration (arrows). However, the radiograph is
relatively insensitive to pathological processes and the radio-
graph may be normal even in the presence of significant dis-
ease infiltration

changes. Other advantages of CT include its wide
availability and quick examination time. By perform-
ing high-resolution imaging, it is possible to perform
3D and multiplanar image reconstructions to pro-
vide the surgeon with spatially relevant information
for surgical planning. However, the main drawbacks
of CT are its low sensitivity for small volume disease
affecting the bones and the relatively high radiation
exposure (MAHNER et al. 2008).

The sensitivity of radionuclide bone scintigra-
phy is dependent on the osteoblastic activity associ-
ated with the pathological process. The technique is
very sensitive for bone metastases, especially for
osteoblastic disease arising from breast and pros-
tate cancers (HrICAK et al. 2007). The key disadvan-
tage is its lower sensitivity for lytic bone disease
(e.g. metastases from renal cell and bladder carci-
noma) and bone marrow infiltration (e.g.leukaemia
and multiple myeloma). For example, the sensitivity
of bone scintigraphy for detecting myeloma depos-
its is only 40-60%, this being the reason that the
technique is not used for routine disease staging
(WINTERBOTTOM et al. 2009). A further limitation
of bone scintigraphy is the potential false-positives
that can arise from healing fractures or degenera-
tive changes.

FDG-PET is more sensitive than bone scan for
detecting bone malignancies because tumours show
higher tracer uptake as a result of increased metabo-
lism (CHERAN et al. 2004). Although “FDG-PET is
more specific, issues remain with regards to small
lesions (<1cm), radiation burden with repeated
scans and poor visualization of tumours with low
metabolic activity (e.g. prostate carcinoma, renal cell
carcinoma, bronchoalveolar cell carcinoma).

MR imaging has been shown to be a highly sensi-
tive technique for the detection of bone diseases,
such as bone metastases. Conventional MR imaging
includes T1-weighted, T2-weighted and STIR imaging
as well as contrast-enhanced T1-weighted sequences.
Specialized imaging protocols combining these tech-
niques have been used with reportedly good results.
With the introduction of whole-body MR imaging
using multi-channel receiver coils, this has enabled
imaging of the body from head to toe. Whole-body
MR imaging has been adopted for the evaluation of
bone and bone marrow diseases and several studies
have confirmed that the diagnostic accuracy using
MR imaging is higher than radionuclide bone scintig-
raphy and CT for the detection of bone metastases
and primarytumours (EusTACE etal.1997; COSTELLOE
et al. 2009).
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Considerations for Conventional
MR Imaging and DW-MRI

Diffusion-weighted MR imaging is a promising new
tool for the detection and evaluation of malignant
bone diseases. However, the technique should not be
used in isolation. High-quality morphological imag-
ing (especially T1-weighted imaging) is also necessary
to aid interpretation of observed changes within the
bones and for precise anatomical localization of the
lesion. To date, there have been few larger-scale stud-
ies comparing the diagnostic accuracy of DW-MRI
alone or in combination with conventional morpho-
logical imaging for the assessment of malignant bone
diseases. It will be important that further studies are
undertaken in the future.

13.4.1
Conventional MR Imaging

When using conventional MR imaging to assess bone
disease, evaluation is usually made using T1-weighted
and short-tau inversion recovery (STIR) imaging. This
combination of sequences has been shown to be effec-
tive for the detection of focal bone diseases (YAsumoTo
et al. 2002; ScHMIDT et al. 2009). Imaging should be
performed in two orthogonal planes to provide accu-
rate information on the exact anatomical localization
and extension of the lesion. Compared with DW-MRI,
conventional T1-weighted and STIR images are usu-
ally acquired at higher spatial resolution, which pro-
vides better anatomical delineation of disease. In
particular, T1-weighted imaging is useful for identify-
ing foci of sclerotic bone disease, as these lesions are
relatively signal suppressed on STIR and high b-value
DW-MR imaging. Thus, combining T1-weighted imag-
ing with STIR and DW-MR imaging can be helpful
towards evaluating the osteolytic vs. osteosclerotic dis-
ease fractions, thereby providing useful information
which may reflect on the underlying tumour biology.
Conventional T1-weighted and STIR imaging can
be incorporated into a whole-body imaging protocol
for disease assessment. This is typically achieved
by performing T1-weighted fast spin-echo (SE) and
STIR imaging in the sagittal and coronal planes at
multiple anatomical stations in the body. Such imag-
ing implementation is well described in the published
literature (EUSTACE et al. 1997; SCHMIDT et al. 2009).
One suggested imaging protocol is outlined below:

o TI-weightedsagittal images of the spine.Fiveimage
sections of T1-weighted fast spin-echo images of
the spine are acquired in the sagittal plane using
three imaging stations [TR/TE, 400/13ms. Echo
train length (ETL) 4, section thickness 7,300 mm
field of view (FOV), scan matrix = 352 X 264,
imaging time 4 min 33s].

o TI-weighted coronal images of the whole body.32
fast spin-echo T1-weighted images of the whole
body acquired coronally using six imaging sta-
tions [TR/TE100/4.6 ms, ETL 128, 7mm section
thickness, 300 mm FOV, scan matrix = 240 x 180,
imaging time 6 min 24s].

o STIR sagittal images of the spine.Five STIR sagittal
image sections of the whole spine acquired using
threeimagingstations [TR/TE/T12,500/70/170 ms,
ETL 15, section thickness 7, 300 mm FOV, scan
matrix 288 x 316,imaging time 6 min 15s].

o STIR coronal images of whole body. 32 STIR im-
ages of the whole body acquired coronally at six
imaging stations [TR/TE/TI 1,350/40/165ms,
ETL 65, section thickness 7, 300 mm FOV, scan
matrix = 320 X 185, imaging time 6 min 24s].

With technological advancement, it is now possi-
ble to perform high spatial resolution T1-weighted
imaging using a 3D volume interpolated technique
(THOMSON et al. 2008). One variant of this approach
is to apply a fat-water separation sequence, such as
one employing a 2-point DIXON technique, which
would enable fat-only and water-only images to be
generated. The water-only images resemble fat-sup-
pressed images and can be helpful for lesion identifi-
cation (SUAREz et al. 2009; VANEL et al. 2009)
(Fig.13.2).3D volume interpolated imaging may also
be acquired before and after contrast administration
(THOMSON et al. 2008).

13.4.2
Diffusion-Weighted MR Imaging (DW-MRI)

13.4.2.1
Regional DW-MRI

DW-MRI is usually performed in the body across a
target region of interest using a free-breathing sin-
gle-shot echo-planar imaging technique. Imaging is
typically performed in the axial plane. The choice
and number of b-values included in the measure-
ment depends in part on whether the images are to
be used for qualitative or quantitative assessment.
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Fig. 13.2. Coronal water-
only images derived

using a 2-point DIXON
technique (a) before and
(b) after intravenous
gadolinium-DTPA con-
trast administration. Such
images can be rapidly
acquired in breath-hold to
provide good radiological
contrast for the assessment
of bones and soft tissues in
the body

For qualitative assessment, a single high b-value
(e.g. 600-1,000 s/mm?) may suffice. The choice of the
higher b-value may in part be limited by the scanner
capability, which determines the image quality and
signal-to-noise ratio. Generally, using a higher b-value
would result in better background signal suppression,
optimal for detecting tissues with reduced water dif-
fusivity. Sometimes, the quality of DW-MR images of
the lower thoracic and lumbar spine may be poor as a

result of respiratory motion. If this occurs, it has been
shown that the application of navigator-tracked respi-
ratory-triggered DW-MRI can significantly improve
the image quality (SPUENTRUP et al. 2003). For quan-
titative ADC calculations, three or more b-values
would provide a more accurate fit of DW-MRI data,
resulting in a more precise ADC estimate. Imaging
using different b-values and the evaluation of quanti-
tative ADC data were discussed in Chaps. 1-3.




212

K. Nakanishi and A. Gutzeit

In the appendicular skeleton, it is possible to apply
alternative image acquisition schemes for DW-MRI.
In one report (ONER et al. 2007), the application of a
non-Carr-Purcell-Meiboom-Gill, single-shot, fast
spin-echo sequence was found to result in images
with a higher contrast-to-noise ratio compared with
EPI technique. In the spine, it has also been shown
that a steady-state free precession (SSFP) technique
can be used for the assessment of vertebral patholo-
gies (BAUR et al. 2001a, b, 2002a, b; Raya et al. 2006)
by visual and semi-quantitative analysis of the mea-
sured signal intensities. However, ADC quantification
using the SSFP technique is much more challenging.

13.4.2.2
Diffusion-Weighted Whole-Body Imaging
with Background Signal Suppression (DWIBS)

For whole-body imaging, DW-MRI is performed using
single-shot STIR-EPI sequences (TR 6243/TE 59/TI
180 ms) using b-values of 0 and 600-1,000 s/mm? Thin
image partition of 4-5mm is typically used, with 1 mm
of overlap. Images are acquired axially during free
breathing and are performed at multiple imaging sta-
tions from the neck down to at least the pelvis. Where
a receiver coil with a large field is available and if the
patient is not too large or tall, imaging coverage may
be achieved in just two stations on some MR imaging
systems. Otherwise, imaging at four to five anatomical
stations may be necessary, depending on the extent of
coverage desired. Employing an imaging field of view
(FOV) of 450 mm at each imaging station and an imag-
ing matrix of 112 X 112,imaging at each station can be
achieved in approximately 5 min.

Once the images are acquired, radial maximum
intensity projections (MIPs) of the inverted grey-
scale high b-value images may be processed and
viewed on a workstation (see Chap. 14).

DW-MRI for the Detection
and Characterization of Bone
Involvement in Cancer

13.5.1
Normal Appearance of Bones on DW-MRI

Optimal interpretation of DW-MRI relies on knowl-
edge of the normal appearances of bones on imaging.

It must be remembered that bones are dynamic tis-
sues that consist of a mineralized structure in which
non-mineralized mesenchymal, haematopoietic and
other connective tissue elements are distributed. In
young adults, haematopoietically active red marrow is
found predominantly in the pelvis and in the proxi-
mal long bones (VANDE BERG et al. 1998). However,
with increasing age, red marrow tissue is progressively
replaced by fat, such that macroscopically it appears
yellow in colour and is therefore known as “yellow
marrow”.In adults, about 50% marrow tissue is yellow
marrow and this is predominantly located in the
appendicular skeleton. The remaining 50% consists of
red marrow found mainly within the axial skeletal and
proximal long bones. In the elderly, the proportion of
yellow marrow can further increase. Yellow marrow is
composed of 95% fat cells, whereas red marrow is
composed of 60% haematopoietic cells and 40% fat
cells (VANDE BERG et al. 1998). Using MR imaging, the
marrow elements of bony tissues are well demon-
strated. On T1-weighted imaging, red marrow appears
intermediate signal intensity compared with the high
signal intensity of yellow marrow. One useful fact to
remember is that the pattern of distribution of red
marrow in the body tends to be symmetrical across
vertebrae and from one side of the body to the other
(DAFFNER et al. 1986; WEINREB 1990; VANDE BERG
et al. 1998), a feature which may help to distinguish
red marrow from disease infiltration.

Not surprisingly, there is considerable variation in
the appearances of the bones and bone marrow on
DW-MRI although the full range of imaging findings
has not been fully documented. However, it is clear
that the appearances of bones on DW-MRI vary with
age as a result of fatty involution, and the DW-MRI
appearance alters in tandem with the imaging find-
ings on T1-weighted and STIR imaging. Fatty yellow
marrow shows high signal intensity on T1-weighted
imaging, and signal attenuation on high b-value
DW-MRI because of the fat-suppression pulse that is
applied with the EPI diffusion-weighted measure-
ment. The limited mobility of protons associated
with fat also means that normal yellow marrow
returns lower ADC values compared with hypercel-
lular or disease-infiltrated bone marrow (NONOMURA
et al. 2001). However, nulling of the fat signal by fat
suppression may result in greater errors in the calcu-
lated ADC of normal bone marrow, because of the
diminished accuracy of measuring signal attenua-
tion from protons associated with the fatty tissues.

Regional variations in ADC values of normal bone
marrow in non-oncological adult patients aged
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between 28 and 82 years have been reported (ZHANG
et al. 2008). It was found that the mean ADC value
of lumber vertebral bodies (0.62 x 107> mm?/s) was
significantly higher than that measured from the
left ilium (0.40 x 107> mm?s) or the left femur
(0.36 x 10> mm?/s), reflecting the greater degree of
fatty involution in the long bones and pelvis of adults
(ZHANG et al. 2008). In addition, osteoporosis which
may result in increased fat deposition in bones has
been found to be associated with a decrease in bone
ADC values (YEUNG et al. 2004). However, in another
study, no relationship was found between the ADC
values of vertebral bodies and the bone density
determined by dual X-ray absorptiometry (GRIFFITH
et al. 2006).

On DWIBS imaging, the normal fat-replaced bone
marrow is signal-suppressed on the high b-value
images (BAUR et al. 2001a, b). From the discussion
above, it would be clear that in younger patients with
haematopoietically active red marrow, the distribu-
tion of red marrow can be observed using DWIBS as
these relatively cellular areas would be reflected in a
high signal intensity. As in Fig.13.3 residual red mar-
row in the metaphyses of long bones in the younger
individual demonstrate higher signal intensity com-
pared with the bone marrow findings in the older
man.

a W 1 )
Fig. 13.3. Normal findings ] D%
on DWIBS using a STIR 5
EPI DW-MRI technique
in (a) a 45-year-old man
and (b) a 35-year-old man.
These DW-MR images at
a b-value of 600s/mm?
are displayed using an
inverted grey scale. Note

—

that in the older man (a), 49 -
the signal intensity of the A &

normal bone marrow is <oty e
suppressed, although the 5 "
spinal cord, nerve roots, Y
kidneys, spleen and testes "
return low signal intensity ,
on the inverted grey-scale
images. However, in the
younger man (b), there .
is relatively more signal
returned from the red
marrow within the bones
especially in the axial
skeleton

13.5.2
DW-MRI Detection of Metastatic Bone Disease

There are emerging studies demonstrating the value
of DW-MRI for the detection of metastatic disease
compared with conventional MR imaging and radio-
nuclide studies (NAKANISHI et al. 2005; KoMoRI et al.
2007; LicHY et al. 2007; MooN et al. 2007; NAKANISHI
et al. 2007; NEMETH et al. 2007; LuBoLDT et al. 2008;
OHNO et al. 2008; TAKANO et al. 2008; XU et al. 2008;
LAURENT et al. 2009). In one of the largest studies to
date, Ohno et al. (2008) evaluated 203 patients with
non-small-cell lung cancers. Forty patients were
found to have stage IV disease of which 11 had metas-
tases only to bones. Interestingly, the addition of
DW-MRI to conventional T1-weighted and STIR
imaging resulted in a similar diagnostic accuracy
and inter-observer agreement compared with *FDG-
PET-CT (OHNO et al. 2008). Using DW-MRI alone
was significantly less accurate on a per-patient and
per-lesion basis compared with "FDG-PET-CT alone
or the combination of DW-MRI with T1-weighted
and STIR imaging. In another study, it was shown
that DW-MRI was equal, if not superior to STIR and
T1-weighted SE sequences, but as effective as
1C-choline PET-CT for the detection of bone metas-
tases in patients with prostate cancer (LUBOLDT et al.
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2008). Initial experience in 35 patients with meta-
static melanoma showed that DWIBS was superior to
FDG-PET-CT for the detection of metastatic dis-
ease including bones (LAURENT et al. 2009).

In our experience, we have assessed the diagnostic
value of DW-MRI for detecting bony metastasis com-
pared with conventional whole-body MR imaging
and bone scintigraphy (NAKANISHI et al. 2007). We
found that the mean sensitivity and positive predic-
tive value (PPV) of the combination DW-MRI with
conventional MR imaging were 96% and 98%, respec-
tively, which were superior to conventional MR
sequences alone (88% and 98%) or bone scintigra-
phy alone (96% and 94%).Based on current evidence,
DW-MRI and DWIBS appear to be highly promising
for detecting metastatic disease to the bone, but the
technique should be combined with conventional
imaging for the best diagnosis to be made. An exam-
ple of DWIBS in a patient with multiple bone metas-
tases from prostate cancer is shown in Fig.13.4. The
MIP images show the metastatic rib lesions clearly,
which in this case, also correlate well with the bone
scintigram appearance.

One of the key reasons why conventional imag-
ing should not be ignored is because osteoblastic

metastases may be missed on DW-MRI. Osteoblastic
metastases may arise from prostate, breast, medullo-
blastoma, neuroendocrine and gastric cancers. Dense
osteoblastic lesions often appear dark on the high
b-value DW-MR images and may be difficult to dis-
tinguish from the signal suppressed fatty marrow
(Fig. 13.5) (HACKLANDER et al. 2006). Osteoblastic
metastases are better visualized on T1-weighted
imaging, the corresponding CT imaging or by their
increased tracer uptake on bone scintigraphy.

The advantages of DW-MRI over bone scintigra-
phy include the fact that osteolytic bone lesions may
not be tracer-avid and hence may not be visible on
scintigraphy (Fig. 13.6). Moreover, DW-MRI is useful
for depicting lesions in the anterior ilium which may
be less well seen on bone scintigraphy due to the
position of the lesion in relation to the isotope cam-
era (Fig. 13.7). There is a limit to the metabolic
dimension of lesions that can be confidently detected
using bone scintigraphy or “FDG-PET-CT. Bone
lesions measuring less than 1cm in diameter may
be missed if they are not intensely tracer-avid. In
our experience, small lesions measuring 1 cm or less
are frequently better visualized on DW-MRI. In
addition, DW-MRI or DWIBS may help to detect

Fig. 13.4. Images of a 69-year-old man with multiple bone
metastases from prostate carcinoma. (a) Maximum intensity
projection of the inverted grey-scale b = 600s/mm? image
shows multiple metastases in the bones depicted as low
intensity lesions. (b) An image section from the whole-body
T1-weighted acquisition shows very low intensity foci along

the spine and within the left proximal femur, suggestive of
osteoblastic metastases (arrows). (c) Bone scintigraphy con-
firms increased tracer uptake within the metastases. In this
case, note the correspondence of imaging findings between
DW-MRI, T1-weighted imaging and bone scintigraphy
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Fig. 13.5. Axial images of a 56-year-old woman with meta-
static breast cancer. (a) CT imaging of the pelvis shows
sclerotic (arrows) and lytic (arrowheads) bone metastases.
(b) The sclerotic metastases return low signal intensity on
T1-weighted imaging (arrows), although the lytic metastases

Fig. 13.6. Solitary metastatic lesion. Images of a 54-year-
old woman with leiomyosarcoma of the uterus. (a) Focus of
impeded diffusion in the left inferior pubic ramus (arrow)
was missed on the initial reading of the inverted grey-scale
DW-MR image at a b-value of 600s/mm?. (b) Repeat imaging

(arrowheads) show more variable T1 signal intensity. (c)
DW-MRI at b = 1,000s/mm? demonstrates the high signal
intensity from the lytic metastases (arrowheads) but the scle-
rotic bone metastases are signal-suppressed (Courtesy Dr.
Koh, Royal Marsden Hospital, UK)

3 months later showed that the disease in the left pubic ramus
has enlarged consistent with a metastasis (arrow). (c) The
lesion was not visible on bone scintigraphy (d) CT imaging
revealed an osteolytic lesion corresponding to the DW-MRI
abnormality associated with cortical destruction (arrow)
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Fig. 13.7. Solitary metas-
tasis. Images of a 68-year-
old woman with breast
carcinoma. (a) On the

b = 600s/mm? inverted
grey-scale coronal maxi-
mum intensity projec-
tion image, an area of
decreased signal intensity
is seen within the left
ilium (arrow). (b) The cor-
responding area appears
bright on the short-tau
inversion recovery fat-
suppressed image (arrow).
(c) However, no sig-
nificant tracer uptake was
observed on bone scin-
tigraphy. (d) Radiography
reveals lucency and irreg-
ularity in the left ilium
(arrow) which corroborate
with the diagnosis of bone
metastasis

unsuspected sites of extra-skeletal disease, such as in
the lungs, breast, liver or lymph nodes (Fig. 13.8).

13.5.3
DW-MRI for Distinguishing Between Benign
and Malignant Causes of Vertebral Collapse

Bone metastases in vertebral bodies occur in up to
10% of patients with primary neoplasms. A common
result of such metastases is the collapse or fracture of
the vertebral body. In oncological patients, it is often
challenging to distinguish between a benign and a
malignant vertebral body fracture. It has been esti-
mated that up to one-third of vertebral fractures
in patients with known malignancies are benign
(FORNASIER et al. 1978). Differentiating benign from
malignant causes of a vertebral fracture is important
because different therapeutic management is under-
taken for each.

Using conventional MR imaging and CT, it is fre-
quently difficult - if not impossible - to determine

whether a collapsed vertebral body is the result of a
metastatic or benign process. A few radiological signs
have been proposed to be helpful in this regard. Bauer
et al. (2002a, b) described the “fluid sign” on MR
imaging which was more frequently observed in
benign osteoporotic fractures (40%) compared with
malignant vertebral fractures (6%). This sign was
observed as high signal intensity fluid on STIR imag-
ing, often in a linear configuration adjacent to verte-
bral endplates (BAUR et al. 2002a, b) and associated
with high signal changes reflecting marrow oedema
within the collapsed vertebral body. Another sign
which was first observed on CT imaging in benign
vertebral body fractures was the intravertebral “vac-
uum sign”, which referred to linear gas densities
within the vertebral body (BHALLA et al. 1998). This
phenomenon can be observed in approximately 10%
of osteoporotic fractures (PAprouU et al. 2008). A
study in 180 patients with radiological-pathological
comparison showed a strong correlation between
osteonecrosis and presence of the vacuum sign. The
vacuum sign was found to have 85% sensitivity, 99%
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Fig. 13.8. DW-MR images
of a 34-year-old man with .
an alveolar soft part sar-

coma (ASPS) with spinal

and pulmonary metas- r

tases. (a) On the sagittal

reformat of the DW-MR

-
images at a b-value of ’
600 s/mm?, there is a low - -
.l

signal intensity metastasis
arising from posterior ele-
ments of the lower cervical
spine (arrow). (b) The cor-
onal maximum intensity
projection DW-MR image
(inverted grey scale) shows
numerous low intensity
metastases within the
lungs (arrows). (c) Axial

DW-MR image through the -

upper abdomen reveals a

mass inseparable from the -

head of the pancreas, con-
sistent with a further site
of metastasis

specificity and 91% positive predictive value for ver-
tebral osteonecrosis (LIBICHER et al. 2007).

In 1998, Bauer et al. (1998) showed the feasibility
of using the signal intensity of vertebral collapse on
DW-MRI to discriminate between benign and malig-
nant fractures. It was observed that malignant frac-
tures were hyperintense compared with normal
vertebrae (Fig. 13.9), but benign fractures appeared
hypointense or isointense to normal vertebrae on
DW-MRI (Fig. 13.10). This difference in MR appear-
ance was ascribed to impeded water diffusion in
the hypercellular tumour. However, in a subsequent
study, Castillo et al. (2000) reported high signal inten-

sity in both benign and malignant vertebral frac-
tures. However, in that study, a relatively low b-value
(b =165s/mm?*) was employed making the measure-
ments sensitive to T2-shine-through effects. Further
work by Baur et al. found that by increasing the diffu-
sion-weighting of their SSFP imaging sequence it
was possible to reduce the incidence of false-positive
hyperintense osteoporotic fractures (BAUR et al.
2001a, b) and later achieved a high sensitivity and
specificity for the diagnosis of malignant vertebral
fractures (BAUR et al. 2002a, b). Another study also
independently showed the utility of signal suppres-
sion on DW-MRI as a basis for discriminating benign
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Fig. 13.9. Malignant vertebral fracture. An elderly man with
metastatic disease to L3 vertebral body. (a) T1-weighted MR
imaging demonstrates hypointensity within the L3 vertebral
body (arrow) with loss of vertebral height. (b) The vertebral
body appears mildly hyperintense on short-tau inversion

from malignant vertebral fractures (SPUENTRUP
et al.2001).

As the measured signal intensity on DW-MRI is
influenced by tissue diffusivity and T2-relaxation
time, other authors have suggested that the ADC cal-
culation may be a more robust method to discrimi-
nate between benign and malignant vertebral
fractures. A summary of these findings is presented
in Table 13.1. A few important points can be sug-
gested from these observations:

1. There was substantial variation in the reported
ADC values of benign and malignant vertebral
lesions which reflected differences in the MR
techniques applied and the choice of b-values.

2. The ADC values of normal bone marrow var-
ied widely between studies. This could reflect
physiological differences between studies, but
could also be accounted for by measurement er-
rors as a result of SNR variations, the choice of
b-values or as a consequence of applying fat sup-
pression to quantify diffusivity of fat-containing
tissues. Nevertheless, the ADC of normal bone

recovery imaging (arrow). (c) Sagittal reformat of DW-MR
image at a b-value of 1,000s/mm? shows impeded diffusion
within the verterbral body (arrow) consistent with malignant
disease

marrow appears to be relatively low in many of
the recently published studies (CHAN et al. 2002;
MAEDA et al. 2003; GRIFFITH et al. 2006).

3. Malignant vertebral fracture or malignant mar-
row infiltration returned lower ADC values com-
pared with benign vertebral fractures. However,
the optimal ADC threshold value to apply to
determine benignity has not been established.
This is likely to vary with the imaging technique,
as well as the number and choice of b-values
applied for the DW-MRI study.

4. Infectious spondylosis resulted in low ADC val-
ues that were indistinguishable from those of
malignant vertebral involvement. Hence, ADC
values may not be appropriate for differentiating
between malignant and infective conditions.

Despite these cautionary notes, in a well-conducted
DW-MRI study performed using a wide range of
b-values, a hypointense signal observed within a
fractured vertebra on high DW-MRI at high b-values
in combination with an increased ADC would be
suggestive of a benign lesion.
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Fig. 13.10. Benign verte-
bral fracture. A middle-
aged man with benign
vertebral body fracture at
T8. (a) T1-weighted MR
imaging demonstrates
hypointensity within the
T8 vertebral body (arrow)
associated with anterior
wedging of the vertebral
body. (b) The vertebral
body appears isointense
to other vertebral bod-
ies on short-tau inversion
recovery imaging (arrow).
(c) Sagittal reformat

of DW-MR images at a
b-value of 1,000 s/mm?
showed no abnormal
increased signal intensity
within the verterbral body
(arrow) consistent with a
benign process

13.5.4

DW-MRI for the Evaluation of Marrow
Involvement by Haematological Malignancies

DW-MRI has also been used to demonstrate sites of
marrow infiltration in haematological malignancies.
For example, DW-MRI has been used to identify
areas of marrow infiltration by leukaemia (BALLON

et al. 2000). Although there have been reports detail-
ing the improved diagnostic efficacy of whole-body
MR imaging using conventional MR techniques for
the assessment of patient with multiple myeloma
(MuULLIGAN et al. 2007; LicHY et al. 2008; DINTER
et al. 2009), the role of DW-MRI for the assessment of
disease in patients with multiple myeloma has not
been established. However, based on our personal
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Table 13.1. ADCs of normal vertebrae, benign fracture and malignant vertebral involvement reported in the published

literature

IMAGING STUDIES

(HERNETH (CHAN (HERNETH
et al. 2000) et al. 2002) et al. 2002)
NUMBER OF 5 32 22
PATIENTS
Imaging Navigator Single-shot ~ Navigator
technique triggered EPI  EPI triggered EPI
b-Values 440, 880 200, 500, 800, 440, 880
(s/mm?) 1,000

(Zuou (MAEDA (GRIFFITH (BALLIU
et al. 2002) et al. 2003) et al. 2006) et al. 2009)
27 64 110 45
Single-shot  Line scan Single-shot  Single-shot
EPI DW-MRI EPI EPI
0, 150, 250 5, 1,000 0. 100, 200, 0. 500

300, 400, 500

Mean ADC values (x10~> mm?/s) + standard deviation

Normal 1.3 £0.23 0.23 = 0.05 1.66 + 0.38
vertebrae
Malignant 0.39 £ 0.11"  0.82 £+ 0.20° 0.71 £ 0.27
fracture’/ 0.69 + 0.24™
infiltration™
Benign 1.94 £ 0.35 1.61 £ 0.37
fracture
Others 0.98 + 0.21

(tuberculous

spondylitis)

0.3-0.7 0.18 + 0.09 0.43 £0.12
0.19 + 0.03" 0.92 £ 0.2 0.9 £ 1.3"
0.83 £ 0.17"

0.32 + 0.05 1.21 +0.17 1.9 £ 0.39
(benign
oedema)
0.96 + 0.49
(infectious
spondylitis)

experience, it would appear that DW-MRI is also a
potentially useful technique for evaluating the degree
of marrow involvement by the disease. In an example
of a patient with multiple myeloma (Fig. 13.11),
DWIBS was used to highlight the anatomical distri-
bution of bone disease in the body. The technique
could also prove helpful in elucidating sites of extra-
osseous soft-tissue disease in patients with haemato-
logical malignancies.

Assessment of Treatment Response
in Malignant Bone Disease

Assessment of the extent of response to treatment,
during and after a specific therapy is crucial in clini-
cal evaluation of cancer therapeutics. To unify the
criteria of tumour response, the Response Evaluation
Criteria in Solid Tumours (RECIST) were introduced
in 2000, which were recently updated in version 1.1
(EISENHAUER et al. 2009). Although bone is a com-
mon site for metastatic disease, no consensus has

been reached regarding the assessment of treatment
response although several suggestions have been
made (BAUERLE et al. 2009).

In the original RECIST criteria, bone involvement
was not considered to be a site of measurable disease.
However, in the recently revised RECIST guidelines
(version 1.1) (EISENHAUER et al. 2009), osteolytic
lesions or mixed osteolytic/osteoblastic lesions with
identifiable soft tissue components are now consid-
ered measurable by CT and MR imaging. Osteoblastic
lesions, however, are still deemed immeasurable.
Furthermore, bone scintigraphy, conventional radio-
graphs and ®FDG-PET cannot be used to quantify
response, although these techniques may be applied
to confirm the presence or resolution of lesions.
However, size measurement provides a crude index
of lesional response to therapy because successful
treatment may not reduce lesion size. Hence, size
measurement of bone metastases could potentially
be confusing as it may not represent true disease
response after a specific oncological therapy.

As an alternative to size measurement, Hamaoka
et al. (2004) suggested that morphological changes to
the appearance of bone metastasis on imaging may be
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Fig. 13.11. Multiple
myeloma. Images of a
69-year-old man with
multiple myeloma with
metallic internal fixator

in the left humerus. (a)
Inverted grey-scale coro-
nal maximum intensity
projection of the DW-MR
image at a b-value of 600s/
mm? shows multiple low-
intensity areas in the ribs,
right humerus (arrow) and
shoulder girdle (arrows).
(b) Radiograph of the right
humerus reveals multiple
osteolytic (punched out)
lesions along the humeral
shaft scapula (arrows) and
clavicle

used to gauge disease response. Using this approach,
disease response was classified on the basis of disap-
pearance of a lesion or the degree and pattern of cal-
cifications (of an initially osteolytic lesion) after
treatment. However, such classification is based on
qualitative rather than quantitative assessment, and
the criteria are not helpful for assessing osteoblastic
disease, except when these lesions completely disap-
pear after treatment.

13.6.1
DW-MRI for Assessing Treatment
Response in Bone Malignancies

One of the perceived potentials of using DW-MRI to
assess treatment response in bone disease is its ability
to provide qualitative and quantitative assessment
that reflects biological changes in the tumour follow-
ing specific oncological therapy. Studies in small series
have demonstrated increase in the ADC values within
bone tumours and/or a decrease in the signal inten-
sity on the high b-value DW-MR imaging following
successful therapy (BYUN et al. 2002; HAYASHIDA et al.
20064, b).

However, one of the challenges of performing
quantitative DW-MRI for ADC measurements in the
bone is the relatively poor SNR, which will impact on
the reliability of the ADC measurements. Moreover,
as bone tumours are often inhomogeneous, the mean
ADC value will represent a mixture of elements rep-
resenting different tissue types. Nevertheless, apply-
ing DW-MRI to quantify the ADC of malignant bone
disease is feasible, particularly for circumscribed
metastatic deposits associated with soft-tissue com-
ponents. In such instances, DW-MRI measurements
of the malignant disease could be made with good
SNR and relatively free of artefacts. Early experience
suggests that quantitative ADC values could be used
to evaluate the response of malignant bone disease to
treatment,and that ADC increases in tumours reflect-
ing treatment response may be observed without any
concomitant alterations on conventional morpho-
logical imaging (Fig. 13.12). Clearly, more studies are
required to validate and demonstrate the efficacy of
the technique in this clinical context.

One further development in using ADC to quan-
tify disease response in bones is the application of the
so-called functional diffusion map (LEE et al. 2007).
Using this analysis method, ADC changes within the
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Cc

Fig. 13.12. Assessing treatment response of bone disease
using DW-MRI. Images of a 72-year-old man with metastatic
prostate cancer to bones. Axial T1-weighted imaging of the
sacrum (a) before and (b) after treatment with novel drug
(abiraterone) shows no significant difference in the imaging
appearance at 28 days after treatment. However, the ADC

tumour are analysed on a voxel-by-voxel basis and
the significance of ADC change is defined by the 5th
and 95th percentiles of the pretreatment baseline
voxel values. The number and percentage change in
voxels above the 95th percentile or below the 5th per-
centile values after treatment are regarded as signifi-
cant.Althoughresearchisstill ongoing,the application
of functional diffusion map analysis technique to
define tumour response has been shown to correlate
with disease survival in patients with cerebral gliomas
(HaMSTRA et al. 2008) (see Chap. 10).

Benign Conditions That May Mimic
Malignant Disease on DW-MRI

The high signal intensity observed on a high b-value
DW-MR image is non-specific and may also result
from benign conditions. This is because DW-MRI
discriminates on the basis of cellularity, tissue vis-
cosity and structure organization and not necessar-
ily malignancy. For this reason, the readers should be
acquainted with a range of benign bone conditions
that may mimic malignant bone disease in patients
with cancer. A few illustrative examples are presented
below.

d

maps of corresponding area (c) before and (d) after treat-
ment shows clear increase in the mean ADC value (Pre =
0.69 x 10 mm?/s and Post = 1.52 X 10~ mm?/s) within an
area of disease (outlined in red) in the left ilium indicating
drug treatment effects (Courtesy Dr. Koh, Royal Marsden
Hospital, UK)

13.7.1
Osteoarthritis

Osteoarthritis typically occurs as a result of subchon-
dral degeneration. On DW-MRI this condition is
observed as mild hyperintensity on DW-MR images at
lower b-values (e.g. 100 s/mm?). However, as the b-value
is increased to about 1,000 s/mm?, the signal intensity
from the degenerate area is usually diminished due to
underlying cystic degeneration (Figs. 13.13).

13.7.2
Fracture

Bony fractures may be recognized on DW-MRI
Incidental fractures arising from the thoracic rib
cage are not uncommon especially on DWIBS imag-
ing (Fig. 13.14). However, it would be difficult to dis-
tinguish between a benign and malignant cause of
the rib fracture based on the DW-MR image at a high
b-value and ADC values alone.

13.7.3
Abscess

Figure 13.15 shows a tuberculous abscess in the soft
tissue, which mimics a soft-tissue tumour. When
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Histogram 23.9 mm2

Mean: 3261.0

Standard devialion: 397.4
Area: 23.9 mm2
Perimeter: 17.5 mm

min,; 2980.0 max.: 3542.0 _* ully

Fig. 13.13. Osteoarthritis. Images of a 69-year-old man with
prostate cancer evaluated using whole-body conventional
MR imaging and DWIBS techniques. (a) A low T1 signal
intensity area was detected at the roof of the right acetabu-
lum on T1-weighted coronal imaging (arrow). (b) This cor-
responded to an area of decreased signal intensity on the
inverted grey-scale coronal maximum intensity projection
DWIBS image (arrow). (c) The mean ADC value of the lesion

!

Fig. 13.14. Fracture. Cornonal DW-MR images of a 45-year-
old woman with breast cancer who underwent whole-body
MR imaging and DWIBS for detecting bone metastases.
(a) On the inverted grey-scale maximum intensity projec-

Histogram 72.2 mm2

Mean: 3386.8

Standard deviation: 55.4
Area: 72.2 mm2
Perimeter: 30.7 mm
3264.0/max.: 3435.

was high (3.26 x 10~ mm?/s) and comparable to the ADC
value of fluid in the urinary bladder, consistent with a sub-
chondral cyst associated with osteoarthritis. (d) However,
there was also relative increased tracer uptake in this area on
bone scintigraphy, which raised the suspicion for metastasis.
Subsequent follow-up imaging showed no confirmatory evi-
dence of metastatic disease

tion DWIBS image of thorax, there was a solitary low signal
intensity focus in the lower left rib (arrow). This was inter-
preted as a rib fracture. (b) Follow-up imaging 3 months
later showed complete resolution of the abnormality
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Fig. 13.15. Abscess. Images of a 48-year-old man with soft-
tissue swelling in the right flank. (a) Axial DW-MR image at a
b-value of 600 s/mm?showed ahigh signal intensity mass within
the soft tissue of the right flank (arrow). (b) On T1-weighted
imaging, the margins of the mass are mildly hyperintense,
although the centre of the mass returns low signal intensity
(arrow). (c) The mass returned inhomogeneous high signal
intensity (arrow) on T2-weighted imaging. Pus was aspirated
from the lesion and granulomatous inflammation confirmed

associated with bone changes, this appearance could
be mistaken as metastatic soft-tissue disease. The
composition of pus within an abscess is viscous and
rich in protein, thus resulting in high signal intensity

on the DW-MR images at high b-values and corre-
sponding low ADC value.

13.7.4
Benign Tumour

Benign bone tumours also result in high signal inten-
sity impeded water diffusion related to its underlying
cellularity or structural organization (HAYASHIDA
et al. 2006a, b).

Conclusions

In conclusion, DW-MRI is a new imaging tool which
can be used to detect and confirm malignant changes
in the bones, as well as help distinguish benign from
malignant conditions. However, DW-MRI should not
be used as a stand-alone technique and should be
combined with conventional and cross-sectional
imaging techniques for the optimal assessment to be
made. The technique is also promising for the assess-
ment of therapeutic response in malignant bone dis-
eases, which may prove useful for assessing the
efficacy of therapies in the future.
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