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Foreword

The bones of birds contain gas instead of bone marrow in order to reduce their
weight and allow them to fly. Since mammalians developed later in evolution
than birds it can be assumed that the bone marrow is not just an atavism, even
if air crafts were invented at a much later date. In humans and other mam-
malians, the bone marrow is one of the largest organs and the importance of
this organ is also reflected in the Latin word “medulla” which is part of the term
“medullary cavity” in which the bone marrow is located. Figuratively, this
“medulla” has another meaning in the Latin language: “the dearest, the heart”
indicating that back in ancient times the most important role of the bone
marrow had been recognized.

For modern diagnostic imaging, especially MRI, the bone marrow plays a
crucial role enabling the radiologist to detect a large variety of different dis-
orders. Not only diseases originating from the bone marrow such as leukemia,
myeloproliferative disorders, diseases of the reticuloendothelial system and
anemias can be detected and characterized with MRI. In oncologic imaging
metastatic spread to the skeleton plays a key role and multiple myeloma is an
oncological disease originating from the bone marrow.

The bone marrow is also an area in which diseases of other organs may
manifest so that their detection contributes to elucidate the health status of a
patient. Bone infarction and bone marrow alterations in non-infective inflam-
matory bone marrow diseases such as Bechterew’s disease and Sapho may
provide direction in the further diagnostic work-up of a particular patient.

MRI opened the eyes of radiologists for a previously completely unknown or
at least neglected entity, the bone marrow edema syndrome and understandably
radiologists love this entity. Bone marrow edema can be seen as the footprint of
injuries and disorders and could not be depicted with any other imaging
modality. The visualization of bone marrow edema allows diagnosing a
plethora of diseases and injuries and contributed to the elucidation of the
natural history of various lesions.

All this would not be possible if humans would have bones filled with air.
Alike the antique Romans, radiologists would therefore translate “medulla” as
“the dearest”.
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Foreword

On behalf of the editorial board of “Medical Radiology” I would like to
express my sincere gratitude to Professor Baur-Melnyk and the eminent authors
of this monograph for their time and expertise. We are confident that the reader
will welcome this state-of-the-art reference book on the fascinating topic of
MRI of the bone marrow. It provides at the same time comprehensive and
compressed information on this topic of utmost clinical importance.

Munich, November 2012 Maximilian F. Reiser



Preface

The bone marrow is one of the largest organs of the human body. In almost
every MR image the bone marrow or parts of it are displayed. MRI is the most
sensitive imaging modality to display the marrow and its components, mainly
consisting of fat and water bound protons. The exact knowledge of the normal
marrow distribution as well as marrow variants in MRI is important for specific
diagnoses. Benign variants often constitute mimickers of malignant diseases.
Pathologies that may arise from bone marrow and marrow components are
numerous. In this book haematological bone marrow malignancies, bone
metastases, multiple myeloma as malignant causes for bone marrow alterations
are presented. MRI can also be used as a tool for the assessment of treatment
response in oncologic marrow involvement. The differentiation of benign and
malignant vertebral compression fractures is an common clinical challenge
which is discussed in detail in one separate chapter. Benign processes can also
affect the bone marrow, such as diseases of the reticuloendothelial system,
anemias and marrow insufficiency. Osteonecrosis and bone marrow infarction
is another common clinical problem in musculoskeletal imaging which will be
presented in detail. It has to be differentiated from bone marrow edema syn-
dromes which may have multiple underlying causes. Bone marrow changes are
frequently found in acute and chronic trauma and their patterns are often
specific for a particular type of injury. Infective and non infective bone marrow
diseases have to be differentiated from bone marrow edema syndromes. At the
end technical aspects and new techniques for bone marrow imaging in MRI,
such as diffusion and perfusion as well as contrast media application are
discussed.

We hope that this book will aid in clinical practise and can aid in patient
care. We want to thank all contributing authors, who are internationally known
experts in their field, for their great efforts and for their outstanding contri-
butions. We would also like to acknowledge the continuous support and
encouragement by Springer.

Andrea Baur-Melnyk
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Histology of Normal Bone and Bone
Marrow, and Their Main Disorders

Reiner Bartl

Contents

Abstract
The unique attraction of a bone and bone marrow

1 INtroduction..........c.ococveemriniieeeieneieeerneirecenensenes 3 biopsy is that it allows direct visualisation of bone
2 Biopsy of Bone and Bone Marrow ....................... 4 and its cells, as well as the bone marrow, i.e.,
2.1 BiOPSY SILES wevvurueurvreeaiiiierieiseieeseisiessessesesseseseensenans 6 haematopoiesis and all elements of the stromal
2.2 Biopsy Needles.......ccocviriinirieniinienienieeieieeeeeeee 6 compartment. The trephine blopsy has also some
3 Normal Bone and its Main Disorders................... 10 main advantages over the aspirate specimens. The
3.1 BONE SHUCUTE ..ovcveemeeeereeeerseeeseneessceseseceieseeenioeens 10 most important is to enable examination of the
3.2 Bone Cells....cccooiiiiiiniiiinicicceeecceeeee 12 topographic distribution of the cellular constituents
4  Normal Bone Marrow and its Main Disorders... 13 of the marrow, their relationships to the bone
4.1 Definition and BlOlOgy .............................................. 13 trabeculae and an absolute assessment of cellular-
4.2 Age-Related Changes and Marrow Cellularity 13 . s . .
. ity. Furthermore in diseases which produce fibrosis,
4.3 Topography and Bone Marrow Architecture ... 14 X R
4.4  Cellular Constituents of the Marrow ..............cco...... 14 an aspirate often fails to produce an adequate
. . diagnostic specimen (a “dry tap”). The procedure
5  Metastatic Bone Disease...................cccocociinn 19 . . . « . sy
5.1 Mode of Spread of Metastases.. 19 of taking a trephine biopsy (“Jamshidi needle”) is
5.2 Pitfalls in Histological Diagnosis ...........coo..ccoovvernon. 20 relatively simple and is accomplished without
Literature.............ccoooiiviiiiniiiieieeeeeeeeee e 20 Comp.hcatlons mn th.e vast majorllty of Cases'. MOdem
techniques of fixation, embedding and staining for
conventional histology as well as immunohistology
and histomorphometry enable accurate assessment
of bone and bone marrow structure, architecture
and cells. Today bone and bone marrow biopsies
are widely used for investigation of unclear and
malignant conditions of bone and bone marrow.
1 Introduction
Magnetic resonance imaging (MRI) is a worldwide
used radiological method which has the advantage of
displaying directly the bone marrow and its compo-
R. Bartl () ) nents. Fat as well as water bound protons deliver the
Center of Osteoporosis, MR It off he ad
Kaufingerstr. 15 5. OG, contrzflst on sequences. t_o ers t €a vantggei to
80331 Munich, Germany examine the bone marrow without ionised radiation
e-mail: Reiner.Bartl @osteologie-online.de
A. Baur-Melnyk (ed.), Magnetic Resonance Imaging of the Bone Marrow, Medical Radiology. Diagnostic Imaging, 3

DOI: 10.1007/174_2011_442, © Springer-Verlag Berlin Heidelberg 2013



R. Bartl

Fig. 1 Anatomy of the pelvis
at the level of the usual biopsy
site (manual trephine).
Biopsies up to 6 cm can be
taken safely. The iliac bone at
the biopsy site is enclosed and
protected by groups of broad
muscles. Arteries, veins and
nerves in the pelvis are
located at a safe distance

Spina iliaca

Spina iliaca ant. sup.

and is especially suited to screen the complete bone
marrow in a whole body approach. The bone marrow
is one of the largest organs of the body. MRI offers
the possibility of identifying both haematopoietic and
fatty bone marrow, as well as inflammatory and
neoplastic infiltrates. It is the method of choice for
demonstrating myeloma, lymphoma and metastases,
as well as localised oedematous processes. However,
the limitations of MRI in these disorders are well
known, particularly the difficulties of the detection of
a small amount of pathologic cells and the limitation
of specificity of MRI. A wide variety of haematologic
and osseous disorders can produce similar abnor-
malities in MRI. The combination of MRI and his-
tology is attractive by selecting the ideal puncture
site. It is reasonable to take a biopsy:

e When the diagnosis is in doubt,

e When confirmation is sought of a specific process,
e When further categorisation is required for thera-
peutic decisions, and

When follow-up and monitoring of therapy is
necessary.

2 Biopsy of Bone and Bone Marrow

In recent years there has been a great increase in the

number of bone and bone marrow biopsies (BMB)

taken because the indications have broadened in

direct proportion to improvements in

e Biopsy needles

e Methods of processing and therefore diagnostic
reliability and

e The number and range of additional investigative
techniques available and applicable to bone and
bone marrow sections.

Consequently, the indications for taking biopsies
have increased especially in internal medicine, hae-
matology, oncology and osteology. Biopsies can be
obtained from patients of all ages, and therefore the
differences in skeletal structure and bone marrow in
different bones, as well as the age-related alterations
in both osseous and haematopoietic components must
be taken into account, particularly with respect to
histomorphometric measurements.
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Fig. 2 Bone and marrow
biopsy instruments. a Types
of manual trephines and
aspirate needle. b Biopsy and
aspirate taken with them

Fig. 3 Systematic evaluation
of bone and bone marrow
components and structures in
iliac crest biopsies. The four
topographic regions of the
biopsy and their approximate
sizes are: (1) Cortical space
2 mm, (2) Subcortical region
4 mm, (3) Central region
4-8 mm and (4) “Deeper”
region 4 mm

e e S B M s

Topography
(x 250)

Bone unit

Cells (x 1000)




6 R. Bartl
Table 1 Histomorphometry Variables Mean value (SD) Dimension
of bone and bone marrow"

Haematopoietic tissue 40(9) Vol %

Fatty tissue 28(8)

Trabecular bone 26(5)

Osteoid 0.3(0.2)

Sinusoids 4.5(2.1)

Lymphocytes (diffuse) 20(12) fmm?

Mast cells 2(1)

Megakaryocytes 8(4)

Macrophages (containing iron) 16(10)

Plasma cells 21(18)

Lymphoid nodules” 2 %

Arteries 3(4) /100 mm?

Arterioles 26(18)

Capillaries 101(61)

Sinusoids 1700(825)

Osteoblastic index (OB)° 5(5) %

Osteoclastic index (OC)¢ 4(3) /100 mm

? These values are derived from 158 biopsies of healthy individuals

® When present (seen more in older individuals)

¢ OB = percentage of trabecular circumference covered by cuboidal osteoblasts
4 0C = number of osteoclasts per 100 mm trabecular circumference

2.1 Biopsy Sites

In determining the choice of site, four main consid-

erations apply:

e It should easily be accessible, involving a minimum
of trauma and danger to the patient

e [t should contain cortical and trabecular bone

e It should provide representative bone structure and
turnover, and contain red haematopoietic marrow

e Repeat biopsies with minimal variability should be
possible at this site.

The posterior iliac crest is the preferred site from
which bone marrow biopsies are obtained under local
anaesthesia (Fig. 1). But BMB can also be obtained in
the operating theatre under radiological guidance
from almost any skeletal area, depending on the
indications and the diagnostic requirements. There are
differences in the amounts of cortical and trabecular
bone and marrow in different regions of the ilium, but
these have no practical significance. Likewise, the
proportion of bone, haematopoiesis and fat vary in
different parts of the skeleton containing the red

marrow, but the basic constituents are the same. For
example, the volume percentages of trabecular bone
are less, and those of the marrow cavities are greater
in sternum and vertebral bodies than in the ilium.

2.2 Biopsy Needles

e The needle most commonly used (especially by the
haematologist) is the 11-8 gauge “disposable”
needle (“Jamshidi needle”) which provides biop-
sies 2 mm in diameter while the length varies
(1-6 cm) according to the depth to which the
needle is introduced in the posterior iliac crest
(Fig. 2a, b).

e The transilial needle used for horizontal cortex-to-
cortex biopsies, 8 mm in diameter and taken from the
anterior iliac crest is often used by the osteologist.

e The electric drill used for vertical biopsies from the
anterior iliac crest is used by some clinicians when
the bone is expected to be very soft or very hard
and is suitable for histomorphometric requirements.
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Table 2 Normal range of histomorphometric values at different skeletal sites (mean + SD)

Skeletal sites

Parameters Abbreviation  Units Anterior
iliac crest

Bone structure

Bone volume BV/TV % 22 +4

Bone surface BS/BV mm?/ 2.8 £0.7
mm?>

Trabecular TB.Th pm 175 + 42

thickness

Mineralisation

Osteoid volume  OV/BV % 25+£22

Osteoid surface ~ OS/BV mm?/ 0.6 + 0.4
mm?®

Osteoid O.Th pm 4.1 +34

thickness

Bone cells

Osteoclasts N.Ocl/B.Ar per mm® 1.0 &+ 0.9

Osteoblasts N.Obl/B.Ar per mm® 2.5+ 1.8

Lining cells N.Lin/B.Ar per mm* 2.0 + 1.3

Osteocytes N.Ocy/B.Ar  permm® 32+6

Blood vessels

Arteries N.Ar/M.Ar  permm®> 0.4 + 0.4

Arterioles N.Aio/M.Ar  per mm®> 13+ 04

Capillaries N.Cap/M.Ar  per mm®> 17 +5

Sinusoids N.Sin/M.Ar per mm®> 33 £ 7

Endosteal ESV/TV % 20+ 13

sinusoid volume

Stroma

Fatty tissue FV/MV % 26 + 8

volume

Mast cells N.Mas/M.Ar ~ per mm®> 2.3 + 1.8

Plasma cells N.Pia/M.Ar  per mm®> 30 & 12

Haematopoiesis

Haematopoiesis ~ HV/MV % 60 £ 6

volume

Megakaryocytes ~N.Meg/M.Ar  per mm® 14 =+ 4

Posterior Lumbar Sternum Calcaneus  Radius
iliac crest vertebra

22+ 4 16 + 4 15+4 20+ 6 19 £5
26+ 0.8 23+£06 27+06 35+08 32+18

181 & 40 178 =48 155 £42 157 £50 161 + 44

28 £21 23+18 16+18 17+14 13+09
0.6 +04 05+03 04+04 03+£02 0403

4.6 £33 54+21 49+£35 40+30 35£36

09+ 0.7 09+£07 10+08 05+04 0402
32+ 1.1 2614 4116 22+£1.1 1.3+04
19+£1.0 2011 18+10 08x06 09=+03
30£5 24+ 6 25+ 6 32+7 28+ 6

05+03 06+04 05£05 05+04 04£04
14 £0.5 14+£06 14+£09 14£10 12+£09
16 £5 16 £5 16 £5 11 £3 11 +£4
35£8 36 £ 9 36 £ 8 11 +4 11£5
21+ 14 22+14 23+11 1809 18+1.0

25£6 23 +£7 28 £ 19 96 £+ 4 9 £ 5

22+19 3731 19+28
29 + 10 31 £ 24 29 £+ 14 0

62 £ 7 64 £ 7 61 £ 38 0 0

13+4 15 +£8 16 £ 7 0 0

TV = Total volume, BV = Bone volume, MV = Marrow volume, B.Ar = Bone area (2D), M.Ar = Marrow area (2D).
Histomorphometry was performed in collaboration with Dr B. Mallmann

Once the sterile pad is removed, an aspiration
needle is introduced, preferable at about 1 cm
from the spot where the bone marrow biopsy was
taken, and marrow is aspirated into sterile test
tubes with the appropriate anticoagulant or culture
media.

Biopsies may be cut and pieces used for different
purposes: fixation for both plastic and paraffin
embedding, and fresh frozen for cryostat sections and
immunohistology. In this survey on bone and bone
marrow histology the following stainings were used:
Giemsa, Gomori and Ladewig.
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Histology of Normal Bone

Fig. 4 Normal bone and bone marrow biopsy. a Cut surface of a bone marrow biopsy showing compacta, trabecular network and
intertrabecular spaces. b Trabecular node consisting of parallel layers of collagen fibrils. These lamellae ensure flexibility of bone

Fig. 6 Osteomalacia with abnormal bone mineralisation (vita-
min D-deficiency). The trabecular bone volume is not
increased, but extensive broad osteoid seams (red) are present

2.2.1 Biopsy Evaluation

A systemic survey is made, beginning with a scan of
the whole biopsy section at low power and ending
with examination at high power, under oil if neces-
sary, of individual cells and structures (Fig. 3).

Fig. 7 Osseous remodelling with balance between osteoblastic
bone formation (right) and osteoclastic bone resorption (left)

Though this book is concerned with the bone marrow
it is important to consider the bone and bone marrow
together as a single system because alterations in the
one are almost invariably accompanied by changes in
the other. Diagnostic evaluation is made in the first
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Fig. 8 Bone cells. a Layer of osteoblasts and paratrabecular sinus, with presence of two osteocytes in the osteoid seam. b Active

osteoclast on bone with “ruffled border”

Fig. 9 Marked osteitis fibrosis generalisata, with destruction of
trabecular network (dissecting osteoclasia) and extensive parat-
rabecular fibrosis in a young patient with renal bone disease

instance with respect to the histological and histopa-
thological findings and, where appropriate, immuno-
histological results. Then, taking account of the
patient’s clinical status and the results of other diag-
nostic procedures (CT, MRI, scans), and thirdly
together with the peripheral blood picture and the
smears of the bone marrow aspirate. Occasionally
chromosome analysis, enzyme and marker studies are
useful in the confirmation of a diagnosis.

2.2.2 Histomorphometry

Quantitative histology comprises three main types of
primary measurements, expressed in three-dimen-
sional terminology: volume surface and thickness.
Number, the fourth type of primary measurements can
only be expressed two-dimensionally, if serial sections
are not examined. Other rare sophisticated parameters
can be derived from combinations of these primary

Fig. 10 Paget’s disease of bone with cement lines and active,
partly nucleolated osteoclasts (left)

variables. The main variables we used are summarised
in Table 1. The normal values given for different
skeletal sites are derived from post-mortem biopsies
taken with the electrical drill from 100 normal subjects
who died suddenly but had no evidence of bone or
marrow disease (Table 2). We also investigated age-
related changes of bone and bone marrow in posterior
iliac crest biopsies. The most important histomor-
phometric parameters are given in Table 3.

3 Normal Bone and its Main
Disorders
3.1 Bone Structure

The ilium along with other flat bones consists of an
outer frame—the cortex—and an interior network of
ossicles—the trabecular, spongy or cancellous bone
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Fig. 12 Aplastic anaemia with oedema and absence of hae-
matopoietic cells

Fig. 13 Haemolytic anaemia with massive hyperplasia of
erythropoiesis

(Fig. 4a, b). Undecalcified biopsies embedded in plastic
are the most suitable for bone and its cells and for
histomorphometry. About 80% of the total bone
volume is cortical compact bone and about 20% is
cancellous bone. Over 90% of compact bone consists
of matrix and <10% is soft tissue. Bone matrix

Fig. 14 Histotopography of normal haematopoiesis in the
bone marrow: In bone marrow sections the erythroid precursors
usually appear in small clusters, “erythrons”. Megakaryocytes
are present in relatively small numbers, but are prominent
because of their size. Histotopographically erythrons and
megakaryocytes are associated with the central marrow sinu-
soids, early granulopoietic precursors are situated in proximity
to the trabeculae and the arterial vessels, while the more mature
granulocytes are located in the central intertrabecular regions

consists mainly of fibres of collagen type I and the
amorphous ground substance between them contains
proteins and proteoglycans specific for bone. About
65% of normal bone is mineral, mainly hydro-
xyapatite. Osteons are the functional units of compact
bone. They are cylindrical structures composed of
concentric layers (lamellae) of bone disposed around
a central canal within are capillaries and venules.
Osteons are the units responsible for the maintenance
and remodelling of cortical bone. Trabecular bone
refers to the honeycomb of bones that partitions the
space enclosed by the cortical bone and which is lined
by the endosteum. Most trabeculae are <0.2 mm thick
and consist of segments formed by parallel layers—
lamellae. About 10% of the trabecular surface is
covered by osteoid.
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Fig. 15 Schematic representation of architectural disorganisa-
tion in myelodysplastic syndrome (MDS): on the left normal
architecture of the bone marrow, with granulopoietic precursors
at endosteal surface, erythrons and megakaryocytes around the
central sinusoids. In MDS there is topographic distortion, with
precursors of the three cell lines found in all marrow regions.
There is no stromal organisation

Main disorders of bone mass and structure
(Figs. S5a—c, 6): Osteoporotic syndrome, osteogenesis
imperfecta, osteosclerosis, osteopetrosis, osteomalacia

3.2 Bone Cells

Osseous remodelling is characterised by the presence
of osteoclasts in the scalloped niches (Howship’s
lacunae) and by a row of cuboidal osteoblasts on a
layer of osteoid (unmineralised bone) is often present
in the subcortical regions even when the deeper can-
cellous bone is almost devoid of it. There is a delicate
balance between bone formation and resorption of
bone in which highly complex regulatory mechanisms
are involved (Fig. 7).

3.2.1 Osteoblasts

These are the cells that produce bone matrix. They
arise out of progenitor cells in the stroma of the bone
marrow and also from the endosteal lining cells of the
endosteum. When activated they become cuboidal,
and fibres and blood vessels in the vicinity appear
more prominent (Fig. 8a, b).

", -‘%‘i?i% -

: 'f;-)‘.! .'.r.ni{s'_ P

Fig. 16 Polycythaemia vera with almost complete replace-
ment of the fat cells, and hypercellular erythropoiesis and
megakaryocytes around the hyperplastic sinusoids

Fig. 17 Acute myeloid leukaemia in hypercellular marrow
showing exclusively immature myeloid precursors

3.2.2 Osteocytes

Following deposition of osteoid and its mineralisa-
tion, the osteoblasts in that layer are enclosed and
embedded in their own matrix and thus become
osteocytes with lacunae whose processes connect by
means of the canaliculi with those of other osteocytes
and with the osteoblasts on the surface of the bone.

3.2.3 Osteoclasts

These are cells that resorb bone. They are multinu-
cleated giant cells and range from 20 to 100 pm in
diameter and may have 2-100 nuclei. Osteoclasts
derive from the monocytic system and are formed by
cell fusion. They are found on the trabecular and
cortical surfaces in erosion cavities. The average life
span of a labelled nucleus in osteoclasts is 11 days.
Deregulated and overactive osteoclasts are the main
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Fig. 18 Systemic
mastocytosis in the bone
marrow. a Multiple
paratrabecular mast cell
granulomas with osteolytic
lesion (right). b Perivascular
mastocytosis

Fig. 19 Osteomyelosclerosis in case of PV with megakaryo-
cytic hyperplasia (right)

cause of nearly all osteopathies (about 90%), such as
osteoporosis (systemic) or osteolysis (local). There
are only two osteopathies in which increased osteo-
clastic activity is primarily not involved: osteopetrosis
and osteomalacia.

3.2.4 The Concept of Bone Remodelling
Remodelling involves a balanced sequence of
resorption and formation. Overall, 5-10% of the
existing bone is replaced annually, though the
turnover of trabecular bone is probably nearer
20%. Remodelling is not uniform and varies
greatly throughout the skeleton. A complete tra-
becular remodelling cycle takes about 200 days,
and there are about 35 million basic multicellular
units (BMUs) operative at any given time in the
skeleton.

Main disorders of bone remodelling (Figs. 9,
10): Osteitis fibrosa generalisata, subtype of renal
bone disease, Paget’s disease
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4 Normal Bone Marrow and its Main
Disorders
4.1 Definition and Biology

The term “bone marrow” is generally used to refer to
the tissue occupying the cavities between the trabec-
ular bone. Normal marrow is either red, containing
the haematopoietic elements, or yellow, composed
mainly of adipose tissue (fat cells). In the adult, red
marrow is found in the cavities of the skull, sternum,
scapulae, vertebrae, ribs, pelvic bones and the proxi-
mal ends of the long bones. The red marrow is the
organ that produces the mature blood cells, which
have a finite life span and must be constantly
replenished. The weight of the bone marrow is about
1600-3700 g, approximately the same as that of the
liver. Why haematopoiesis in the adult is normally
confined to these bones is not clear. A continuous
supply of precursor cells is provided by the pluripo-
tent stem cell compartment capable of self-renewal
and having the ability to differentiate into the pro-
genitor cells committed to erythro-, granulo-, mono-
and megakaryopoiesis. The bone marrow is also a site
for lymphopoiesis and maturation of plasma cells.

Main disorders of the pluripotent stem cell
system: Aplastic anaemia, myelodysplastic syndrome,
myeloproliferative syndrome

4.2 Age-Related Changes and Marrow

Cellularity

With advancing age there is a reduction in the trabecular
bone volume (osteopenia) and the numbers of associated
endosteal cells, osteocytes and paratrabecular sinusoids.
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Fig. 20 Storage disorders.
a Morbus Gaucher.
b Hereditary oxalosis

Haematopoietic tissue is also decreased, accompanied
by an increase in fat cells (hypoplasia, hypocellular-
ity) (Table 3), particularly in the subcortical regions.
However, there is great individual variability in these
age (and sex)-related changes. In addition, other cells
normally present in the bone marrow, such as lym-
phocytes, plasma cells and mast cells, may show
increases in the bone marrow of older people. Stromal
changes are also found: increase in fibers and changes
in walls of blood vessels especially sclerosis.

Main disorders of marrow cellularity
(Figs. 1la—c, 12, 13): Aplastic anaemia, anaemias
with hyperplastic marrow (haemolytic anaemias)

4.3 Topography and Bone Marrow

Architecture

The haematopoietic tissue is distributed in the marrow
spaces in the extravascular compartment. Erythro-
poietic islands (“erythrons”) and megakaryocytes are
associated with the marrow sinusoids in the central
regions of the marrow cavities, early myeloid pre-
cursors lie close to the endosteal surfaces and to the
arterioles, while the more mature forms of the gran-
ulocytic series are also found in the central intert-
rabecular areas (Fig. 14). Alterations and variations
of this topography are especially prone to occur in
hyper- and hypo-plastic conditions, and when osseous
or metastatic changes are present. Selective hypo-
plasia in the iliac crest has also been observed in
certain conditions such as autoimmune and bone
marrow oedema states, and it may be seen after
radiotherapy to that region.

Main disorder of marrow topography (Fig. 15):
Mpyelodysplastic syndrome, toxic damage of the bone
marrow

4.4 Cellular Constituents of the Marrow
4.4.1 Erythropoiesis
The nucleated precursors of the red cells are found in
clusters of cells exhibiting the range of maturational
sequences from the earliest recognisable proerythro-
blast to normoblast. A macrophage with long cyto-
plasmic processes is usually located in the middle of
each cluster. The myeloid—erythroid ratio is 1.5:1-3:1
in BMB.

Main disorders of erythropoiesis (Fig. 16):
Polycythaemia vera, anaemias with disturbances of
maturation and prolifertion in the bone marrow

4.4.2 Myelopoiesis—Granulocytes
The granulocytic series consists of neutrophils,
eosinophils and basophils. The paratrabecular regions
constitute the granulocytic generation zones, but
precursors are also scattered throughout the rest of the
marrow. Mature granulocytes migrate through the
endothelium into the sinusoids.

Main disorders of granulopoiesis (Fig. 17): Acute
and chronic myeloid leukaemias, agranulocytosis

4.4.3 Mast Cells—Basophils

These are best recognised in plastic embedded biop-
sies (Giemsa staining). Mast cells lie adjacent to the
endothelial cells of sinusoids, at the endosteal surface
of the trabecular bone and at the edges of lymphoid
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Fig. 21 Lymphoid nodules. a Non-neoplastic, large lymphoid
nodule (about 0.4 mm in diameter) occupying much of the
marrow space. b Neoplastic lymphoid nodule in the

paratrabecular region in a case of low grad lymphoma.
Immunohistology showing exclusively B cells

Fig. 22 Topographic significance of reactive and neoplastic
plasmacytosis. a Reactive with mature plasma cells located
around small blood vessels. b Neoplastic with random

Fig. 23 Multiple myeloma with predominantly paratrabecular
infiltration and high osteoclastic activity. Marked marrow
atrophy in the central part of the marrow space

interstitial infiltration among fat cells, an important diagnostic
parameter in early stage of myeloma

aggregates. They may be increased in infections, bone
marrow oedema syndromes and occur as reactions to
drugs.

Main disorders of basophils and mast cells
(Fig. 18a, b): Basophilic leukaemias, mastocytosis

444 Megakaryocytes and Thrombopoiesis

These are the largest cells normally present in the
bone marrow. Their size ranges from 12 to 150 pm
and show considerable variation in shape as well as in
nuclear configuration. Three stages of maturation are
recognised: megakaryoblast, promegakaryocyte and
mature megakaryocyte. Megakaryocytes typically
project into the sinusoids and the platelets are shed
directly into their lumina.
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Fig. 24 Bone marrow
oedema syndrome. a With
marked oedema in the marrow
space and loss of
haematopoietic as well as fat
cells. b Moderate fibrosis

Fig. 25 Massive fibrosis and woven bone in a patient with
bone metastases (prostate cancer)

Vein \

Fig. 26 Large blood vessel accompanied by nerve (lower
right)

Fig. 27 Large artery and nerves (lower right) in the bone
marrow

Main disorders of megakaryocytes (Fig. 19):
Idiopathic ~ thrombocythaemia, myelofibrosis/oste-
omyelosclerosis, Werlhof’s syndrome

4.4.5 Monocytes, Macrophages and
Iron-Containing Reticular Cells
Monocytes (though produced in the bone marrow) are
not often encountered, even in optimal histological
sections. They are recognised in greater quantities in
immune histology than in conventionally stained
sections. Macrophages appear to be a heterogeneous
population and form part of the reticuloendothelial
system, which is responsible for the breakdown of

senescent red cells and the storage of iron.

Main disorders of monocytes and macrophages
(Fig. 20a, b): Monocytic leukaemia, storage disor-
ders, granulomatous disorders, infectious disorders,
iron overload
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Fig. 28 Vascular disorders.
a Calcified wall of blood
vessel in a patient with
primary HPT. b Blood vessel
with deposition of amorphous
material in their walls
(amyloidosis)
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Fig. 29 Initial stages of process of establishment of metastases
in the bone marrow. a Dissemination of tumour cells in the
marrow (immunohistology) and beginning adhesion to the

Fig. 30 Massive osteoclastic destruction of bone induced by
cancer cells in the bone marrow

4.4.6 Lymphocytes and Lymphopoiesis

Lymphoid cells may constitute up to 15-20% of
the nucleated cell population of the bone marrow. On
immunohistology, most are T cells, reflecting the
proportions in the peripheral blood. They are dispersed
among the haematopoietic and fat cells, or aggregated

surface of the bone. b Tumour cell embolus in a sinus of the
bone marrow and on the surface of a trabecula. ¢ Development
of a micrometastasis with induction of stroma and vessels

as lymphoid nodules, whose incidence increases with
age. Such nodules are found in 1 to >40% of bone
marrow biopsies with the higher incidence in the
older age groups. On immunohistology the nodules
consist of a heterogeneous population of T and B cells,
though mainly T cells. Four configurations of lymphoid
aggregates have been described:
Nodules with germinal centres
Sharply demarcated nodules (Fig. 21a)
Nodules with irregular borders, and
Small aggregates of lymphoid cells.
In benign conditions, lymphoid nodules are found
mainly in the intertrabecular (central) and perivascu-
lar regions.

Main disorders of lymphocytes (Fig. 21b): Acute
and chronic lymphoid leukaemias, malignant
lymphomas

4.4.7 Plasma Cells
These belong to the normal cell population of the bone
marrow and represent the final developmental stage of
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Osteosclerosis 10%

Woven bone 25%

Fibrosclerosis 2%

Fig. 31 Histologic types of osseous reactions near the metastases

the B cell lineage. They constitute about 1% of the
nucleated cells of aspirates of normal adult marrow,
with a range of 0.5-4.0%. Plasma cells are equally
distributed throughout the red marrow with no signifi-
cant differences between skeletal sites. These data
imply that there are >100 million plasma cells in the red
marrow, producing >90% of the serum immunoglob-
ulins. Plasma cells are normally found in close appo-
sition to capillaries and small vessels as well as singly
and in clusters of two or three within the bone marrow.

Main disorders of plasma cells (Figs. 22a, b, 23):
Multiple myelomas, MGUS

4.4.8 Stromal Cells

The stroma provides the supporting framework for
haematopoiesis and is supported by the reticular cells,
fat cells, fibroblasts and their fibrils and by the exten-
sive network of blood vessels, including the sinusoids
and their accompanying nerves. Together, these com-
ponents constitute the bone marrow haematopoietic
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microenvironment. Adhesion molecules are responsi-
ble for stem cell adherence to stromal cells. Fat cells
occupy about one-third of the marrow volume in the
iliac crest biopsy. They serve as a supporting, filling
and metabolic function. There are close associations
between the mesenchymal elements—the endothe-
lium, the adventitial cells, fibroblasts and osteoblasts,
and the endosteal lining cells as well as macrophages.
Fibroblasts produce the reticular fibres of which the
normal bone marrow has few, mainly in association
with blood vessels and endosteum.

Main disorders of the bone marrow stroma:
Toxic damage and radiation of the bone marrow

4.4.9 Extracellular Matrix
This consists of a variety of components, produced by
the stromal cells. These proteins include adhesion
molecules, collagen, fibronectin, proteoglycans as
well as growth factors.

Main disorders of the extracellular compart-
ment (Fig. 24a, b): Bone marrow oedema syndrome

4.4.10 Fibres

The normal bone marrow contains only thin reticular
fibres near bone and blood vessels best visualised by
the Gomori stain. They mainly consist of collagen

type III.
Main disorders of fibres (Fig. 25): Myelofibrosis
and osteomyelofibrosis  (myeloproliferative  syn-

drome), inflammatory-associated fibrosis of the bone
marrow, metastatic- induced fibrosis of the bone
marrow (e.g. in prostate cancer)

4.4.11 Blood Vessels and Nerves

The medullary arteries enter via the cortical bone and
branch within the marrow and the trabeculae,
accompanied by nerves. The smaller branches divide
into arterioles and then into capillaries which fre-
quently have a cuff of plasma cells around them, and
lead into the sinusoids (Fig. 26). These form a system
of channels of variable width and length whose walls
consist of a single layer of endothelial cells. The
sinusoids in turn drain into the periosteal veins.
Nerves are rarely found, and occasionally may be
seen next to blood vessels or in the periosteum
(Fig. 27).

Main disorders of blood vessels (Fig. 28a, b):
Arteriosclerosis, vasculitis, amyloidosis

5 Metastatic Bone Disease

5.1 Mode of Spread of Metastases
Evidence has accumulated that any primary malignant
tumour has the ability to spread as soon as it is
established and has access to lymphatic and blood
vessels. The sinusoidal system of the red marrow is
lined by a thin endothelial layer, has no tight junctions,
and has a low perfusion rate but large blood flow thus
facilitating passage of tumour cell emboli into the
extravascular space. Moreover, the haematopoietic
and stromal cells of the bone marrow probably provide
the tumour cells with growth factors, including adhe-
sion molecules required for their survival, establish-
ment and expansion. Since bone and bone marrow
have no lymphatics, metastatic cells reach the bone
marrow via the blood stream or by contiguous spread.
Bone metastases start in the red bone marrow. The
incidence of involvement of the thoracic and lumbar
spine and pelvis is statistically equal, 70% each, due
not only to their anatomical mass, but also to the role
of the vertebral venous system in conveying metasta-
ses to the bones, especially retrograde flow in Batson’s
vertebral plexus. Other bones are less frequently
affected. The complex series of interactions between
cancer cells and host tissue (bone marrow) may be
summarised as follows (Fig. 29a—c):

e Invasion of blood and lymph vessels at site of
origin, and single cells or clusters split off into the
circulation (sinusoid system) (“tumour cell
emboli”)

e Extravasation out of the blood stream into the
interstitium (using collagenases) (“tumour cells in
the bone marrow”)

e Adherence to stromal tissues (by adhesion mole-
cules) (“fixed tumour cells” in the bone marrow,
especially in the paratrabecular regions)

e Growth with induction of connective tissue
and blood vessels (by growth factors) (birth of
“micrometastases” in the bone marrow)
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e Osseous reactions with bone destruction (osteolys-
es/osteoporosis) and/or formation (osteosclerosis/
woven bone) (“bone metastases™). Osteoclastic
bone resorption and osteoblastic bone formation is
stimulated by cytokines produced by the neigh-
bouring tumour cells (Fig. 30).

Five different histologic patterns can be distin-
guished in bone marrow biopsies: normal, osteopo-

rosis/osteolysis, mixed, trabecular sclerosis and
woven bone (Fig. 31).
Main primary tumours developing bone

metastases: Breast cancer, prostate cancer, bron-
chogenic cancer, renal cancer

5.2 Pitfalls in Histological Diagnosis

The most important pitfalls in histological diagnosis

are

e Histological variation within the biopsy: subcorti-
cal hypoplasia, alternating fatty and hyperplastic
areas in deeper parts of the biopsy

e Non-representative tangentially taken biopsies

e Presence of misleading artefacts. Pieces of epider-
mis, muscles, cartilage and blood clots

e Swelling or shrinkage of cells due to inadequate
fixation, embedding or staining.
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MR imaging for the assessment of the entire body. It
is frequently the radiologist’s cornerstone to decide
whether imaging findings are normal or abnormal and
to differentiate between clinically significant or non-
significant fortuitous findings. This challenge is
extremely common in routine clinical practice given
the high sensitivity of MR imaging for the detection
of subtle focal marrow changes that are frequently
clinically irrelevant. The purposes of this chapter are
to focus on basic imaging principles of MR imaging
of the bone marrow and to highlight the normal MR
appearance of the bone marrow, normal variants, and
frequent marrow alterations including benign bone
tumors and hamartomas that can simulate significant
lesions.

growth and until adulthood (Fig. 1). At birth, red
marrow occupies almost the entire skeleton (Vogler
and Murphy 1988). It progressively converts to yel-
low marrow, starting distally in the limbs and cen-
trally in the long bones (Cristy 1981). Reconversion
of yellow to red marrow can occur in case of demand
of more hematopoietic cells. In this case, the central
red marrow becomes more cellular. In other words, it
contains less fat cells. Simultaneously, red marrow
expands in the peripheral skeleton and progressively
replaces yellow marrow. These changes occur in a
well-organized and predictable manner probably
related to the underlying vasculature of each con-
cerned bone area.

2 Anatomy and Physiology
of Normal Bone Marrow

Red and yellow marrows that occupy the medullary
cavity of the adult human skeleton differ in compo-
sition and distribution (Vogler and Murphy 1988;
Vande Berg et al. 1998a) (Table 1). Red marrow
contains about 50% of fat cells and 50% of hemato-
poietic cells embedded in a network of highly per-
meable sinusoids. The relative proportion of fat and
non-fat cells varies with age and sex (Cristy 1981). It
also depends on the bone considered and on the
anatomic region of each individual bone. In adults,
red marrow occupies the cranial vault, the spine, the
ribs, the sternum, the pelvic region and the proximal
aspects of the femur and humerus.

Yellow marrow almost exclusively contains fat
cells and very few capillaries (Vogler and Murphy
1988; De Bruyn et al. 1970; Weiss 1965). In adult
humans, it is mainly found in the appendicular skel-
eton. All long bones epiphyses contain yellow mar-
row, except the proximal ends of the humeri and
femurs, mainly in women, in whom red marrow is
frequently observed at MR imaging located adjacent
to the subchondral bone plate (Vande Berg et al.
1997; Mirowitz 1993).

The possibility of red marrow to convert to yellow
marrow and, reversely, of yellow marrow to transform
into red marrow is a remarkable feature of bone
marrow (Vogler and Murphy 1988; Vande Berg et al.
1998a; Weiss 1965). Conversion of red to yellow
marrow occurs as a physiological process during

3 MR Sequences for Imaging
of the Bone Marrow

3.1 T1- and T2-Weighted SE Sequences

The T1-weighted SE sequence is the most important
sequence for bone marrow imaging simply because it
is extremely accurate (high sensitivity and specificity)
for the depiction of lipids that are contained within
the adipocytes of both red and yellow marrow (Vogler
and Murphy 1988; Vande Berg et al. 1998a). Many
reasons account for the unparalleled robustness of the
SE T1-weighted sequence for the assessment of the
bone marrow (Table 2). First, it is the only MR
imaging sequence for which a reliable criterion for
signal normality of the red marrow has been described
and consistently validated (Vogler and Murphy 1988;
Carroll et al. 1997; Levine et al. 1994; Vande Berg
et al. 1998b; Hanrahan 2011) (Fig. 2). Second, it is
sensitive to focal alterations in marrow content that
are observed in the vast majority of marrow lesions
and it can be used to categorize these lesions (Vande
Berg et al. 1998b). Third, it is widely available in all
imaging centers. Finally, it shows limited variability
over time and among magnets of different vendors.
However, two significant weaknesses of the
T1-weighted SE sequences must be stressed, keeping
in mind its sensitivity and specificity when imaging
fat. First, the T1-weighted SE sequence lacks speci-
ficity when categorizing a bone marrow lesion
because it only depicts the disappearance of marrow
fat and not the appearance of abnormal cells that
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Table 1 Composition and distribution of the red and yellow marrow in young adults

Red marrow Yellow marrow

Adipocytes 50% 95%

Hematopoietic ~ 50% 0%

cells

Other cells 5% 5%

Vasculature Rich network of capillaries with permeable walls Limited number of capillaries with continuous
(sinusoids) parietal membranes

Distribution Cranial vault, spine, ribs, scapular and pelvic girdle, Bones distal to the humerus and femurs, all

proximal humerus femurs

Fig. 1 Changes over years of the MR appearance of the
proximal humerus on coronal T1-weighted SE MR images from
subjects of 4-, 10- and 54 years of age. a At 4 years of age, the
metaphysis and the diaphysis of the humerus contain red
marrow that shows intermediate signal intensity and homoge-
neous signal. Normally, the red marrow signal intensity is
higher than that of adjacent muscles (criterion for signal

Table 2 Strengths and
weaknesses of the T1-
weighted SE sequence for the
assessment of the bone
marrow

Strengths

Available criterion for signal normality

Available definitions for lesion patterns

epiphyses

e

intensity normality). The humeral epiphysis contains fatty
marrow that shows high signal intensity and homogeneous
signal. b At 10 years of age, the signal intensity of the
medullary cavity has increased with respect to a. ¢ At 54 years
of age, fatty marrow is present. A thin line of low signal
intensity is located at the interface between the epiphysis and
the metaphysis (physeal scar)

Weaknesses
Lack of specificity

Overestimation of the amount of fat

Availability in all imaging centers

Reproducibility over time and among vendors

Limited artefacts
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Fig. 2 Normal vertebral marrow in a 13-year-old boy with a
lesion in the L5 spinous process. a On the sagittal T1-weighted
SE image, the signal of red marrow is homogeneous and its
intensity is higher than that of the adjacent intervertebral discs.
b On the corresponding fat-saturated intermediate-weighted
image, the signal of red marrow is homogeneous and its

simultaneously occurs in abnormal conditions (Vogler
and Murphy 1988; Vande Berg et al. 1998a). Second,
the T1-weighted SE sequence is too sensitive to the
presence of fat (Waitches et al. 1994). In other words,
in some situations, the signal intensity remains within
normal limits on T1-weighted images despite the
presence of abnormal marrow components because of
the presence of residual fat. Therefore, it is of the
utmost importance to keep in mind that even a normal
looking T1-weighted SE image of the bone marrow
does not enable to exclude discrete marrow infiltra-
tion by abnormal cells or substances.

The non-fat-suppressed T2-weighted fast SE
sequence has limited value in bone marrow imaging. It
cannot be used to check the overall normality of the

intensity is intermediate. However, it is not possible to assess
the normality of the signal intensity on that sequence. ¢ On the
corresponding T1-weighted SE image obtained after intrave-
nous injection of gadolinium, signal intensity enhancement is
moderate and homogeneous

marrow signal intensity due to the lack of internal
standard for normal signal intensity. It also has limited
sensitivity for the detection of focal bone marrow
lesions. Actually, in many marrow lesions, the amount
of water is altered in a limited and variable way. On the
contrary, the fatty content, which can be best assessed
on SE T1-weighted sequences, is rapidly modified in
any abnormal conditions. This variable behavior of fat
and water could be related to the fact that the medullary
cavity is a closed and non-expansible space that does
not allow for important volume changes. However,
the contribution of non-fat-suppressed T2-weighted
sequence in marrow lesion characterization has been
demonstrated in many conditions (Vogler and Murphy
1988; Vande Berg et al. 1998a).
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Table 3 Clinical situations
in which fat-saturated
intermediate-weighted
sequences may complement
the T1-weighted SE sequence
for lesion detection

on T1-W SE images
Multiple myeloma
Hemangioma
Treated lesions

Paget’s disease

Focal lesion with increased signal intensity

Background marrow with decreased signal
intensity on T1-W SE images

Children and teenagers
Use of marrow stimulating drugs
Serous conversion of marrow

Multiple myeloma

Two opposed situations are encountered: focal lesion with only slight decrease in signal intensity
on T1-W SE or background marrow with decreased signal intensity on T1-W SE

3.2 Fat-Saturated Sequences

Fat-saturation plays a crucial role in musculoskeletal
MR imaging. It can be used as an adjunct to fluid-sen-
sitive sequences (typically proton density- or T2-
weighted sequences) or to enhanced T1-weighted
sequences (Delfaut et al. 1999). The main added value of
fat-saturation in marrow imaging derives from an
increase in sensitivity for the detection of marrow lesions
with fluid-sensitive sequences (Table 3) due to several
reasons. First, signal intensity contrast between focal
lesions and adjacent marrow may be decreased because
of either an unusual high signal intensity of the focal
lesion or of an unusual low signal intensity of the adja-
cent marrow (Fig. 3). Second, some marrow areas are
poorly depicted on non-fat-saturated images because of
their closed proximity to the receiving coils as in the
posterior elements of the spine and they may become
more easily detected on fat-saturated images (Fig. 4).
Finally, on fluid-sensitive fat-saturated sequences,
marrow lesions consistently demonstrate high signal
intensity on a background of decreased signal intensity,
which is favorable for their detection. These observa-
tions are the rationale for the use of fat-saturation in
combination with fluid-sensitive sequences when the
sensitivity of MR imaging for lesion detection must be
optimized (Table 3); (Fig. 5). It should be kept in mind
that the T1-weighted SE sequence may not be system-
atically replaced by fat-saturated fluid-sensitive
sequences for marrow lesion detection because of the
lack of criterion for normal marrow signal intensity on
these sequences. In addition, the increase in sensitivity
for lesion detection on fluid-sensitive sequences occurs
at the expense of specificity. Actually, fat, compact bone
and fibrous tissue consistently demonstrate low signal
intensity on fat-saturated fluid-sensitive sequences
although they differ in signal on T1-weighted SE images.
Similarly, several lesion components of decreased signal
intensity on non-fat-saturated fluid-sensitive sequences

that could have contributed to lesion characterization
will be lost on the corresponding fat-saturated images
because of their intermediate or high signal intensity on
these sequences (Simpfendorfer et al. 1996, 2008).
Fat-saturation can also be used with T1-weighted SE
sequences generally after intravenous injection of gad-
olinium-based contrast material. This sequence con-
tributes to a better depiction of the enhanced tissue and of
normal red marrow enhancement. However, enhance-
ment of strictly normal fatty marrow cannot be detected
with these sequences. A drawback of the use of fat-sat-
uration with fat-saturated T1-weighted sequences may
be a decrease in specificity. For example, reappearance
of normal signal intensity on non-fat-saturated T1-
weighted images in a marrow lesion after contrast
injection has been shown to be indicative of reactional
marrow edema (Cuénod et al. 1996). This feature is not
available on fat-saturated sequences because all
enhanced areas will demonstrate high signal intensity.

3.3 Gadolinium-Enhanced MR Imaging
Red marrow is a highly vascularized tissue, thanks to the
dense network of capillaries and their high permeability.
However, its enhancement after gadolinium IV injection is
only moderate on SE T1-weighted images (Vogler and
Murphy 1988) (Fig. 2). This paradoxical observation can
be partly explained as follows: the presence of gadolinium
leads to a shortening of T1 relaxation times, explaining the
signal enhancement on T1-weighted images. Considering
that the T1 value of red marrow is physiologically rela-
tively short because of the presence of fat, the shortening of
the T1 relaxation time induced by gadolinium injection is
relatively limited and will be barely visible at visual
analysis. Quantitative techniques can help to detect the
signal enhancement of red marrow (Baur et al. 1997).
Normal fatty marrow generally shows no detectable
enhancement.
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Fig. 3 Overestimation of fat on T1-weighted images and value
of fat-saturated intermediate-weighted SE sequence. a Photo-
graph of the macroscopic section of a cadaver spine with a
vertebral hemangioma. At visual inspection, fat predominates
and surrounds sparse central dilated vessels (thin white arrow)
in the lesion’s anterior aspect (large black arrow) whereas more
vessels are detected posteriorly (thick white arrow). b On the
corresponding T1-weighted SE image, the amount of fat is
overestimated with respect to visual analysis and the lesion’s
anterior aspect seems to contain fat only (large black arrow)

Dynamic contrast-enhanced MR imaging of the nor-
mal bone marrow has gained more attention as this tech-
nique is used for the assessment of bone lesions. In several
studies, bone marrow perfusion appeared to decrease with
age (Chen et al. 2001; Montazel et al. 2003; Griffith et al.
2005) as well as with an increasing fat content (Montazel
et al. 2003; Griffith et al. 2005, 2006). More recently,
quantitative analysis of normal marrow perfusion showed
that the water/fat ratio had to be known for an accurate
interpretation of perfusion parameters (Biffar et al. 2010).

3.4 Diffusion-Weighted MR Imaging

Diffusion-weighted imaging of the bone marrow
slowly gains acceptance in the evaluation of bone
marrow even though significant variations among

and a rim of fat is seen in the lesion’s posterior aspect (thin
black arrow). Note that the central component of the lesion’s
posterior aspect (arrowhead) has a signal intensity equivalent to
that of the upper vertebral body. ¢ The corresponding fat-
saturated intermediate-weighted image seems to more closely
reflect the distribution of the fat and non-fat components with
some central components (thin white arrow) within the lesion’s
anterior aspect (thick black arrow). Note that the central
component (arrowhead) of the lesion’s posterior aspect has a
higher signal intensity than that of the upper vertebral body

techniques and results are observed in the literature
(Dietrich et al. 2009; Khoo et al. 2011). Diffusion-
weighted MR imaging is an established imaging tech-
nique in which the MRI signal intensity is influenced by
the self-diffusion of water molecules, therefore, pro-
viding information about the microscopic structure and
organization of biological tissues (Dietrich et al. 2009).
It also yields numerical variables like the apparent
diffusion coefficient (ADC) that reflects the degree
of restriction of diffusion of free water molecules
(Dietrich et al. 2001; Buyn et al. 2002; Raya et al.
2007). Typical ADCs of normal vertebral marrow
are relatively low (between 0.2and 0.5 x 107> mm ™2/
s) (Dietrich et al. 2009; Li et al. 2011). Pathological
bone marrow exhibits much higher diffusivities,
ranging from 0.7 to 1.0 x 10~° mm™?/s in metastases
as well as in malignant fractures and from 1.0 to
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Fig. 4 Strengths and weaknesses of the T1-weighted and fat-
saturated intermediate-weighted SE sequences. a On the
Sagittal T1-weighted image, at least two lesions of low signal
intensities (arrows) are detected. Other small lesions are also
visible. b On the corresponding fat-saturated intermediate-
weighted image, one lesion (arrow) is visible. The other lower

2.0 x 1072 mm™~?/s in osteoporotic or traumatic frac-
tures. A considerable overlap has been described in
several studies.

3.5 Gradient-Echo MR Imaging

The network of trabecular bone that occupies most of the
medullary space in vertebral bodies and in long bone
epiphyses is responsible for local field inhomogeneities
(Vogler and Murphy 1988). These inhomogeneities
have very limited impact on marrow signal intensity on
SE sequences but can be significant on gradient-echo
sequences. The signal of the vertebral bone marrow on

—

lesion has a signal intensity similar to that of the presumed
normal marrow and is not detected. An additional lesion (white
arrow) is detected in a spinous process. The fat-saturated
intermediate-weighted SE sequence does not replace but may
complement the T1-weighted SE sequence for lesion detection

these sequences is therefore more influenced by the
presence or trabecular bone than by its fat content. Ini-
tially, gradient-echo sequences were largely used to
complement SE sequences for the depiction of trabec-
ular bone destruction (lesion characterization).

On gradient-echo sequences, the selection of appro-
priate echo times enables to create images on which fat
and water protons are either additive (in-phase images) or
subtractive (opposed-phase images). On out-of-phase
images, the signal of water and fat null out compared to
the in-phase images. So in tissues with an equal amount of
water and fat, such as normal red marrow, the signal
intensity will drop between in-phase and out-phase
images. The disappearance of this decreases in signal
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SET1
a b

Fig. 5 Variable focal lesion conspicuity on T1-weighted SE
images. a Normally, focal lesion conspicuity is elevated
because of the marked intensity difference between the low
signal lesions and the intermediate signal marrow. b In some
situations, focal lesion conspicuity is decreased because the
lesions have relatively high signal intensity. ¢ In other

SETI1

intensity on opposed-phase images in vertebral red mar-
row reflects an imbalance between fat and water protons
which occurs in abnormal conditions (Zampa et al. 2002).

3.6 Whole-Body MR Imaging

Recent development in MR imaging techniques has
given the opportunity to image the entire body and
therefore the entire skeleton (Eustace et al. 1997).
These techniques can be combined with many
sequences including the SE T1-weighted sequence, fat-
saturated fluid-sensitive sequences and diffusion
imaging (Dietrich et al. 2010). The understanding of

Fat sat

c d

situations, focal lesion conspicuity is decreased because the
normal background marrow has a decreased signal intensity.
d In situations (b) and (c¢), fat-saturated intermediate SE
sequence may increase focal lesion conspicuity because of the
high signal intensity of the lesion and the low signal intensity of
the background marrow

marrow appearance remains unchanged with respect to
standard acquisition protocols (Dietrich et al. 2009).

3.7 Field Strengths

The development of high field strength in clinical
imaging has been the source of controversies about
the value of these high fields for MR imaging of the
bone marrow (Bolog et al. 2006; Vande Berg et al.
2005). On 3 T imagers, the signal intensity contrast
between marrow lesions and adjacent red marrow is
decreased with respect to lower field strengths (Bolog
et al. 2006). However, this limitation does not seem to
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Fig. 6 Normal vertebral marrow in a 23-year-old woman.
a Sagittal T1- and b T2-weighted spin-echo (SE) of the lumbar
spine of a 23-year-old woman shows homogeneous marrow
appearance with more fatty marrow around the vertebral veins.
As a rule, the signal intensity of the red marrow is higher than
that of the adjacent intervertebral discs on the SE T1-weighted

interfere with the accuracy of MR imaging of the
bone marrow at 3 T (Vande Berg et al. 2005).

4 MR Imaging Appearance of Normal
Vertebral Marrow

4.1 Normal Vertebral Marrow in Young

Adults

The normal vertebral marrow of young adults shows
both intermediate and homogeneous signal intensity on
both T1- and T2-weighted SE images (Fig. 2). As a
rule, the signal intensity of normal lumbar vertebral
bodies on T1-weighted SE images must be higher than
that of adjacent intervertebral disc in an adult patient
(Carroll et al. 1997). In the thoracic spine of adults,
marrow signal intensity can also be lower than that of
THE disc because of the high signal intensity of inter-
vertebral discs of the thoracic spine. On T2-weighted
SE images, it is unreliable to assess the marrow status
because of the lack of recognized internal standard with

sequence. ¢ On the gadolinium-enhanced sagittal T1-weighted
image, moderate signal intensity enhancement can be seen,
merely by noting the artefactual decrease in signal intensity of
the intervertebral disc. Enhancement percentage was 70%, as
determined on quantitative dynamic MR study (not shown)

which marrow signal intensity can be compared. On
fat-saturated intermediate- or T2-weighted fast SE
images, the signal intensity of vertebral marrow nor-
mally ranges from intermediate to moderately elevated.
After intravenous injection of gadolinium-containing
contrast material, enhancement of marrow signal
intensity is barely visible at visual inspection on T1-
weighted SE images (Fig. 2). Signal intensity
enhancement of the intramedullary and perivertebral
veins should be visible after contrast injection and can
be looked for to confirm accurate contrast material
injection. Signal enhancement becomes more obvious
on fat-saturated T1-weighted SE images or can be
quantitatively assessed by performing dynamic MR
studies (Chen et al. 2001; Montazel et al. 2003). Usu-
ally, the signal intensity of the normal marrow should
not increase by more than 35% in adults above 35 years
of age (Baur et al. 1997).

Along the spine, variations in the amount of fat can
be observed as high fat content areas can be seen in
the anterior aspects of C2 and C3 as well as in the
sacro-coccygeal region below S3.
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Fig. 7 Normal vertebral
marrow in a 44-year-old man.
a Sagittal T1- and b T2-
weighted SE of the lumbar
spine show moderate decrease
in signal intensity in the
anterior aspect of the vertebral
bodies on both sequences
(arrows). Note that the same
pattern of more cellular red
marrow distribution is present
in all vertebral bodies

There is limited variation in the appearance of
vertebral marrow among the vertebral bodies of the
same region of normal subjects although several dis-
tribution patterns are observed in different individuals
(Vande Berg et al. 2005; Ricci et al. 1990). Red
marrow is generally distributed in a homogeneous
pattern within the vertebral body (Fig. 2). Occasion-
ally, red marrow is more cellular near the vertebral
end-plate which is a metaphyseal equivalent, an area
where the vasculature is generally more developed
(Ricci et al. 1990; Hajek et al. 1987). Red marrow can
also be more cellular in the anterior aspects of the
vertebral bodies (Fig. 7) or less cellular around the
vertebral basilar veins (Carroll et al. 1997) (Fig. 6).

4.2 Normal Variations According to Age

and Gender

Age profoundly affects vertebral marrow signal inten-
sity and homogeneity at MR imaging (Fig. 8). At birth,
vertebral marrow shows homogeneous low MR signal
intensity, mainly before the age of 2 years. During
growth, the proportion of marrow fat cells increases ina
diffuse and homogeneous manner, a process called
fatty marrow conversion of red marrow, which results
in a progressive increase in marrow signal intensity on
T1-weighted images with age (Vogler and Murphy
1988). During adulthood, conversion of red to yellow
marrow continues at a lower pace and in a more het-
erogeneous manner than during growth. Therefore, the

marrow signal intensity on T1-weighted MR images is
frequently higher and more heterogeneous in elderly
than in young adult subjects. These signal heteroge-
neities might be considered to be normal in an elderly
patient but not in a young adult.

Gender plays a rather limited role in vertebral
marrow appearance although quantitative studies
have shown that vertebral fat content is lower in
females than in males before the age of 65 (Vande
Berg et al. 1997; Liney et al. 2007).

4.3 Diffuse Normal Marrow

Heterogeneities

Occasionally, vertebral marrow shows, at first glance,
a heterogeneous pattern that alerts the radiologist
about the existence of diffuse marrow infiltration.
Patient’s age is a very important parameter to take
into account because this heterogeneous pattern is
frequent in subjects after the fourth decade of life. To
such a point that similar marrow heterogeneities may
be considered to be normal in an elderly patient and
abnormal in a young patient. This statement indirectly
indicates the occasional difficulty in deciding whether
an MR appearance is normal or abnormal.

A careful analysis of the MR images is needed to
recognize the origin of vertebral marrow heteroge-
neities because two opposed situations can be
observed. In the most frequent situation, dissemina-
tion of foci of high signal intensity (less cellular
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Fig. 8 Change over time of marrow MR appearance in a boy
with spinal dysraphism. a At 3 days of age, the vertebral
marrow shows very low signal intensity resulting from the
absence of medullary fat and from the numerous iron-loaded
red cell lineage. b At 3 years of age, the vertebral marrow has

marrow) generates the heterogeneous pattern (Hajek
et al. 1987) (Fig. 9). Consequently, foci of adjacent
normal red marrow appear with concave margins
because these contours are created by the presence of
fat nodules. This heterogeneous pattern related with
the presence of less cellular marrow can easily be
recognized as a non-significant finding.

In a second less frequent pattern, dissemination of
foci of decreased signal intensity (more cellular
marrow) generates marrow heterogeneities (Fig. 10).
In this condition, low signal intensity foci have con-
vex and ill-delimited margins (Levine et al. 1994).
This heterogeneity pattern is more troublesome than

intermediate and homogeneous signal intensity. ¢ At 6 years of
age, the signal intensity is unchanged but fatty marrow starts to
appear in the upper and lower spine extremities. d At 11 years
of age, the signal intensity is similar but more fat is present
around the vertebral veins

the previous one because its differential diagnosis
includes diffuse marrow infiltration by neoplastic
cells (Table 4). The corresponding histopathological
picture is not known. At a microscopic level, hema-
topoietic cells have the propensity to form nodules in
the medullary cavity. If large enough, these confluent
nodules of red marrow cells could become visible at
MR imaging which would lead to the appearance of
areas of more pronounced decrease in signal intensity
than adjacent marrow on T1-weighted SE MR ima-
ges. These presumed red marrow foci occur in a non-
predictable manner although they frequently involve
the peripheral aspects of the vertebral bodies. Their
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Fig. 9 Benign marrow heterogeneities in an elderly patient due
to the dissemination of infracentimeric nodules of increased signal
intensity. a Sagittal T1-weighted SE image of the spine of a 61-
year-old woman shows disseminated foci (arrows) of increased

margins are sharp if the marrow conversion process is
advanced and fuzzier if the marrow conversion pro-
cess is limited (Levine et al. 1994). Occasionally,
central areas of high signal intensity on T1-weighted
images are present, which are an additional argument
in favor of a normal variant. The presence of a low to
intermediate signal intensity on T2-weighted, the lack
of evident signal enhancement on T1-weighted ima-
ges after gadolinium injection, the lack of trabecular
bone changes on CT images and the lack of changes
at follow-up studies generally help to differentiate
these benign heterogeneities from clinically relevant
abnormalities (Vogler and Murphy 1988). However,
these heterogeneities may remain undistinguishable
from significant marrow lesions.

signal intensity. The adjacent more cellular marrow shows
concave margins in between the nodules. b On the corresponding
T2-weighted SE image, the heterogeneities are similar because of
the relatively high signal intensity of fat nodules

4.4 Focal Normal Variants and Incidental
Findings
4.4.1 Nodules of Fatty Marrow

Occasionally, large marrow foci of high signal intensity
are present on T1-weighted SE images (Hajek et al.
1987) (Fig. 11). Their frequency increases with age. In
subjects without previous medical history, the presence
of fat lesions generally lacks clinical significance.
Confusion may arise if the radiologist focuses on fast
SE T2-weighted images because these fatty foci also
show high signal intensity on this sequence. Analysis
of the corresponding T1-weighted SE images or of fat-
saturated images enables to recognize their fat content,
and therefore their lack of clinical significance.
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Fig. 10 Marrow heterogeneities in an elderly patient due to
the dissemination of infracentimeric nodules of decreased
signal intensity. a Sagittal T1-weighted SE image of the spine
of a 60-year-old man shows dissemination of infracentimetric
nodules (arrows) of decreased signal intensity. These foci show
moderate decrease in signal and unsharp margins. b On the

corresponding T2-weighted SE image, the nodules (white
arrows) also demonstrate decreased signal intensity which
remains compatible with cellular red marrow. ¢ Similar sagittal
T1-weighted SE image of the same patient obtained 3 years
later demonstrates similar heterogeneities without any increase
in nodule size (black arrows)

Table 4 Imaging features observed in benign heterogeneities in elderly patients and in significant focal lesions (metastasis,

multiple myeloma, lymphoma)

Green flags
Signal intensity (T1 SE) Moderate decrease
Signal homogeneity (T1 SE)
Margins (T1 SE)
Enhancement (T1 SE)
Enhancement (Fat-sat T1 SE
Signal intensity (T2 SE)
Signal intensity (FS PD)
Follow-up MR
CT

Il-delimited

Subtle (disappearance)
Obvious

Moderate decrease
Not seen

No change in size/number

Heterogeneous with central high signal

No change in trabecular or cortical bone

Red flags

Marked decrease
Homogeneous low
Sharp

Obvious

Obvious

High

High

Increase in size/number

Any change in trabecular or cortical bone

Green flags suggest irrelevant changes. Red flags suggest significant conditions. The absence of red flags decreases but does not

exclude the likelihood of a significant condition

The demonstration of a very low signal intensity on fat-
saturated images and of a normal trabecular bone pat-
tern enables to exclude alternative diagnoses including
vertebral hemangioma, Paget’s disease and healed
bone lesions.

4.4.2 Nodules of Hypercellular Red Marrow
Occasionally, one or multiple nodules of slightly
decreased signal intensity can be observed in vertebral
bodies on T1-weighted images (Fig. 12). Typically, the
signal of these areas remains compatible with that of a
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Fig. 11 Intricated marrow heterogeneities in a 73-year-old
woman. a On the sagittal T1-weighted SE image, marrow
heterogeneity results from infracentimetric nodules of
decreased signal intensity (large arrows), infracentimetric
nodules of increased signal intensity (thin arrows) and large
regions of increased signal intensity (arrowhead). b On the

Fig. 12 Red marrow nodule.
a A focal marrow area of
moderate decrease in signal
intensity (arrow) is visible on
the sagittal T1-weighted SE
image of the thoracic spine of
a patient with bronchial
carcinoma. b The abnormality
shows intermediate signal
intensity of the corresponding
fat-saturated intermediate-
weighted SE image. At biopsy
hypercellular red marrow was
demonstrated without any
neoplastic cells

corresponding fat-saturated intermediate-weighted SE image,
areas of pure fat demonstrate low signal intensity (arrowhead)
and areas of presumed more cellular marrow fade away (white
arrows), without any increase in signal intensity. ¢ On the
corresponding enhanced T1-weighted SE image, the areas of
decreased signal intensity (arrows) tend to fade away
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Fig. 13 Atypical vertebral hemangioma. a, b Pre- and post-
contrast sagittal T1-weighted SE images of the thoracic spine of
a 69-year-old man show two areas of low signal intensity
(arrows) that enhances after contrast injection. ¢ Axial CT

normal red marrow on all sequences including a mod-
erate decrease in signal intensity on T1-weighted SE
images, intermediate to low signal intensity of T2-
weighted fast SE images, moderate increase in signal
intensity on fat-saturated intermediate- or T2-weighted
fast SE images, and no or moderate enhancement after
gadolinium injection (Fig. 7). Most frequently, the
signal intensity of the nodule is similar or slightly lower
than that of the adjacent intervertebral disk (Bordalo-
Rodrigues et al. 2003). Short-term follow-up MR
studies demonstrate no change in the MR imaging
appearance. CT and bone scans should be normal.
Experience with G6 PD-FDG-PET imaging is limited
but these areas may show slight increased hypermeta-
bolic uptake in comparison to adjacent red marrow
(Bordalo-Rodrigues et al. 2003). This observation
occurs relatively rarely in normal individuals but it is
frequent in patients with regenerating hematopoietic
marrow after marrow aplasia or in response to the
administration of hematopoietic growth factors.

4.4.3 Benign Vertebral Tumors
and Hamartomas

4.43.1 Vertebral Hemangioma

Vertebral hemangioma is a common vertebral lesion
with a frequency of 12% in women and 9% in men
(Waitches et al. 1994) (Fig. 3). Hemangiomas are

image shows the typical appearance of a vertebral hemangioma.
Rarely hemangioma can show a non-specific pattern of
decreased signal on T1-weighted SE images

multiple in about one-third of cases (Schmorl et al.
1956). They are generally asymptomatic. Histologically,
they correspond to cavernous hemangiomas and contain
dilated, blood-filled vascular spaces lined by flat endo-
thelial cells, set in a stroma containing large amounts of
adipose tissue and no hematopoietic cells (Murphey
et al. 1995; Wilner 1982). On T1-weighted SE images,
the signal intensity of asymptomatic vertebral heman-
giomas is higher to that of adjacent marrow (Ross et al.
1987) (Fig. 4), although it can also be equivalent and
therefore not visible on T1-weighted images (Fig. 5). On
T2-weighted SE images, its signal is consistently high
(Fig. 4). The presence of fat cells and dilated vessels
with interstitial edema most likely accounts for its high
signal intensity on T1- and T2-weighted images,
respectively (Baudrez and Galant 2001). Frequently,
punctuated or linear areas of low signal intensity are also
seen on T1- and T2-weighted images, probably due to
the presence of thickened trabeculac. The signal
enhancement of hemangiomas after gadolinium injec-
tion is variable, depending on its appearance on T1-
weighted images and the type of sequence that is
obtained after contrast injection. The enhancement pat-
tern can be homogeneous or peripheral.

Occasionally, asymptomatic vertebral hemangio-
mas show low signal intensity on T1-weighted ima-
ges, with marked enhancement on post-contrast T1-
weighted SE images (Fig. 13). These hemangiomas
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Fig. 14 Intraosseous benign notochordal cell tumor. a Sagittal
T1-weighted SE image of the spine of a 45-year-old man with
renal cancer shows an area of moderate decrease in signal
intensity (arrow). b On the corresponding T2-weighted image,
the lesion shows intermediate signal intensity with a peripheral
rim of increased signal. ¢ On the corresponding T1-weighted

can be confused with significant marrow lesions. CT
images generally show a rather specific trabecular
bone pattern suggestive of vertebral hemangioma
(Wilner 1982; Laredo et al. 1986) (Fig. 6), although
small hemangiomas with a diameter below 1 cm can
remain occult on corresponding CT images. Symp-
tomatic vertebral hemangiomas generally demon-
strate low signal intensity on T1-weighted images
with extra-osseous component (Wilner 1982; Laredo
et al. 1986).

4.4.3.2 Vertebral Enostosis—Compact Bone
Island

A compact bone island consists of lamellar cortical
bone embedded within the trabecular network of the
medullary cavity (Murphey et al. 1996). In a radio-
logical study of cadaveric spines, their frequency was
14% and their size varied between 2 and 10 mm
(Kroon et al. 1994). They frequently involve the
periphery of the vertebral bodies and spare the central
area (Resnick et al. 1983). Their signal intensity is
very low on all sequences and adjacent marrow has
generally a normal appearance (Murphey et al. 1996)
(Fig. 8). Rarely, a peripheral high signal intensity rim
surrounding a central low signal intensity area has
been reported on STIR images of some unusually
large compact bone islands (Seymour 1997) (Fig. 9).
This pattern must be considered to be exceedingly
rare and is therefore more frequently suggestive of
sclerotic metastases than an uncommon bone island.

image obtained after contrast injection, the lesion shows
homogeneous enhancement. d At microscopic examination of
the biopsy specimen, the presence of adipocyte-like vacuolated
eosinophilic cells indicates the diagnosis of an intraosseous
benign notochordal cell tumor

4.43.3 Benign Notochordal Cells Tumors
Intraosseous benign notochordal cell tumors are
recently recognized conditions and were observed in a
preliminary study in 14% of spines and 11.5% of the
clivus (Yamaguchi et al. 2004; Kyriakos 2011). The
average size of lesions found at autopsy was
4 x 2 mm. At histology, these lesions are character-
ized by well-demarcated encapsulated sheets of adi-
pocytes-like vacuolated eosinophilic cells with subtle
thickening of the adjacent trabeculae (Yamaguchi et al.
2004). The link between these lesions, notochordal
remnants and chordoma is currently under investiga-
tion, as well as their risk of malignant transformation.
At MR imaging of biopsy-proven cases, lesions
showed a slight decrease in signal intensity on T1-
weighted and high signal intensity on T2-weighted
images (Yamaguchi et al. 2002; Nishiguchi et al.
2011). Yamaguchi reported the lack of enhancement
in all lesions in which contrast-enhanced MR images
had been obtained (three out of nine MR investigated
lesions), but a slight signal enhancement in other
biopsy-proven lesions can be observed (Fig. 14). On
CT images, subtle to marked bone sclerosis can be
observed. In our experience, confusion with foci of red
marrow is likely to occur on T1-weighted SE images.
The presence of high signal intensity on T2-weighted
images and of sclerosis on corresponding CT images
might become features indicative of benign noto-
chordal cell lesions in the future. Several reasons may
account for their rare observation at MR imaging:
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Fig. 15 Presumed serous atrophy in distal toes. a Sagittal SE
T1 and b fat-saturated images of the first toe of a 24-year-old
active woman with ankle pain shows no significant marrow
alteration on T1-weighted image and high signal intensity

limited size, limited decrease in signal intensity on T1-
weighted SE images, limited recognition of this lesion
at histology and lack of biopsy of suspected lesions.
Given the high frequency of these lesions at autopsys, it
is likely that more information will become available
in the literature, including better understanding of
differential diagnosis (Mirra and Brien 2001).

5 MR Appearance of the Normal
Appendicular Skeleton

5.1 Normal Appendicular Marrow

in Young Adults

The MR imaging appearance of any given bone merely
depends on the macroscopic distribution of yellow
and red marrow in this bone with little or no influence
of the trabecular network on the MR image. Usually,
almost exclusively fatty marrow is observed in the dis-
tally located bones within the upper or lower limbs. In
the humerus and femur, red marrow is found in the
proximal and, less frequently, in the distal metaphyses
(Fig. 15). The diaphyses of these bones contain a mix-
ture of yellow and red marrow. The epiphyses and
apophyses also contain yellow marrow except in the
proximal femur and humerus where red marrow can be
observed, generally near the subchondral bone plate or
the cortex (Vande Berg et al. 1997; Mirowitz 1993). Red
marrow should not be present in distal femoral and
humeral epiphyses.

(arrow) on the fat-saturated image. This alteration is not rare in
young women and most likely corresponds to serous transfor-
mation of fatty marrow

Normal red marrow in the appendicular skeleton of
young adult humans shows both intermediate and
homogeneous signal intensity on both T1- and T2-
weighted SE images. As a rule, the signal intensity of
red marrow areas on T1-weighted SE images must be
higher than that of adjacent muscles in a young adult
patient (Carroll et al. 1997).

In the pelvis, as elsewhere in the appendicular
skeleton, the marrow signal intensity should be higher
than that of adjacent normal muscles on T1-weighted
SE images (Levine et al. 1994). Other sequences are
unreliable to decide whether red marrow has a normal
or abnormal signal intensity.

5.2 Normal Variations According to Age,

Gender and Body Habitus

During growth, conversion of red to yellow marrow starts
at the most distal aspects of the limbs and proceeds
centripetally. In any individual long bone, the same
conversion process also follows a well-defined sequence,
occurring first in the proximal and distal epiphyses,
followed then by the diaphysis and distal metaphysis,
and finally the proximal metaphysis. Although initially
described as a homogeneous process, it seems that high
signal intensity fatty marrow can be seen within the
femoral diaphysis as early as 3 months of age and that
fatty marrow with various degrees of heterogeneity is
routinely seen in this region by 12 months of age.
After five years of age, the femoral diaphysis showed
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Fig. 16 Normal marrow patterns in proximal femurs. a Coronal
T1-weighted SE image of a 52-year-old woman shows several
variations in marrow appearance including transverse linear areas
of increased signal intensity (arrowheads) and central areas of
presumed more cellular marrow (arrows). b The foci of presumed

Fig. 17 Marrow
heterogeneities. Coronal

a T1-weighted,

b T2-weighted,

¢ fat-saturated intermediate-
weighted and d enhanced
T1-weighted SE images of the
pelvis of an elderly woman
with breast cancer
demonstrate heterogeneous
marrow. The presence of an
intermediate signal intensity
and the moderate signal
enhancement is compatible
with red marrow. A foci of
fluid-like signal intensity
(arrow) was seen in the right
diaphysis. Radiographs and
bone scan were normal. The
lesion showed no change over
time. A blind iliac crest
biopsy of the bone marrow
demonstrated the absence of
abnormal cells within
hypercellular hematopoietic
marrow

red marrow show low signal intensity on T2-weighted SE images.
¢ A close-up coronal T1-weighted SE image of a femur shows a
normal appearance with a central area of more cellular marrow
with less cellular marrow around (large arrows) and within (thin
arrow) that region
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Normal adult marrow

3 18

Fig. 18 Coronal T1-weighted SE images of the distal femurs
of two 44-year-old women. a The expected marrow pattern
shows only discrete areas of moderate decrease in signal
intensity (arrow). b In a case of benign red marrow hyperplasia,

Marrow hyperplasia

"

the metaphyseal marrow shows decreased signal intensity that
remains superior to that of adjacent muscles. Note the lack of
red marrow in the epiphysis and the abrupt transition zone
between the metaphysis and the epiphysis

Table 5 Imaging features observed in benign hematopoietic marrow hyperplasia at knee MR imaging (green flags)

Green flags
Signal intensity (T1 SE)
Signal homogeneity (T1 SE)
Topography Dia-metaphyseal
Distribution
Enhancement (T1 SE)
Enhancement (Fat-sat T1 SE

Signal intensity (T2 SE)

Bilateral, symmetrical
Subtle (disappearance)
Obvious

Moderate decrease

Signal intensity (FS PD) Intermediate
Cortical bone, soft tissues No change
Follow-up MR No change

Moderate decrease, higher than that of muscles

Homogeneous with serpinginous vessels

Red flags

Marked decrease lower than that of muscles
Homogeneous low
Epiphyseal

Unilateral, asymmetrical
Obvious

Obvious

High or low

High or low

Any change

Any change

The presence of red flags suggests a significant condition and is not compatible with benign hematopoietic marrow hyperplasia.
The absence of red flags decreases but does not exclude the likelihood of a significant condition

homogeneous high signal intensity. The apparent red
marrow distribution within the body at MR imaging
differs from that observed in cadavers because the T1-
weighted sequence creates an overestimation of fat
because of its sensitivity to the presence of fat.

In fit and active young females with body mass index at
the lower limit, serous marrow may appear distally in the
toes (Vande Berg et al. 1996) (Fig. 15). This process is
reminiscent of that of red to yellow marrow conversion
during growth as it follows the same body distribution.
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Fig. 19 Benign hematopoietic marrow hyperplasia. a Coronal
T1-weighted SE image of an obese 64-year-old female demon-
strate multiple areas of decreased signal intensity (arrows) in the
distal femur metaphysis. b On the sagittal T2-weighted SE

Serous marrow is responsible for a moderate decrease in
signal intensity on T1-weighted images and fairly high
signal intensity on T2-weighted images. These changes can
be extensive in cachectic patients with anorexia nervosa,
hyperthryroidism or cancer (Vande Berg et al. 1994; Garcia
etal.2011). Conversion of yellow to serous marrow reflects
the disappearance of intracellular fat from adipocytes and
the accumulation of hyaluronic acid in extracellular mar-
row spaces. This process is rapidly reversible, depending
on the overall body status of the subject. In obese middle-
aged women, an opposed situation with hematopoietic
marrow hyperplasia can be observed (see below).

In elderly subjects, numerous variations in the
MR appearance of the femur (Figs. 16, 17) can be
observed: linear area of high signal intensity on
T1-weighted images, areas of presumed coalescing
red marrow with decreased signal intensity on T1-
and T2-weighted images, and fluid-containing areas
of low signal intensity on T1-weighted images and

image, the non-fatty marrow (arrow) shows intermediate signal
intensity, compatible with red marrow. Note the presence of
similar changes in the posterior aspect of the tibial metaphysis
(arrow) and the lack of epiphyseal marrow changes

high signal intensity on T2-weighted images. These
variations are generally similar in paired bones and
imaging of the contralateral paired bone may occa-
sionally contribute to decrease the degree of suspicion
when the same local alteration is also present.

5.3 Benign Red Marrow Hyperplasia

Benign red marrow hyperplasia was defined initially
by the presence of hypercellular hematopoietic mar-
row in the distal femur of a subject older than
25 years of age (Deutsch et al. 1989). This definition
lacks precision because some red marrow can be
present in many adults (Fig. 18) and because the
detection of red marrow highly depends on the used
sequence. Initially, this condition was recognized on
SE T1-weighted images of the knee of adult without
recognized medical condition (Deutsch et al. 1989).
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Fig. 20 Coronal T1-
weighted SE images of the
knees of a 62-year-old show
symmetrical distribution of
red marrow. The serpiginous
lines (arrows) of low signal
intensity are likely to
correspond to intra-osseous
veins

Fig. 21 Lack of significant
change over time in benign
red marrow hyperplasia.

a Coronal T1-weighted SE
images of the left knee of a
59-year-old woman show
benign red marrow
hyperplasia. b On the same
image obtained 5 years later,
benign red marrow
hyperplasia with no change
with respect to initial image

It reflects expansion of hematopoietic marrow in the
appendicular skeleton (marrow reconversion). Pri-
mary idiopathic benign red marrow hyperplasia is
fortuitously observed in middle-aged obese woman,
in heavy smokers and in subjects with intensive sports
activities such as long distance running (Shellock

Unchanged over years

et al. 1992; Poulton et al. 1993). A secondary form of
red marrow hyperplasia can be observed in associa-
tion with abnormal situations that stimulate the pro-
duction of hematopoietic cells including the use of
hematopoietic growth factors during chemotherapy,
and in several chronic disorders that are associated
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Fig. 22 Enchondroma. a Coronal T1-weighted SE image of
the right knee shows a metaphyseal lesion of low signal
intensity with lobulated contours and sharp margins. b On the
sagittal T2-weighted SE image, the lesion has intermediate

signal intensity with some punctated areas of high or low signal
intensity. ¢ On a sagittal CT reconstruction form, the lesion
shows discrete calcification suggestive of an enchondroma

Fig. 23 Enostosis. a A lesion of very low signal intensity
(arrow) is visible in the epiphyseal marrow of the proximal
tibia on the coronal T1-weighted SE image. b No signal

with anemia including hereditary hemoglobinopathies
and chronic infections (Stabler et al. 2000; Altehoefer
et al. 2001; Ciray et al. 2003).

Several MR features should be present in benign
hematopoietic marrow hyperplasia at MR imaging of
the knee whereas other features should not be
observed (Table 5). When benign red marrow
hyperplasia is observed around the knees, decreased
signal intensity on T1-weighted images should be
seen in the metaphyses but not in the epiphyses. It
should predominate in the posterior aspect of the
femur. It should also predominate in the femur with
respect to the tibia where red marrow can be seen near

abnormality is seen on the corresponding STIR image.
¢ A compact bone island (arrow) is visible on the AP
radiograph

the posterior aspect of the proximal metaphysis
(Fig. 19). The bone marrow appearance should be
symmetrical (Fig. 20) and unchanged over years
(Fig. 21). On other sequences, the signal intensity of
the presumed red marrow should behave like that of
normal red marrow (Fig. 19). Cortical, periosteal and
soft tissue changes should be absent. Benign hema-
topoietic marrow hyperplasia is frequent in middle-
aged women but unusual in men with normal physical
activities.

In this condition, both the appendicular and the
axial bone marrow should be considered. In the ver-
tebral marrow, hematopoietic marrow hyperplasia is
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associated with a marked decrease in signal intensity
on T1-weighted images and it may become lower than
that of adjacent disk. It can also be heterogeneous due
to the presence of residual fatty marrow and foci of
red marrow. On T2-weighted SE images, the vertebral
signal intensity can also be reduced, probably because
of an increase in the intracellular iron. After intrave-
nous gadolinium injection, signal intensity enhance-
ment is moderate but can increase up to 80% on
dynamic T1-weighted SE images.

Diffuse hematopoietic marrow hyperplasia can be
confused with diffuse marrow infiltration in the spine and
with focal metastases in the limbs when they take a nodular
appearance, which rarely occurs in benign red marrow
hyperplasia and is observed in the secondary form (Ciray
et al. 2003). As a rule, marrow hyperplasia shows a signal
similar to that of red marrow but this may also be observed
in diffuse marrow infiltration by neoplastic cells. Several
techniques can be used in an attempt to differentiate the
two conditions. In- and out-phase gradient-echo images,
T1 relaxation time determination, Hydrogen proton
spectroscopy, dynamic contrast MR studies, diffusion-
weighted images have all shown to be of some help but
none has demonstrated definite conclusive results. FDG-
PET imaging has also shown limitation in this setting
because diffuse increased uptake can be observed in red
marrow hyperplasia as in neoplastic medullary infiltration
(Hollinger et al. 1998; Elmstrom et al. 2004). Therefore,
obtention of a blind iliac crest biopsy may ultimately
remain the more accurate technique to definitely address
this occasionally difficult problem.

5.4 Focal Normal Variants and Incidental
Findings
5.4.1 Benign Bone Tumors and Hamartomas

It is beyond the scope of this chapter to focus on
benign bone tumors and the differential diagnosis
with their malignant counterparts. However, the
intensive practice of knee and shoulder MR imaging
has changed the frequency with which these benign
lesions are seen. Actually, medullary-based lesions
including enchondromas (Fig. 22) and enostosis
(Fig. 23) are frequently seen on MR images with a
frequency varying from 2 to about 10% (Kransdorf
et al. 2007; Walden et al. 2008; Subhas et al. 2009;
Hong et al. 2011). Typically, enchondromas should be
located within the metaphysis or the diaphysis but not

in the epiphysis. On the contrary, enostoses predom-
inate in the epiphysis where the trabecular network is
denser than in the dia-metaphyseal regions. Cortically
based benign lesions including cortical defect and
non-ossifying fibromas are more easily detected on
radiographs than on MR images.

5.4.2 Growing Skeleton

In growing skeleton, marrow heterogeneities are also
present in some specific areas including the feet (Pal
et al. 1999; Shabshin et al. 2006), the hands (Miiller
et al. 2011) and the physeal regions. Their clinical
significance is ignored but the existence of these
marrow heterogeneities should be kept in mind to
avoid confusion with clinically significant lesions.

6 Conclusions

The analysis of bone marrow on MR images is based
on the analysis of both its signal intensity and
homogeneity on Tl-weighted sequence taking into
account the topography of the considered marrow
area and the patient’s age.

In young adults, the vertebral red marrow shows a
homogeneous appearance and an intermediate signal
intensity on T1-, T2- and fat-saturated intermediate-
weighted images, with little signal intensity enhancement
after intravenous injection of contrast material on non-
fat-saturated T1-weighted SE images. A reproducible
pattern of red and yellow marrow distribution is observed
in the appendicular skeleton. In elderly patients, diffuse
alteration in the signal homogeneity of bone marrow can
be observed due to the presence of small infra-centi-
metric foci of high or low signal intensity.

The MR imaging appearance of the normal marrow
shows important variations with age and also among
individuals of the same age range. However, within a
single individual, marrow signal intensity and homoge-
neity as well as red marrow distribution show little var-
iation among each vertebral body or each paired bones.

Diffuse alteration in the signal intensity of bone
marrow is observed in the condition named benign
red marrow hyperplasia. Focal alterations in signal
intensity can be observed that reflect local variations
in the amount of normal expected vertebral compo-
nents, including yellow and red marrow. Benign bone
tumors and hamartomas must be known because of
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their high frequency in the normal population. A more
recently recognized condition related to the presence
of notochordal cells deserves further study as it could
account for some frequent tiny marrow changes.
MR imaging shows important limitations in charac-
terizing diffuse and focal marrow changes that can
be observed in healthy subjects and in patients. It can be
difficult—and occasionally impossible to differentiate
irrelevant changes from clinically significant marrow
alterations, given the lack of specificity of MR imaging.
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Fig. 1 A 70-year-old woman with CLL who presented with
back pain. Matched sagittal spine MR images with a T2-
weighting, b T1-weighting, and ¢ T1-weighted SE post-contrast
d axial T1-weighted fat saturated post-contrast, demonstrate
abnormal marrow signal and enhancement in the T10 and T12
vertebrae and an enhancing soft tissue mass in the epidural

lesions, which have an unusually favorable prognosis.
This chapter will focus specifically on the skeletal
manifestations of leukemias and lymphomas, as well
as on chronic myeloproliferative diseases, with a
review of the relevant literature. The discussion of the
imaging features will include findings from conven-
tional radiography, computed tomography, and
nuclear scintigraphy, with an emphasis on magnetic
resonance imaging.

2 Leukemias
2.1 Epidemiology and Clinical
Background

Leukemias are a heterogeneous group of disorders
which diffusely involve the bone marrow. By con-
vention, they are grouped into acute and chronic
forms. Acute leukemias are the result of defects in the
blast cell maturation process that lead to an accu-
mulation of immature cells within the bone marrow.
Chronic forms, on the other hand, are characterized
by marked overgrowth of mature cells within the
marrow. Both acute and chronic leukemias may arise
from a clonal expansion of myeloid or lymphoid cell
lines (Bennet et al. 1976, 1989). The 2002 World

space, centered at T10. Abnormal soft tissue also extended
through the neural foramina and into the paravertebral soft
tissues. Severe thecal sac narrowing and cord edema was noted
at T10. A diffuse lymphoid infiltrate was identified at surgery.
Subsequent bone marrow biopsy led to the diagnosis of CLL

Health Organization (WHO) classification system
uses the combination of the cellular morphology, the
immunophenotype, the cytogenetics and increasingly
the gene expression profile, to classify the diverse
array of leukemic disorders (Swerdlow et al. 2008;
Yeoh et al. 2002).

Acute leukemias that affect children are typically
of lymphocytic cell origin, accounting for three
quarters of pediatric cases, which is in contrast to
predominantly myelogenous acute leukemias that are
seen in adults (Smith et al. 1999; Van Slyck 1972).
Chronic leukemias may be granulocytic or lympho-
cytic in origin and typically present during the fourth
to sixth decades of life (O’Hara 1967).

As leukemias involve the bone marrow by defini-
tion, osseous changes are almost always present, even
if they may not be conspicuous on routine radio-
graphic examinations. More pronounced imaging
abnormalities are associated with the more aggressive
types of leukemia and are more often seen in the
pediatric age group.

The clinical manifestations of leukemic disorders
can be explained by the underlying pathophysiology.
The abnormal proliferation and accumulation of
pathologic cells within the bone marrow suppresses
the normal marrow elements, resulting in anemia,
neutropenia, and thrombocytopenia. Fever, petechiae,
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lethargy, and pallor are common signs and the patient
with leukemia is frequently prone to bleeding epi-
sodes and recurrent infections. The structural integrity
of the involved bones also is compromised. Not sur-
prisingly, bone pain, pathologic fracture, and osteo-
necrosis are commonly associated with leukemia
(Sinigaglia et al. 2008). The high cellular turnover
leads to an accumulation of uric acid, a byproduct of
nucleic acid breakdown. Thus, in advanced disease,
gout and renal failure may be seen. Cardiac and
neurologic complications can also be seen.

2.2 Acute Leukemia

Acute leukemia is the most common form of childhood
malignancy. Its peak prevalence is typically in early
childhood. Acute lymphoblastic leukemia (ALL) peak
incidence occurs at 2-3 years of age, with evidence that
ALL begins in utero (Greaves 2005). Acute myeloid
leukemia (AML) rates also are highest in the first
2 years of life (Guillerman et al. 2011). The vast
majority of acute leukemias are lymphoblastic in ori-
gin, with approximately 10% of cases myeloid, and
10% of other cell origin (Parker et al. 1980). The WHO
classification subtypes are based on B-cell or T-cell
origin. Precursor B-cell ALL accounts for 80-85% of
cases. About 12% of ALL is of T-cell origin, and these
may represent a disseminated form of T-cell lympho-
blastic lymphoma. They are associated with older age,
male gender, leukocytosis, and a mediastinal mass.
Subtyping of AML is moving away from the traditional
French-American-British (FAB) system to the WHO
classification system, which incorporates cytogenetic
and specific gene mutation information (Bennett et al.
1976; Swerdlow et al. 2008).

2.2.1 Findings in Radiographs

Radiographic skeletal changes are encountered in
approximately 50-70% of patients and have been
recognised since the 1950s (Wilson 1959; Resnick
and Haghighi 2002). The number of bones involved
correlates with the bone pain severity (Hann et al.
1979). Symptoms, however, localize poorly with the
site of the actual skeletal lesions that are detected on
radiographs. Asymptomatic radiographic findings,
especially in the non-weight bearing areas, are also
common (Sinigaglia et al. 2008). Skeletal radiographic
findings of leukemia include diffuse demineralization,

transverse lucent metaphyseal bands, subperiosteal
cortical bone erosions, periosteal reaction, focal lytic
bone lesions, osteonecrosis, and pathologic fractures.

The most commonly seen, although the least spe-
cific, finding is diffuse demineralization (Fig. 2).
Diverse biochemical mechanisms likely contribute to
the bone changes and hypercalcemia seen in childhood
ALL. Some of the bone changes may be a result of
altered calcium metabolism, such as that resulting from
ectopic PTH production as well as ectopically produced
fragments of PTH that were found in several children
with ALL in one report (Cohn et al. 1987) or they may
arise directly from marrow infiltration by the leukemic
cells. Corticosteroid therapy also can lead to this finding
in patients receiving chemotherapy. Typically, cortical
thinning and medullary widening are noted in the long
bones and complications such as vertebral compression
fractures (Fig. 3) may occur (Ribeiro et al. 1988).

Metaphyseal band-like lucencies are frequently
seen in patients with acute leukemia. While this find-
ing is relatively nonspecific, in patients older than
2 years of age it is more frequently associated with
leukemia than with any other condition (Wilson 1959).
Nutritional deficiencies are thought to be responsible
for these changes, resulting in abnormal endosteal
mineralization and small trabeculae adjacent to the
zone of provisional calcification. As a consequence,
this finding is seen most commonly at the sites of rapid
bone growth (around the knee, the proximal humerus,
and the distal radius), although it can occur at other
sites as well. These areas may be complicated by
fractures, epiphyseal separation, and displacement, or
even epiphyseal destruction (Manson et al. 1989).
There is a wide differential diagnosis for metaphyseal
band-like lucencies, especially in children less than
2 years of age. TORCH infections, healing rickets,
scurvy, and metastatic disease (especially from neu-
roblastoma) are some conditions which also must be
considered in addition to acute leukemia.

Parallel dense growth recovery lines of Harris can
be seen in up to 50% of children with leukemia (Benz
et al. 1976). These are presumed to be related to
alternating periods of arrest and acceleration of bone
growth. These types of changes may be seen in the
vertebral endplates, where growth disturbances may
lead to platyspondyly, brachyspondyly, and wedge-
shaped vertebrae.

Solitary or multiple lytic osseous lesions also
are frequently seen in the setting of acute leukemia
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Fig. 2 A 3-year-old girl
with ALL. a Lateral ankle
radiograph shows diffuse
demineralization. b Sagittal
STIR MR image shows
multiple small focal spots
of bright signal intensity
throughout the tarsal bones
and in the distal tibia that are
characteristic of hyperemic
osteoporosis

(Fig. 4). They may involve both tubular and flat
bones, affecting the long bones, skull, pelvis, ribs, and
shoulder girdle. The medial cortex of the proximal
humerus is a characteristic, if somewhat nonspecific,
site of involvement that may be visible on a chest
radiograph (Melhem and Saber 1980). Aggressive
periostitis and subperiosteal haemorrhage may be
associated with these lesions. Symmetric periosteal
new bone formation simulating hypertrophic osteo-
arthropathy also may be seen in the long bones
(Resnick and Haghighi 2002).

While many of the osseous findings seen with leu-
kemia are nonspecific, their combination may increase
the suspicion for the diagnosis of leukemia. Joint
involvement is common, with arthralgia and arthritis
having been reported in 12-65% of pediatric leukemic
patients (Evans et al. 1994). The joint involvement is
typically asymmetric and pauciarticular, with periar-
ticular osseous involvement as well as intra-articular
leukemic cell infiltration that sometimes is compli-
cated by intra-articular or subperiosteal hemorrhage.
Clinically, severe pain, tenderness, swelling, and
effusion are common. The disappearance of joint
complaints is an early indication of improvement fol-
lowing chemotherapy (Costello et al. 1983).

Other less common findings include osteosclerosis,
especially in the epiphyses of long bones, cranial

sutural diastases resulting from increased intracranial
pressure that is typically due to meningeal infiltration
of leukemic cells (Nixon and Gwinn 1973), and soft
tissue epidural masses (Higashida et al. 2007).

2.2.2 Findings in Scintigraphy

Tc-99 m bone scintigraphy is abnormal in 75% of
patients with ALL at diagnosis. The most common
abnormality is symmetric increased uptake in the
metadiaphyses of the lower extremities. Other pat-
terns, like a superscan with further increased uptake
in the long bone metaphyses, or focal increased
uptake at sites of cortical bone destruction, or path-
ologic fracture or focal decreased uptake at sites of
osteonecrosis, may be seen (Bernard et al. 1998).

2.2.3 Prognosis and Therapy

The prognostic significance of radiographic findings
of leukemia is unclear. In one study, a poorer prog-
nosis was shown to be associated with the presence of
multiple bone lesions (Masera et al. 1977) while
another study found that the absence of radiographic
abnormalities was associated with more aggressive
forms of leukemia (Heinrich et al. 1994). Other
studies have shown no correlation of radiographic
findings and duration of remission or survival (Hann
et al. 1979; Appell et al. 1985; Révész et al. 1985).
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Fig. 3 A 17-year-old man with T-cell ALL. Lateral spine
radiograph shows multiple vertebral body compression
fractures

On the other hand, skeletal abnormalities have been
observed to resolve with treatment (Rosenfield and
MclIntosh 1977). Nevertheless, due to the highly
variable response of skeletal lesions to therapy,
imaging follow-up studies are generally not recom-
mended. Imaging of the skeleton should, therefore, be
performed to evaluate new and specific symptoms
rather than on a routine basis. The overall cure rate for
children with acute lymphoblastic leukemia approa-
ches 80% (Pui et al. 2008).

2.3 Chronic Leukemia

Chronic leukemias are classified based on their pre-
dominant cellular origin, according to WHO criteria
(Swerdlow et al. 2008). Lymphocytic and myeloge-
nous types both predominantly affect the adult pop-
ulation. The myelogenous subtype usually affects the
middle-aged and the elderly, while the lymphocytic
form typically affects only the elderly population.
Chronic leukemia is rarely seen in the pediatric
population (Guillerman et al. 2011). Clinically, the
patient initially may be asymptomatic or may have
nonspecific constitutional symptoms. The radio-
graphic osseous changes of chronic leukemia are
generally less common and less severe than those of
acute leukemia.

Chronic lymphocytic leukemia (CLL) is classified
as a form of low grade lymphocytic non-Hodgkin
lymphoma, and it is the most common form of leu-
kemia in the elderly. Two-thirds of patients are older
than 60 years, while the peak incidence is in patients
greater than 80 years of age (Baur-Melnyk and Reiser
2008). Monoclonal duplication of mature B lympho-
cytes, and less commonly T lymphocytes, is the
underlying cause of this disorder. With replacement
of the bone marrow elements, anemia, leukopenia,
and thrombocytopenia may occur, manifesting clini-
cally as weakness, bruising, and recurrent infections.
The leukemic cells also may infiltrate other visceral
organs, with splenomegaly and lymphadenopathy as
common physical exam findings.

2.3.1 Findings in Radiographs and CT
The marrow replacement process is seen radiographi-
cally as nonspecific diffuse osteopenia. Small osteolytic
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Fig. 4 A 64-year-old man
with ALL. a Anteroposterior
CT scout image shows a
bubbly lytic lesion in the right
superior pubic ramus, better
depicted on b 3D CT image

., 4\

lesions can be seen (Fig. 5), as well as more mass-like
bony erosions due to the accumulation of leukemic
cells. The small bones of the hands may become
involved, and bone destruction, clubbing and soft tissue
oedema can occur. With this combination of findings,
called ‘leukemic acropachy,’ the metacarpals are more
frequently affected when compared to the phalanges
(Glatt and Weinstein 1969). Leukemia-related arthritis
is observed in approximately 12% of patients with
chronic leukemia (Spilberg and Meyer 1972).
The knee, shoulder, and ankle joints are affected most
commonly, and the pain is commonly polyarticular
and migratory. Secondary gout is a common and
well documented complication of chronic leukemia.
Osteonecrosis secondary to steroid therapy and
osteomyelitis are other common secondary complica-
tions of chronic leukemia.

Chronic myelogenous leukemia (CML) is a distinct
entity, with a different cellular origin and pathophys-
iology. Formerly it has been subsummarised under the
group of chronic myeloproliferative syndromes,
however, to date it should be differentiated as a distinct
entity. CML is characterized by the unregulated clonal
expansion of myeloid elements, consisting of neutro-
phils, eosinophils or basophils. The patients are often
asymptomatic, so the diagnosis results from findings
detected on analysis of “routine” blood work. Similar
to its lymphocytic cousin, nonspecific constitutional
symptoms may ensue. Ultimately, myelofibrosis and
death ensue in untreated individuals. Osseous radio-
graphic manifestations are similar to those of CLL,
as discussed above.

2.3.2 Prognosis and Therapy

Ninety-five percent of CML is associated with a single
characteristic chromosomal translocation event that
results in the so-called Philadelphia chromosome

Fig. 5 A 55-year-old man with CLL. Anteroposterior pelvic
radiograph shows multiple small focal lytic lesions throughout
the pelvis and proximal femurs that mimic the appearance of
multiple myeloma

t(9:22) (Nowell and Hungerford 1960). The resulting
ber-abl oncogene activation bypasses the normal cell
cycle regulatory mechanism, leading to unchecked
proliferation of the pathologic cell lines. The mutant
gene product is a tyrosine kinase (Hehlmann et al.
2007). The recent targeted therapy approach using
recombinant DNA technology and a monoclonal anti-
body has led to the development of the tyrosine kinase
inhibitor class of drugs which has revolutionized the
treatment of this disease. One recent study showed 95%
survival after 8 years for patients treated with imatinib
for CML (Gambacorti-Passerini et al. 2011).

24 Special Types of Leukemia

Hairy cell leukemia accounts for 2% of all leukemia
cases. This entity was named for its microscopic
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Fig. 6 A 60-year-old man with history of hairy cell leukemia
diagnosed 20 years previously who presented with multiple
new complaints. Coronal FDG PET image shows multiple FDG
avid foci throughout the skeleton as well as multiple soft tissue
masses in the neck. Biopsy of neck mass confirmed recurrent
hairy cell leukemia

appearance of numerous hair-like villi on the lym-
phocyte’s membrane (Schrek and Donnelly 1966). It
most commonly affects middle-aged adults; males are
affected three times more frequently than females
(Fig. 6). An insidious onset with nonspecific consti-
tutional symptoms is often evident retrospectively.
The disease progresses slowly, but most patients
succumb in the first 5 years, frequently due to atypical

infections. Bone involvement is relatively uncom-
mon. When present, however, early and severe pain is
characteristic. One or two osteolytic lesions are typ-
ical, occurring most frequently in the spine or the
head/neck region of the proximal femur (Herold et al.
1988). Bone sclerosis is rare. Complications such as
pathologic fracture and osteonecrosis of the femoral
or humeral heads also may be seen.

Chloroma, also known as granulocytic sarcoma, is
a focal usually extramedullary (rarely intramedullary)
tumor mass composed of myeloid elements. Its name
reflects the greenish hue of the tumor that results from
copper ions in the myeloperoxidase proteins. Chlo-
romas are most commonly associated with AML in
children, although they also are observed in the adult
population as well as in other varieties of leukemias
(Fig. 7). Sometimes these tumors arise in the absence
of known disease. In such instances, chloromas are
typically followed within months by the onset of
acute leukemia. Bone, as well as soft tissue, the orbits,
lymph nodes, and skin may be involved. Osseous lytic
lesions are commonly seen in the skull, spine, ribs,
and long bones (Woodard et al. 1999). Spinal epidural
chloroma is not common, but a review of 32 cases has
been reported (Seok et al. 2010). Twenty-three cases
involved lumbosacral levels, 16 cases were in the
thoracic region, and 5 cases involved cervical levels.
There was often more than one level of involvement.
Areas of involvement were; the spinal canal, along
nerve roots, within nerve roots, and prevertebral soft
tissues.

Plasma cell leukemia is a leukemic form of mye-
loma, with malignant plasma cells found in the
peripheral circulation. The radiographic appearance is
that of typical multiple myeloma. It has the worst
prognosis of all forms of myeloma. It is included in
the chapter dedicated to myeloma found elsewhere in
this book.

25 Findings in MRI

The basic MRI evaluation of skeletal involvement from
leukemia, as well as from lymphoma to be described
following this section, includes T1-weighted and
fat saturated T2-weighted or inversion recovery
sequences in multiple planes. Inversion recovery
sequences are often superior to fat-saturated
T2-weighted sequences especially for large fields of
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Fig. 7 A 23-year-old woman with AML who presented with
new pain 2 years after chemotherapy and bone marrow
transplant. Matched coronal pelvic MR images with a T1-

Fig. 8 A 28-year-old man with ALL. Sagittal a T2-weighted,
b T1-weighted, and ¢ T1-weighted post-contrast fat-suppressed
MRI sequences demonstrate diffusely abnormal, mildly heter-
ogeneous marrow signal. Abnormal T1 hypointense signal is

view (as often done for spine imaging), with metal
artifact, and in other instances where there is mag-
netic field inhomogeneity.

weighting and b inversion recovery, show multiple focal areas
of bone marrow replacement in both proximal femurs and the
right acetabulum proven to be chloromas

/--

noted within the marrow, particularly near the vertebral body
endplates. Abnormal leptomeningeal enhancement is also noted
along the conus medullaris and the nerve roots of the cauda
equina on post-contrast imaging

Intravenous gadolinium-based contrast is not
needed routinely, and has shown mixed results in
the past. One more recent paper (Zha et al. 2010)
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Fig. 9 A 27-year-old woman with CML. a Axial T2-weighted
MR and b axial CT image demonstrate a large lesion centered
in the right iliac crest that demonstrates extra-osseous extension

however, indicated a role for dynamic contrast
enhancement in detecting diffuse marrow infiltration
and in assessment of histological grade. Diffusion
weighted imaging and chemical shift imaging also
can be used in certain circumstances.

Despite the nonspecific nature of many findings of
leukemia, MR imaging offers a superior evaluation of
the bone marrow compared to other diagnostic
imaging modalities (Fig. 8, 9). Leukemic marrow
involvement is typically diffuse and is seen as lower
T1 signal than adjacent skeletal muscle with accom-
panying high T2 signal (Moulopoulos and Dimopo-
ulos 1997). This appearance is nonspecific and similar
or identical to other marrow replacement processes
chiefly myeloma, lymphoma, and metastatic disease.
Focal abnormalities may be present especially in
acute myelogenous leukemia (Bohndorf et al. 1990).

MR imaging is currently the modality of choice for
the evaluation of the vertebral bone marrow. It is also
useful in the assessment of local spinal complications.
Vertebral compression fractures are common and may
be secondary to leukemic infiltration or osteoporosis
as corticosteroid therapy is a mainstay of chemother-
apy regimens (Strauss et al. 2001). Several features on
MRI can help distinguish benign and malignant causes
of vertebral collapse. A benign acute osteoporotic
fracture is suggested; when posterior retropulsion of a
bone fragment is present, when normal T1 fat signal
intensity of the vertebral body is preserved, or when a
horizontal fracture plane is seen on TI1- and T2-
weighted sequences (Jung et al. 2003). A pathologic
cause of fracture is suggested when the posterior

and a soft tissue component. Extra-osseous extension is better
demonstrated with MR. Mild cortical breakthrough and peri-
osteal reaction is seen on the corresponding CT image

cortex is convex towards the spinal canal or when an
epidural mass is present. Direct soft tissue extension
from a pathologically involved vertebra can easily be
characterized using standard MRI techniques. These
descriptive features can be augmented with findings
from in-phase/opposed phase imaging sequences to
differentiate benign and malignant conditions, as
reported in a study of 49 cases (Erly et al. 20006).
2.5.1 Evaluation of Relapse/Response

to Therapy

Because of the high sensitivity of MRI for bone
marrow abnormalities, some studies report that MR
imaging may provide an option for monitoring
response to therapy (Fig. 10, 11) and subsequent
surveillance. Quantitative chemical shift MR imaging
has shown promise in staging leukemic patients. This
technique takes advantage of the differential bone
marrow signal contribution from marrow fat and
water. In one study, signal derived from water, pre-
sumably from pathologic leukemic cells, and associ-
ated edema, sequentially decreased in the bone
marrow of patients who responded to therapy,
whereas a low marrow fat fraction persisted in non-
responding patients (Gerard et al. 1992). Another
group of researchers showed that changes in bulk T1
signal may be able to predict response to therapy in
CLL patients (Lecouvet et al. 1997). One recent study
reports that dynamic contrast enhancement charac-
teristics may provide an indication of outcome and
survival in patients who are in complete remission
from acute myeloid leukemia (Chen et al. 2011).
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Fig. 10 A 70-year-old woman with AML. a Sagittal T1-
weighted and b STIR MR images of the lumbar spine 2 months
after initial diagnosis demonstrate extensive degnerative
changes but relatively unremarkable marrow signal. Follow-

2.5.2 Differential Diagnosis

A potential pitfall of MRI evaluation of marrow infil-
tration can be encountered with imaging of the pediatric
population. Because many of the leukemias affect chil-
dren, signal changes on T1-weighted and T2-weighted
sequences as a result of leukemic infiltration sometimes
can be difficult to distinguish from the normal signal
seen with red marrow reconversion (Fig. 12) or with
residual hematopoietic marrow (Moore et al. 1986;
Babyn et al. 1998). Similarly, effects of hematopoietic
growth factors (specifically G-CSF and GM-CSF) can
mimic bone marrow signal changes seen with marrow
infiltration processes (Fletcher et al. 1993).

3 Lymphoma
3.1 Epidemiology and Clinical
Background

The lymphomas make up a heterogeneous group of
disorders arising from lymphoid cell origins. They are
broadly categorized as Hodgkin’s lymphoma (HL)

up imaging performed 10 months later, following chemother-
apy and relapse of disease, demonstrates diffusely abnormal
¢ T1 and d STIR signal abnormality related to relapse of
leukemia

and other lymphoid cell tumors collectively termed
non-Hodgkin’s lymphoma (NHL). HL is distinctly
characterized histologically by the presence of mul-
tinucleated Reed Sternberg cells. NHL is a more
diverse group and a more malignant group of lym-
phoid tumors. Some of its subtypes include diffuse
large B-Cell lymphoma, follicular lymphoma, ana-
plastic large cell lymphoma, lymphoblastic lym-
phoma, and Burkitt’s lymphoma. The incidence of
NHL is more than seven times greater than that of HL
(Howlader et al. 2010). The recently updated WHO
classification attempts to further categorize these
diseases based on the cell type of origin (B, T, or NK
cells) and by the phenotypic, molecular, and/or
cytogenetic characteristics (Swerdlow et al. 2008).
Regardless of type, the hallmark of lymphoma is
proliferation of clonal lymphoid cells typically
resulting in massive enlargement of lymph nodes and
secondary lymphoid tissues. Less commonly, extra
nodal tissues may become involved, affecting the
gastrointestinal tract, head and neck (Waldeyer’s
ring), orbits, central nervous system, lung, skin, and
sometimes bone. Commonly observed clinical
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Fig. 11 A 49-year-old male with CML. a Sagittal STIR, b T1-
weighted and ¢ T1-weighted post-contrast fat-suppressed MR
images of the lumbar spine demonstrate extensive abnormal
decreased marrow signal intensity on all sequences and

multiple enhancing nodules along the nerve roots of the cauda
equina, thought to reflect leukemic deposits. Extra-osseous
extension of tumor and multiple soft tissue masses were also
seen
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Fig. 12 A 48-year-old woman with AML and pain after a fall.
a Oblique coronal T1 and matched b oblique coronal STIR
images of the shoulder show signal change within the proximal
humeral metaphysis spreading into the adjacent humeral head

findings of lymphoma are lymphadenopathy, medi-
astinal and abdominal masses, and hepatospleno-
megaly. Vague constitutional symptoms that include
fever, night sweats, and weight loss comprise the B
symptoms and carry a worse prognosis than for those
patients who do not exhibit these symptoms (Lister
et al. 1989). Additional clinical manifestations vary
based on the malignancy subtype and the precise
distribution of tumor involvement.

The skeleton, most commonly becomes involved
secondary to venous hematogenous spread of malig-
nant lymphocytes when seeding and proliferation
occurs in the favorable nutrient rich environment of
the bone marrow. Direct invasion from adjacent
lymphoid tissue is another avenue by which the
osseous structures may become involved. The marrow
replacement process is more common within the NHL
spectrum of tumors and carries a poorer prognosis
(Parker et al. 1980).

Alternatively, lymphoid malignancies can arise as a
primary process within bone. Solitary primary osseous
involvement of a lymphoreticular nature, with or
without regional nodal involvement and, importantly,
with no evidence of systemic disease for a subsequent

epiphysis typical of red marrow reconversion. T1 signal
intensity is not lower than adjacent muscle and STIR signal
intensity is not bright. Note marked distension of the subacro-
mial bursa due to the acute injury

6-month period, defines the distinct entity of primary
lymphoma of bone (PLB) (Ostrowski et al. 1986; Baar
et al. 1994). The presence of enlarged regional lymph
nodes, at the time of diagnosis of the primary osseous
lesion, is a point of debate for some investigators.
Nevertheless, this disease is one of the rarest of the
primary bone malignancies, accounting for approxi-
mately 5% of all malignant primary bone tumors. Its
peak incidence is in the fourth through sixth decades of
life, with slight male predominance. It is rarely seen in
patients younger than 10 years of age. These neo-
plasms are almost always (>90%) a non-Hodgkin’s
type lymphoma, with diffuse large B-cell lymphoma
accounting for most cases. Only about 6% of all PLB
cases are due to Hodgkin’s lymphoma, as was reported
in one of the largest review series (237 cases) published
to date (Mulligan et al. 1999).

Certain rheumatologic conditions may be associ-
ated with the lymphomas. These include; systemic
lupus erythematosus, rheumatoid arthritis, ataxia tel-
angiectasia, relapsing polychondritis, and the nephri-
tic syndrome. Secondary gout and hypertrophic
osteoarthropathy also have been shown to be associ-
ated with lymphoma.
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3.2 Hodgkin’s Lymphoma

Hodgkin’s lymphoma is a lymphocytic tumor charac-
terized by the presence of multinucleated giant cells
that are known as Reed Sternberg cells. Itis thought that
mutations in tumor suppressor genes do not allow these
Reed Sternberg cells to properly undergo apoptosis.
Consequently, there is a continual accumulation of
these nonfunctioning cells that are not fully differenti-
ated, eventually manifesting as the disease (Skinnider
and Mak 2002). HL has bimodal peaks in the adolescent
population and also in the sixth decade of life. The
skeletal abnormalities seen in HL are more common in
adults than in children. Bone involvement may develop
by hematogenous tumor dissemination (metastatic
disease) or via direct invasion from adjacent lymph
nodes. Hematogenous metastatic spread is associated
with a poor prognosis (Parker et al. 1980). Direct
invasion is most commonly seen in the sternum, ribs,
and vertebrae (Appell et al. 1981).

3.2.1 Findings in Radiographs and CT

The radiographic appearance of HL is variable and
the osseous lymphomatous lesions can be lytic, scle-
rotic, or mixed lytic-sclerotic. As with non-Hodgkin’s
lymphoma, osteolytic lesions are poorly defined but
periostitis is more common with HL. In addition,
hypertrophic osteoarthropathy also may be present.
Local mass effect from enlarging lymph nodes may
lead to scalloping of the adjacent bone, if direct
invasion has not taken place. Hodgkin’s lymphoma,
along with osteoblastic metastatic disease, metabolic
conditions, and Paget’s disease, is the differential
diagnosis for an “ivory vertebra.”

3.3 Burkitt’s Lymphoma

Burkitt’s lymphoma is a subtype of NHL which affects
children most frequently. There is a strong association
with Epstein Barr virus (EBV). In tropical Africa,
osseous destruction of the facial bones is characteristic
(Burkitt 1958). It most commonly involves the maxilla
and to a lesser degree the mandible, often resulting in
severe deformity. The femur and tibia, especially
around the knee joint, are affected less frequently, but
involvement at those sites can be just as debilitating.
Soft tissue masses are commonly multiple. They are

extensions of intraosseous tumor through the compro-
mised cortex. Soft tissue masses from the facial bones
can extend into the mouth or into the paranasal sinuses
(Fowles et al. 1983).

34 Non-Hodgkin’s Lymphoma
Non-Hodgkin’s lymphoma is the heterogeneous col-
lection of lymphoid neoplasms that are not classified
as Hodgkin’s lymphoma. The median age at diag-
nosis is the sixth decade of life for most subtypes,
although Burkitt’s lymphoma and lymphoblastic
lymphoma (an entity on a spectrum with ALL) tend
to occur in younger populations. While the cause of
Non-Hodgkin’s lymphoma remains uncertain, there is
growing evidence that immune-regulation dysfunc-
tion, with resulting clonal expansion of dedifferenti-
ated immature cells, contributes to malignant
transformation into  non-Hodgkin’s  lymphoma
(Guillerman et al. 2011; Cairo et al. 2005). This
hypothesis stems partly from observations that there
is a well-known increased incidence of lymphoma in
patients who are immunosuppressed due to HIV
infection. In addition, those patients who have
undergone solid organ or bone marrow transplanta-
tion and are iatrogenically immunosuppressed are
also at risk of developing post transplant lympho-
proliferative diseases (Gottschalk et al. 2005). Other
studies show a link between Epstein Barr virus and
the pathogenesis of lymphoproliferative diseases
(Saha and Robertson 2011).

3.4.1 Findings in Radiographs and CT

The prevalence of skeletal findings in disseminated
non-Hodgkin’s lymphoma is estimated to be 10-20%
in adults and 20-30% in children. These changes are
typically observed after the initial presentation. The
axial skeleton is more commonly involved with
multifocal disease in the spine, pelvis, skull, ribs, and
facial bones. The typical radiographic appearance is
moth-eaten or permeative osteolytic destruction of the
skeleton often involving multiple bones. Endosteal
scalloping and cortical destruction are associated with
adjacent soft tissue extension. Periosteal reaction
and osteosclerosis may be present, although these
are findings more commonly seen with Hodgkin’s
lymphoma.
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In comparison, primary lymphoma of bone
involves a solitary appendicular skeletal site more
frequently than an axial skeletal site. The distal femur
representing the most commonly involved site (25%)
in a review of 237 cases (Mulligan et al. 1999) but
other long bones such as the proximal tibia and
humerus can be affected as well. The skull, vertebra,
and the pelvis are other common sites of involvement.
Insidious symptoms like intermittent bone pain and
swelling are common clinical presentations. The
radiographic appearance of PLB typically shows a
solitary permeative or moth-eaten pattern of bone
destruction. In long bones, the destruction is usually
centered at the metadiaphyseal junction. Highly
aggressive patterns of periosteal reaction are common
and soft tissue masses are frequently associated. A
sequestrum is also a common finding seen in up to
15% of cases (Mulligan and Kransdorf 1993) as are
pathologic fractures which may lead to the initial
presentation. A multifocal form of PLB is reported,
that typically involves the skull, distal femur, proxi-
mal tibia, and spine (Melamed et al. 1997).

3.4.2 Prognosis

While PLB is rare, it is important to distinguish it
from other disorders in the differential diagnosis
(Ewing’s sarcoma and neuroblastoma in the young,
and myeloma, metastasis, and infection in the older
population) as the prognosis and treatment is dras-
tically different compared with the other primary
bone malignancies and infectious processes. In one
recent report the 5-year survival, for ten patients
with PLB, following treatment was 100% (Kirsch
et al. 2000).

3.5 Findings in MRI and PET/CT

Bone marrow evaluation MRI techniques for lym-
phoma are similar to the techniques discussed earlier
in the leukemia section. Also, much of the discussion
of MRI findings in leukemia also applies to lym-
phoma. There are subtle differences between these
two disease processes, however. Much like leukemia,
lymphomatous infiltration of the bone marrow can be
focal (Fig. 13) or diffuse (Fig. 14) and is typically low
in T1 signal compared to adjacent skeletal muscle
(Moulopoulos and Dimopoulos 1997). Interestingly,
the corresponding T2 signal, however, can be

inhomogeneous with the marrow signal hypointense,
isointense, or hyperintense compared to the adjacent
skeletal muscle (Stiglbauer et al. 1992; White et al.
1998; Hermann et al. 1997). In one of these studies,
histological analysis, of the bone lesions demon-
strating low T2 signal, revealed a high content of
fibrous tissue, which could explain the signal behavior
on MRI (Stiglbauer et al. 1992).

MR imaging offers an obvious advantage for
assessing the soft tissue surrounding bone compared
to conventional radiography or CT. Lymphomatous
infiltration of the musculature can represent primary
soft tissue involvement, or more commonly, direct
extension from adjacent intraosseous tumor mass or
adjacent lymph nodes. The involved muscle typically
shows isointense or slightly hyperintense signal
intensity compared to normal muscle on T1-weighted
sequences and hyperintense signal intensity compared
to normal muscle on T2-weighted sequences (Chun
et al. 2010). The MR (or less commonly seen CT)
triad of extensive intramedullary disease, with intact
cortical bone, and surrounding soft tissue mass
(Fig. 15) is characteristic of the small, round cell
tumor group that includes the lymphomas and
Ewing’s family of sarcomas (Mulligan et al. 1999).
Frequently, when skeletal muscle is the primary site
of disease, adjacent fat is infiltrated and multiple
muscle compartments, and a long segment of a limb,
may be involved (Lee et al. 1997; Chew et al. 1999).
The differential diagnosis for skeletal muscle lym-
phoma includes; myositis, infarction, denervation
changes, and sarcoidosis. MRI also can be useful in
localizing and analyzing the extent of extraosseous
disease (Fig. 16) in lymphoma (Li et al. 1992).
Finally, involvement extending across joints is
another distinct feature which can be detected more
easily using MR imaging (Mulligan et al. 1999).

18F-fluoro-deoxyglucose positron emission
tomography (FDG-PET) has largely replaced 67 Ga
scintigraphy for functional imaging of lymphoma.
Due to the nature of functional imaging, PET
uniquely enjoys the ability to distinguish between
viable tumor and necrotic or fibrotic tissue in residual
masses that are often present following treatment.
PET has also been shown to be superior, to CT alone,
for assessing normal size lymph nodes and extra
nodal disease sites, including the bone marrow (Paes
et al. 2010). Currently, FDG-PET provides the best
whole body scanning technique for staging, as well
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Fig. 13 A 55-year-old man
with Non-Hodgkins
lymphoma. a Sagittal
T1-weighted and b STIR
MR sequences through the
cervical and upper thoracic
spine demonstrate
innumerable scattered focal
areas of abnormal marrow
signal

as comprehensively and accurately assessing response
to therapy, for Hodgkin’s lymphoma and diffuse
large B-cell type non-Hodgkin’s lymphoma (Juweid
et al. 2007). A recent meta-analysis showed the
pooled sensitivity and specificity of FDG-PET for
detection of residual disease, after completion of
first-line therapy in HL, was 84 and 90%, respec-
tively. Those parameters for diffuse large B-cell
lymphoma were 72 and 100%, respectively (Zijlstra
et al. 2006). When combined with CT, the co reg-
istered PET/CT images provide the highest sensi-
tivity and specificity for detecting disease (Fig. 17)
and correlating site of abnormal hypermetabolic
activity to a specific anatomic structure (Hutchings
et al. 2006).

4 Chronic Myeloproliferative
Disorders

4.1 Epidemiology and Clinical

Background

The chronic myeloproliferative disorders include
three entities such as; osteomyelofibrosis/sclerosis
(OMF/OMS), polycythemia vera, and essential
thrombocythemia. These are monoclonal diseases of
the myeloid stem cells with an autonomous prolifer-
ation of one or more hematopoietic cell lines. In the
initial stages all three cell lines can be increased.
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Fig. 14 A 48-year-old male
with B cell lymphoma.

a Sagittal T1-weighted and
b STIR images of the lumbar
spine demonstrate abnormal
T1 hypointensity and STIR
hyperintensity in the L2

and L5 vertebral bodies.
Diagnosis was confirmed by
biopsy of the L2 vertebral
body

4.2 OMF/OMS

OMF/OMS is a disease of older adults with a peak
incidence in the sixth and seventh decades of life.
OMF/OMS can be either a primary or a secondary
condition, in association with other malignant bone

marrow disorders, such as leukemia and lymphoma,
which are discussed in other sections of this chapter,
or in association with multiple myeloma, which is
discussed elsewhere in this book. In the early stages
of OMF/OMS, the histological picture is character-
ized by hyperplastic marrow with an increase of all
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Fig. 15 A 19-year-old male
with B cell lymphoma who
presented with right hip pain.
Coronal a T1-weighted and
b STIR MR images through
the proximal femur
demonstrate a large
infiltrative lesion within the
medullary cavity, with an
associated extra-osseous soft
tissue component but no
pronounced cortical
destruction

three cell lines, and clusters of large dysplastic
megakaryocytes. The normal amount of intramedul-
lary fat is reduced. This picture is followed by sub-
sequent marrow fibrosis, sclerosis and a hypocellular
stage. Intramedullary fat is also reduced in this stage.
Typically, extramedullary hematopoiesis, with e.g.
paravertebral soft tissue masses, and hepatospleno-
megaly is found in patients at the most advanced
stages of the disease. Clinical symptoms are often
nonspecific, but may include fatigue, weakness, and
weight loss. Examination of a peripheral blood smear
demonstrates a normocytic anemia.

4.2.1 Findings in Radiographs and CT

A homogeneous osteosclerosis of the skeleton, espe-
cially the axial skeleton, can be found in 30-70% of
patients (Fig. 18). The osteosclerotic areas usually

involve those bones with active red marrow. In the
long bones, endosteal sclerosis can lead to cortical
thickening. In the spine, the sclerotic changes are
typically homogeneous but can be limited to cortical
accentuation of only the endplates, resulting in the
so-called “sandwich vertebra” appearance. Diffuse
osteoporosis is the second in frequency radiographic
finding in myelofibrosis, while the coexistence of
osteosclerosis and osteoporosis also may occur.
Osteolytic lesions are uncommon and when present
often mixed with osteosclerosis. In the literature small
Iytic areas within the cortex of the bones also have
been described. These are attributed to excess devel-
opment of connective tissue that, by compression,
produces atrophy and destruction of the osseous
tissue (Meszaros and Sinsson 1961). A case report
of a patient with myelofibrosis in the context of
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Fig. 16 A 17-year-old male with history of B cell lymphoma,
testicular primary, who presents 10 years after initial diagnosis
with right frontal mass. a Non-contrast CT demonstrates a soft
tissue mass along the right frontal scalp with associated
periosteal reaction that suggests osseous involvement. On MRI,

the bone lesion is b T1 hypointense, ¢ T2 isointense and shows
d restricted diffusion. There is extension into the intracranial
compartment as well as the overlying soft tissues. € FDG-PET
image demonstrates corresponding hypermetabolism. This
mass was biopsy-proven disease recurrence
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Fig. 17 a CT of the pelvis demonstrates a large soft tissue
mass on either side of the right iliac wing, with associated
periosteal reaction but no pronounced cortical destruction.
b FDG-PET image demonstrates marked hypermetabolism

Fig. 18 A 57-year-old
woman with myelofibrosis.
Coronal reformatted CT
images show a diffuse
osteosclerosis and b grossly
enlarged spleen

)

polycthemia vera described multiple large lytic areas
of bone destruction (Sideris et al. 2006). A polyar-
thritis simulating rheumatoid arthritis also has been
described. Hemarthrosis can be the initial manifesta-
tion of the disease. Impaired platelet production and
function, due to the marrow fibrosis, presumably
contributes to bleeding disorders. Gout occurs in
5-20% of patients, as an additional complication, and
a gouty arthritis attack, may predate the diagnosis of
OMF/OMS. The differential diagnosis includes; oste-
opetrosis, diffuse osteoblastic metastatic disease,
mastocytosis, and renal osteodystrophy (Baur-Melnyk
and Reiser 2008).

corresponding to the right iliac lesion, which is centered in the
bone. Additional sites were also involved by disease proven to
represent B cell lymphoma

4.2.2 Findings in MRI

MRI findings include diffuse marrow changes (Fig. 19)
that are dependent on the stage of disease (Guermazi
et al. 1999). Signal intensity typically is markedly
reduced on T1-weighted and T2-weighted sequences
due to the increase in marrow cells and reduction in fat
cells in the early stages, or due to extensive marrow
fibrosis in the late stages. Small residual areas of fatty
marrow can be interspersed in the background of the
abnormal marrow. If gadolinium-based intravenous
contrast agents are administered, marked enhancement
in the bone marrow will be seen in the majority of
patients due to; increase in the number of capillaries,
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Fig. 19 An 86-year-old woman with myelofibrosis. Coronal
MR image a shows splenomegaly with homogeneous signal
intensity. Note diffuse homogeneous signal intensity of the
visualized vertebral bodies

widened sinusoids, and increased permeability of the
vessels (Amano et al. 1997). Areas of bone marrow
ischemia can cause non enhancing regions to occur
(Vande Berg et al. 1993).

4.2.3 Differential Diagnosis

The differential diagnosis for OMF/OMS includes;
myeloma and leukemia in the early stages of OMF/
OMS, and hemosiderosis and diffuse osteoblastic
metastatic disease in the late stages of OMF/OMS.

4.3 Polycythemia Vera (PV)

4.3.1 Polycythemia vera (PV): Epidemiology
and Clinical Background

PV is one of the less common malignant myelopro-
liferative disorders with a yearly prevalence of about
0.7-1/100.000/year. The exact cause is not known, but
there is recent evidence for a genetic abnormality
identified as JAK2 (James et al. 2005; Mustjoki et al.
2009). PV’s most prominent feature is increased red
blood cell mass due to a clonal hematopoietic stem cell
abnormality. Myelofibrosis might occur together with
PV, rarely in the early phase but more often in the late

Fig. 20 A 46-year-old woman with polycythemia vera who
had left upper quadrant pain after a motor vehicle accident.
Coronal reformatted CT image shows enlarged heterogeneous
spleen but no evidence of acute injury

stage of disease. There is also an increase in white
blood cells and platelets. Adults in the fifth to seventh
decades of life make up the majority of cases. Men and
women are equally affected. Symptoms and signs are
related to the hematopoietic cell line proliferations and
include; thrombosis (that may result in Budd Chiari
syndrome and/or pulmonary embolism) bleeding, and
splenomegaly. The diagnosis is based on examination
of the peripheral blood smear and bone marrow aspi-
rate, as well as quantitative assessment of the total red
blood cell volume (Streiff et al. 2002).

4.3.2 Imaging Findings

Extensive imaging of the patient usually is not needed.
Confirmation of suspected splenomegaly may be done
with ultrasound or CT (Fig. 20). Radiographs often
show no abnormality. Diffuse osteopenia has been
described in the bones that harbor active marrow.
Secondary myelofibrosis may occur in the disease
process. MRI and PET/CT findings are similar to other
myeloproliferative disorders as discussed previously in
this chapter (van Ufford et al. 2011; Basu et al. 2007).
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Fig. 21 A 40-year-old man with polycythemia vera who
had shoulder pain. Matched oblique sagittal MR images
a T1-weighted and b STIR show diffuse homogeneous marrow

In a study by Kaplan et al. in 1992 MRI was performed
in 14 patients with biopsy-proved polycythemia vera
(n = 4) or myelofibrosis (n = 10) in order to deter-
mine whether MR imaging findings can be correlated
with the clinicopathologic diagnosis and established
clinical parameters of severity [serum lactate dehy-
drogenase (LDH) and cholesterol levels] and chro-
nicity (spleen size). Evaluation of marrow in the
proximal femurs showed that patients could be cate-
gorized into three distinct groups based on anatomic
patterns of normal fatty and abnormal low-signal-
intensity (non-fatty) marrow in the femoral capital
epiphysis and greater trochanter. The apophyses
(greater trochanter) were more resitstant to reconver-
sion than the epiphyses (femoral head). Patients with
involvement in both the epiphysis and greater tro-
chanter had significantly higher clinical activity of
disease than patients with fatty marrow in at least the
greater trochanter. Splenic volume was significantly
greater in the myelofibrosis group than in the polycy-
themia vera group (Kaplan et al.1992).

Patients with PV typically show diffuse abnormality
in active marrow sites on MRI (Fig. 21) or PET/CT. In
addition to PET agents, other scintigraphic agents
including monoclonal antigranulocyte antibodies
labeled with 99m Tc may be useful (Agool et al. 2011).

throughout the proximal humeral shaft and one small focal area
of marrow reconversion within the epiphysis

4.3.3 Therapy/Prognosis

Treatment, in the past, consisted simply of repeated
phlebotomy as needed. The newest treatment avail-
able, is drug therapy with JAK1/JAK?2 inhibitor class
agents. Without treatment, median survival is only on
the order of 2-3 years. With treatment, survival of
10-20 years can be achieved. Rarely, there can be
complications related to the development of granu-
locytic sarcoma or AML (Abdulkarim 2009).

4.3.4 Differential Diagnosis

The differential diagnosis includes entities such as;
essential thrombocytosis, CML, agnogenic myeloid
metaplasia, and conditions that result in secondary
polycythemia.

4.4 Essential Thrombocythemia (ET):
Epidemiology and Clinical

Background

Like polycythemia vera, ET is another of the chronic
myeloproliferative disorders. Its distinct feature is
overproduction of platelets (>600,000/pL) due to
abnormal sustained megakaryocyte proliferation
(Kwon et al. 2009). The cause of this condition is not
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yet known, although a JAK2 V617F mutation is
reported in up to 50% of patients (Spanoudakis et al.
2008). Approximately 6000 new cases are reported
each year in the United States (Mesa et al. 1999). Two
age groups are affected; young women comprise one
group, and older adults (male = female) in the other
group. Symptoms and signs are related to the platelet
overproduction, with thrombosis and hemorrhage
most common. Splenomegaly is present in 40-50% of
patients and hepatomegaly is seen in 20%. The
diagnosis is made after examination of the peripheral
blood smear and bone marrow aspirate.

4.4.1 Imaging Findings

Extensive imaging of the patient usually is not nee-
ded. Confirmation of suspected organomegaly may be
done with ultrasound or CT. MRI and PET/CT find-
ings are similar to other myeloproliferative disorders
as discussed elsewhere in this chapter.

4.4.2 Treatment/Prognosis

Treatment with low dose aspirin is directed to avoid
thrombotic complications. The primary disease pro-
cess in the marrow is treated with agents such as
hydroxyurea and interferon (Harrison et al. 2005).
Prognosis is good, with 10-year survival rates in
60-80% of cases. Transformation to other processes
such as AML, PV, or agnogenic myeloid metaplasia
can occur but is unusual (Cervantes et al. 1991).

4.4.3 Differential Diagnosis

The differential diagnosis includes many of the other
chronic myeloproliferative disorders including agno-
genic myeloid metaplasia, CML, PV, myelodysplastic
syndrome, and other conditions that might cause
secondary thrombocytosis. Molecular studies such as
polymerase chain reaction (PCR) or Southern (geno-
mic) blotting may be used as sensitive means of
excluding chronic myelogenous leukemia.
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areas. Accordingly, WB-MRI has become a useful
and sensitive alternative to standard whole-body
imaging procedures such as skeletal scintigraphy
or whole-body CT.

1 Introduction

The bone marrow is a frequent target of neoplastic
and hematologic disease and therefore the early
detection of bone metastases has an important impact
on patient management and may contribute to prevent
complications such as pathological fractures. In clin-
ical practice, most commonly multi-modality algo-
rithms are used in case of suspected metastatic bone
disease, including conventional X-ray, bone marrow
or skeletal scintigraphy, computed tomography (CT)
or positron emission tomography (PET). These
examinations are performed in order to evaluate the
presence and type of bone lesions, to assess their
extent and localization and eventually guide potential
biopsy. All these modalities have different perfor-
mances in terms of sensitivity and specificity. Yet,
MRI is an imaging technique that allows a direct
visualization of bone marrow components with high
spatial resolution. The unique soft-tissue contrast of
MRI provides a precise assessment of bone marrow
infiltration and tumor spread into surrounding tissue
at high sensitivity, even in the absence of pronounced
osteolytic or metabolic changes. Recently, the advent
of multi-receiver channel scanner with more flexible
coil systems has made whole-body MRI (WB-MRI)
clinically feasible and is introduced as an integrative,
highly sensitive method for the detection of metastatic
disease to the bone marrow.

2 Clinical Background
2.1 Frequency, Subtypes
and Anatomical Distribution

The skeletal system constitutes the third most com-
mon location of metastatic manifestations after the
liver and the lung. The primary tumors with the
highest incidence of skeletal metastases are prostate
cancer in men and breast cancer in women, followed
by thyroid-, renal- and lung carcinomas. These tumors

account for approximately 80% of metastatic bone
disease. Approximately 70% of patients who die from
prostate- or breast cancer have evidence of skeletal
involvement at autopsy (Rubens 1998). Clinically,
bone metastases are the most common cause of pain
from cancer, which results from either mechanical or
chemical stimulation of pain receptors in the perios-
teum and endosteum. Furthermore, spread of tumor
from bone to surrounding neurological structures,
such as the spinal cord or nerve roots may cause
neurological disability. Compression of the spinal
cord or cauda equina in patients with metastatic dis-
ease of the spine is a medical emergency necessitating
prompt diagnosis and treatment. Pathological fracture
is a major complication of metastatic bone disease,
causing severe pain and often prolonged disability.
Fractures of long bones have the most serious con-
sequences and occur in approximately 10% of
patients with bone metastases.

Based on morphological criteria in radiography,
CT and MRI, skeletal metastases are classified as
osteolytic (approximately 50%), osteoblastic (35%)
and mixed type (15%). Bone metastases from colon-,
kidney- and lung cancer usually have an osteolytic
appearance radiologically and predisposing these
lesions to complications, such as pathological frac-
ture. Patients suffering from prostate- and breast
cancer more frequently show the osteoblastic type of
lesions, while the mixed appearance often is observed
in thyroid cancer.

The predominantly hematogenous spread of bone
metastases explains its frequent distribution in active
hematopoetic bone marrow, especially in the axial
skeleton. However, it has been reported that up to
40% of bone metastases may occur in the appendic-
ular skeleton, underlining the importance of whole-
body anatomic coverage (Krishnamurthy et al. 1977).

2.2 Diagnostic Imaging Algorithms

for Bone Metastases

In patients with local symptoms or pain and in
absence of trauma history, radiographs are usually
performed as the initial approach for the verification
of osteolytic changes indicating possible malignancy
(Fig. 1). The fact that only distinct focal osteolytic
changes with loss of 30-50% mineral density are
discernible on plain film explains its low sensitivity in
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Fig. 1 29-year-old patient
with breast cancer and pain in
the right pubic region. a X-ray
shows an osteolysis with
pathologic fracture of the
right pubic bone (arrow);

b MRI scan depicts T1w-
hypointense bone marrow
infiltration compared to
normal hyperintense bone
marrow signal in the left
pubic bone (arrow);

¢ corresponding *°™Tc-bone
scan reveals a focal
pathologic tracer increase

in the described area

the detection of metastases compared with magnetic
resonance imaging (MRI), multislice computed
tomography (MS-CT) or bone scintigraphy (Edelstyn
et al. 1967; Fochem and Ogris 1976; Baur-Melnyk
and Reiser 2004; Roberts et al. 1976; Fig. 2).
Experimental studies in the spine showed that in
cancellous bone 50-75% of the bony thickness in the
beam axis of the vertebral body must be destroyed
until it can be seen on lateral radiographs. The
detection rate was even less accurate on a-p radio-
graphs (Edelstyn et al. 1967). It has been reported that
conventional radiographs show no evidence of
pathology in 40-63% of cases where bone scans
depict a pathological tracer accumulation indicating
malignancy (Roberts et al. 1976). Chassang et al.
proposed low-dose-CT for the evaluation of the spine
affected by myeloma, bone metastases and fractures
secondary to osteoporosis with a superior sensitivity
compared with conventional radiographic studies
(Chassang et al. 2007). Lecouvet et al. compared the
performance of MRI and radiography to detect focal

osteolytic bone lesions and showed a clear superiority
of MRI in specific anatomical areas such as the spine
(76 vs. 42% detected lesions) and pelvis (75 vs. 46%
detected lesions) (Lecouvet et al. 1999).

In asymptomatic patients, Technetium”*™ (**™Tc)-
phosphonate-based scintigraphy has long been the
standard method for systemic bone marrow screening,
especially in the search for bone metastases with
osteoblastic activity. In a recent meta-analysis on the
detection of bone metastases from breast cancer, the
patient-based sensitivity of bone scintigraphy has been
described as moderate with 78%, at a specificity of
87%, respectively (Shie et al. 2008). An increase in
specificity has been reported through the implementa-
tion of bone marrow scintigraphy techniques using
99mTc-monoclonal antigranulocyte antibodies as a
complement to standard bone scintigraphy with a
reported specificity of up to 90%, in patients with
equivocal bone scan results (Prior et al. 2003). Results
of another study suggest that bone scintigraphy may not
necessarily be required when CT staging with bone
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Fig. 2 77-year-old patient with cancer of unknown primary
and new bone pain in the thoracic spine. a X-ray shows a
compression fracture in Th8. No vertebral osteolyses are
discernible, diagnostic value is further impaired by overlaying
anatomic structures; b CT scan depicts an osteolysis
with >50% destruction of the posterior border, which led to
vertebral instability; ¢, d MRI shows Tlw-hypointense and

kernel reconstruction has previously been performed.
In a patient-based analysis, MS-CT revealed skeletal
metastases in 43 of 44 patients, whereas scintigraphy
was false-positive in 11 patients without metastatic
disease (Bristow et al. 2008). Nevertheless, bone
scintigraphy still remains a favored imaging modality
for the evaluation of skeletal metastases, owing mainly
to its cost effectiveness and wide availability.

MS-CT is frequently used in oncological imaging
and allows for a rapid bone marrow assessment within
a CT staging examination using the bone window
setting. With the introduction of multislice CT,
especially 16-row scanners, a very thin collimation

STIR-hyperintense bone metastases with posterior bulging
(arrows). Further metastases are delineated in adjacent verte-
brae not depicted in conventional imaging; e T1w fat saturated
axial MRI delineates a large paravertebral tumor component
with infiltration of the posterior body elements and into the
spinal canal with incipient encasement of the spinal cord

of ~0.7 mm became possible. Therefore small
details and especially the trabecular network can be
visualized. An important advance has been the
introduction of automated tube current dose modula-
tion systems, which have reduced exposure of the
patient to ionizing radiation by 10-30% for whole-
body scans without substantially sacrificing image
quality (Mulkens et al. 2005). Finally, MS-CT for
interventional purposes is an established guiding tool
for high-precision biopsies performed either as a
minimal invasive method or biopsy punch.

For the detection of bone destructions, MS-CT is
far more sensitive than radiography and unique in its
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ability to evaluate the extent of osseous destructions
and to assess cortical bone stability and fracture risk
(Fig. 2; Poitout et al. 1991). For this purpose,
Taneichi et al. established guidelines to estimate
probability of vertebral collapse, depending on the
anatomic level of metastatic infiltration within the
spine (see Table 1; Taneichi et al. 1997). There are
major differences between the thoracic (Th 1-10) and
thoracolumbar vertebral bodies (Th 11-L5) since the
rib cage serves as a stabilizer of the thoracic vertebral
column. Four factors are decisive: percentage of
osteolysis in the vertebral body, presence of
involvement of the pedicles, posterior elements and
costovertebral joint involvement at thoracic level. A
vertebral body is at risk of fracture in the thoracic
spine if more than 50% of the vertebral body is
missing or if more than 25% osseous destruction of
the vertebral body is combined with a destruction of
the costovertebral joint. In the lumbar spine a verte-
bral body is at risk of fracture if more than 35% of the
body is destroyed or if a more than 20% destruction of
the body is combined with involvement of the pos-
terior elements/pedicles (Table 1). This assessment
has a crucial impact on therapy management to decide
between systemic chemotherapy, local irradiation and
prophylactic  stabilization. Furthermore, MS-CT
allows the detection of osteoblastic bone marrow
changes as well as mixed patterns with osteosclerosis
and destruction. In cases with diffuse bone marrow
infiltration, inhomogeneous osteoporosis may be
detected. Especially the use of ultrathin collimation
(0.5 mm) provides excellent image quality for the
neck and peripheral skeleton. Krahe et al. compared
conventional radiographs and CT examinations of
112 patients with primary and secondary bone tumors
of the spine. Of 268 affected vertebrae identified on
CT, 88% were identified by radiographs when the
vertebral body was infiltrated, but only 66% when
other parts of the vertebrae were affected. Of intra-
spinal and paravertebral tumor extension, only 23 and
33%, respectively, were correctly diagnosed by plain
radiography (Krahe et al. 1989). Yet, in an own
study on the spine comparing 64-MS-CT with MRI in
41 patients with vertebral metastases, it has been
shown that although MS-CT provides excellent image
quality and a high spatial resolution in the assessment
of vertebral bony structures, metastatic lesions
without significant bone destruction may be missed
(Buhmann Kirchhoff et al. 2009). Overall, the diagnostic

Table 1 Assessment of fracture risk in the spine (Taneichi
et al. 1997)

Fracture risk assessment in vertebral bodies
>50% destruction of thoracic (Th1-10) v.b.

>25% destruction of thoracic v.b. + costovertebral
destruction

>35% destruction of thoracolumbar (Th11-L5) v.b.

>20% destruction of thoracolumbar (Th11-L5) + infiltration
of pedicle/post. elements

accuracy of MRI proved to be significantly superior
to MS-CT for the detection of osseous metastases.
Of 201 vertebral bodies defined as metastatically
affected, MS-CT detected 133/201 lesions and MRI
198/201 lesions. Sensitivity was significantly lower
for MS-CT (66.2%) than for MRI (98.5%), speci-
ficity was not significantly different for both methods
MS-CT: 99.3%; MRI: 98.9%). The diagnostic
accuracy resulted in 88.8% for MS-CT and 98.7%
for MRI.

3 MRI of Bone Metastases

3.1 Sequences and Signal Characteristics
For MRI bone screening, the combination of unen-
hanced T1-weighted turbo spin echo (TSE) and turbo-
STIR-sequences proved to be highly sensitive to
discriminate benign from malignant marrow disorders
(Walker et al. 2000). Normal fatty marrow shows a
homogeneous hyperintense signal compared to adja-
cent muscle tissue in T1-weighted sequences. Tumor
spread is identified by replacement of normal fat
containing marrow, resulting in a hypointense focal
bone marrow signal. Fat-suppressed sequences, such
as short tau inversion recovery (STIR), depict neo-
plastic lesions by virtue of the hyperintense signal due
to increased content of water within the tumor cells
(Fig. 3). However, osteoblastic metastases may be
depicted in STIR-sequences with variable signal
intensities ranging from hypointense in dense scle-
rotic lesions to hyperintense when more cellular
components are present (Figs. 4, 5; Vanel et al. 1998).
After Gadolinium-administration vital bone metasta-
ses usually show contrast media uptake which can
have a “ring-like” appearance. In metastases deriving
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Fig. 3 57-year-old patient
with bronchial carcinoma
and osteolytic metastases.
a, b T1w-TSE sequence
indicates multifocal
hypointense lesions in the
lower thoracic- and lumbar
spine which appear
hyperintense in STIR
imaging; c after contrast
administration the lesions
show a peripheral “ring-like”
enhancement

from squamous cell carcinoma a central necrotic area
may be discernible (Fig. 6).

The unique soft-tissue contrast of MRI allows a
precise assessment of tumor spread within the bone
marrow and even diffuse infiltration of the bone
marrow with neoplastic cells, not associated with
focal bone destructions or formation of new bone, is
detected. In case of diffuse bone marrow infiltration,
signal alterations may be more subtle, ranging from
hardly visible homogeneous signal alterations in mild
diffuse infiltration patterns to a pronounced hypoin-
tense decrease of bone marrow signal in T1-weighted
TSE sequences and a consecutive increase in STIR
(Fig. 7). In this case, a so-called “bright disc sign”
maybe visible in T1-weighted imaging due to a
relative contrast reversal of hyperintense appearing
intervertebral discs on the background of pathologic
hypointense packed bone marrow, representing
almost total replacement by malignant cells (Castillo
et al. 1990).

Depending on the site of suspected bone metastasis
(e.g. in case of suspected infiltration into surrounding
tissue like the spinal canal) additional sequences

including T2-weighted contrast and contrast-
enhanced fat saturated proton density (PD) sequences
in primarily axial orientation may be useful to further
ameliorate lesion delineation. In some cases specific
techniques, such as dynamic studies of signal
enhancement after gadolinium injection, may be
performed for more accurate differentiation of
metastases from benign bone marrow changes, such
as hyperplastic bone marrow formation. In the pres-
ence of early diffuse bone marrow infiltration pat-
terns, which may be present, for example, in multiple
myeloma or lymphoma, the use of contrast-enhanced
sequences with the calculation of percentage signal
increase may be advised. Baur et al. described an
increased sensitivity compared to unenhanced studies
for early diffuse infiltration patterns in multiple
myeloma, setting a cutoff of more than 40% signal
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Fig. 4 71-year-old patient with purely osteoblastic metastases.
a Conventional imaging indicates a large osteosclerotic lesion
in L1, the lower thoracic spine is only partly assessable due
to overlying diaphragm. T1w-TSE sequence (b) depicts 2

increase after gadolinium administration as a strong
indicator for malignancy (Baur et al. 1997).

3.2 WB-MRI for the Detection Bone
Metastases
3.2.1 Technical Advances and Imaging

Approaches
Because of its lack of ionizing radiation, high spatial
resolution for bone marrow components, and excel-
lent contrast of adjacent soft-tissue structures (e.g.,
the spinal canal), MRI in principle is an ideal candi-
date for whole-body imaging of the bone marrow.
However, for a long time the main focus of MRI
has been on the dedicated assessment of specific
organ systems and pathologies within a defined ana-
tomical region. Initially, whole-body MRI (WB-MRI)
was performed with a sequential scanning approach,

hypointense lesions in Thl2 and L1 which also appear
hypointense in STIR imaging (c). After contrast administration
(d) the lesions show no enhancement due to the sclerotic nature
of the metastases

which implied at least one patient repositioning pro-
cess and a time-consuming rearrangement of the coil
setup. Therefore, a total examination time well
beyond 1 h had to be taken into account, limiting
clinical feasibility and patient acceptance. First
improvements in hardware consisted of a rolling
platform system mounted on top of a conventional
scanner table, which for the first time allowed for
large FOV scanning without restrictions along the
z-axis. With the use of this platform, the patient was
moved manually in between the body coil fixed in
the center of the bore and the integrated spine coil.
Lauenstein et al. applied this system for the detection
of bone metastases in 26 patients, using coronal scans
at five different body levels with T1-weighted gradi-
ent-recalled echo (GRE), half-Fourier acquisition
single-shot turbo spin echo, and short tau inversion
recovery (STIR) sequences (Lauenstein et al. 2002).
A high correlation was found between WB-MRI and
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Fig. 5 68-year-old patient with mixed osteolytic and osteo-
blastic metastases from breast cancer. a MS-CT shows the
extent of mixed lytic and sclerotic (arrow) infiltration pattern;
b T1w-TSE sequence; b, ¢ MRI depicts lesions with strong

Fig. 6 64-year-old patient
with squamous cell cancer of
the larynx. a The T1-w-TSE
sequence shows a
compression fracture of Th8
provoked by a necrotic bone
metastasis; b STIR imaging
delineates the hyperintense
centrally necrotic part of the
lesion; ¢ after Gadolinium
administration enhancement
is observed in the peripheral
solid parts of the lesion. This
pattern is fairly typical for
squamous cell tumors since
they often become necrotic
centrally due to their fast
growth

hypointense signal in both T1w-TSE and STIR (osteoblastic)
next to lesions with typical osteolytic signal behavior
(arrowheads). Especially the lytic lesions show a strong
contrast uptake (d)
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Fig. 7 60-year-old patient
with breast cancer and diffuse
metastastic infiltration of the
bone marrow. a, b TIw-TSE
sequence shows
homogenously decreased
signal of fatty marrow with
corresponding hyperintense
aspect in STIR indicating high
grade infiltration by tumor
cells; ¢ after Gadolinium
administration a significant,
pathologic uptake of contrast
agent is visible. Also,
scattered focal osteosclerotic
lesions in Th9, L2 and L3
with persistent hypointense
signal are discerned

bone scintigraphy: 53 of 60 regions affected in bone
scintigraphy were also identified in MRI and additional
lesions were detected in the spine, femur and pelvis. Yet,
despite these promising initial results for whole-body
tumor screening within reduced scan times, a significant
compromise in spatial resolution had to be taken into
account because of the use of the body coil in the head/
neck region or in peripheral body parts. With the intro-
duction of multi-receiver channel MR systems, using
multiple phased-array coil elements covering the whole
body like a matrix, imaging of the total skeletal system
without compromises in spatial resolution has become
possible. Especially the combination of free table
movement with parallel imaging acquisition (PAT)
techniques has resulted in significantly shorter room
time. This allows the integration of otherwise time-
consuming, but indispensable sequence types for whole-
body bone marrow imaging, like STIR-sequences.
Recently, approved clinical WB-MRI scanners with a
field strength of 3 Tesla have become commercially
available, equipped with the same technique of multiple
phased-array coils and receiver channels. This has opened
the way to migrate multi-organ and whole-body appli-
cations to higher field strength. The gain of signal-to-
noise ratio (SNR) can be used to reduce the overall scan
time, especially for the acquisition of T2-weighted- and

STIR-sequences at a constant image resolution. Alter-
natively, image resolution can further be increased to
potentially gain higher sensitivity. The higher SNR
allows recording of large highly resolved isotropic 3D
data sets within short acquisition times, which can
further ameliorate diagnosis of bone pathologies in
complex anatomical structures, such as the pelvis, rib
cage or spinal pedicles. Three-dimensional TSE
sequences with high sampling efficiency [spatial and
chemical-shift encoded excitation (SPACE)] have
recently been developed with T1-weighted-, STIR- and
T2-weighted contrast. STIR-SPACE imaging of the
whole spine, for example, is possible within 10 min
scan time at a resolution of 0.8 x 0.8 x 2.0 mm.

Finally, a promising new application in near future
will be real-time WB-MRI during continuous table
movement. Feasibility of 3D whole-body continuous
data acquisition, especially for large FOV imaging in
short-bore systems, has already been reported (Brauck
et al. 2008; Weckbach et al. 2010). Brauck et al. have
introduced this technique as a new potential strategy
for WB-MRI screening of metastases, using real-time
T2-weighted/T1-weighted steady-state free preces-
sion sequences pre- and post-contrast with a reported
detection rate of 13 of 14 bone metastases in 11
examined patients (Brauck et al. 2008).
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Table 2 Whole-body MRI protocol at 1.5 T for total bone marrow assessment without use of contrast agent

Localisation WB-MRI protocol at 1.5 Tesla

T1 cor
Head/neck
T1 cor STIR sag
Thorax/Abdomen Upper spine
T1 cor STIR sag
Pelvis Lower spine
T1 cor
Femurs
T1 cor
Thighs

0 min 45 min

In-plane resolution is 1.3 x 1.1 mm for T1w TSE- and 1.8 x 1.3 mm for STIR imaging

3.2.2 Whole-Body MRI Examination Protocol
The proposed imaging protocol at 1.5 T for high-
resolution T1-weighted TSE- and STIR-imaging from
head to toe, combined with dedicated imaging of the
complete spine, results in a total scan time of 42 min
(1.3 x 1.1 and 1.8 x 1.3 mm in-plane resolution;
Table 2). The protocol has proven a high diagnostic
accuracy for the detection of skeletal metastases
without administration of contrast agent (Fig. 8). On a
3 T scanner the increased SNR may be used to further
reduce imaging time. In a preclinical step of platform
migration, our group analyzed image quality criteria
and artefacts between 1.5 and 3 T for the proposed
whole-body bone marrow protocol on 15 healthy
volunteers using identical sequence and resolution
parameters. Results showed a comparably good per-
formance on both scanners with only slightly
increased artefacts at 3 T, yet without restraining
influence on image quality, at a further reduced total
scan time of 31 min (Schmidt et al. 2007a).

Some authors propose whole-body diffusion MRI
(WB-DWI) as an adjunct sequence for screening of
bone metastases and have reported its efficacy,
especially to detect multifocal metastastatic spread
(Gutzeit et al. 2009).

3.2.3 Special MR Imaging Techniques
Diffusion-weighted magnetic resonance imaging
(DWI) is a technique that allows non-invasive char-
acterization of biologic tissues based on measure-
ments of the random microscopic motion of water
protons (Brownian motion). The degree of water
motion has been found to be proportional to the
degree of signal attenuation. DWI has revealed great
potential in the evaluation of patients with musculo-
skeletal malignancy, as it supplies both quantitative
and qualitative information. The basic biological
premise for the use of DWI is that malignant tissues
are more cellular and have higher water content than
benign/normal tissues; both these features will result
in higher signal intensity of malignant disease on high
b-value images with a corresponding low apparent
diffusion coefficient (ADC).

DWTI has been extensively evaluated for its role in
the assessment of vertebral compression fractures,
especially to distinguish between metastatic pathologic
and benign osteoporotic fracture. Although morpho-
logic aspects, such as paravertebral soft-tissue masses,
total vertebral body signal changes and infiltration of
the posterior elements are recognized signs indicating
malignancy, differentiation to atypical manifestations
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Fig. 8 61-year-old patient with breast cancer. a, b WB-STIR
imaging indicates a hyperintense focal lesion in the left femoral
neck (arrow); c the lesion shows corresponding hypointense
bone marrow signal in the T1-weighted TSE and is consistent
with a large osteolysis, confirmed by the CT scan (d);

of osteoporotic compression fractures can often remain
challenging. In this setting, DWI is a very helpful
adjunct to morphological criteria alone (Baur et al.
2001).

Three-dimensional  diffusion-weighted = whole-
body imaging with background body signal sup-
pression (DWIBS) has been introduced as a method
for the detection of metastatic deposits (Takahara
et al. 2004). From these DWI datasets, it is possible
to produce 3D-maximum intensity projection dis-
plays by inverting the attenuation similar to those
obtained by skeletal scintigraphy. Gutzeit et al.
compared the diagnostic accuracy of DWIBS with

e additional CT of the spine shows signs of pronounced
degeneration with osteochondrosis (arrowhead), yet, no further
osteolysis are visible; f however, STIR imaging of the spine
shows more metastases (arrows) adjacent to activated osteo-
chondrosis (arrowhead)

whole-body skeletal scintigraphy for the differenti-
ation of skeletal bone lesions in patients suffering
from breast- or prostate carcinoma. Interestingly,
DWIBS showed diagnostic advantages especially in
multifocal metastases (>10 lesions per patient),
indicating the additional benefit from DWIBS of
enhanced display of metastatic lesions (Gutzeit et al.
2009; Fig. 9).

A further development of the technique has been
fused data sets of morphologic MR images, e.g. T2w-
TSE, with DWI data. However, initial studies report
no added value compared to side-by-side image
interpretation (Fischer et al. 2011).
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Fig. 9 Diffusion weighted imaging (DWI) of a patient with
multifocal bone metastases. a, b TIw-TSE and STIR imaging
shows multifocal bone metastases in the thoracolumbar spine;

3.3 Diagnostic Performance of MRI
Compared to Other Imaging
Modalities

In many institutions **™Tc-phosphonate-based bone
scanning is performed as the method of initial bone
marrow screening. However, scintigraphy provides
only limited spatial resolution and at an early stage of
disease lesions may remain invisible in the absence of
an osteoblastic response. Furthermore, misinterpreta-
tion of tracer uptake in healing fractures or degener-
ative disease may lead to false-positive findings. The
diagnostic performance of MRI compared with bone
scintigraphy has been examined in various studies and
higher specificity and sensitivity in the early detection
of skeletal metastases has been reported (Eustace
et al. 1997; Steinborn et al. 1999; Engelhard et al.
2004; Daldrup-Link et al. 2001). Steinborn et al.
compared combined T1-weighted and STIR WB-MRI
with bone scintigraphy using the sequential scanning
approach in a lesion-by-lesion analysis (Brauck et al.
2008). WB-MRI reliably detected more confirmed
skeletal metastases (91%) than bone scintigraphy
(85%). The authors described potential diagnostic
limitations for WB-MRI occuring in the thoracic
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¢ DWI with a b-value of 800 shows marked signal increase
within the lesions indicating restricted diffusion with corre-
sponding moderate ADC values (d)

cage, especially when coronal imaging orientation is
used, a problem that is further increased by motion
artefacts. These problems might be overcome when
using fast TSE sequences for thoracic imaging in
combination with axial slice orientation.

In contrast to MRI, PET using [18F]-fluorode-
oxyglucose (FDG) provides functional information by
tracing increased FDG uptake directly into the tumor
cells. Recent studies indicate that whole-body FDG-
PET increases specificity of bone screening compared
with bone scintigraphy, although there is conflicting
evidence whether there is a significant gain in sensi-
tivity (Fogelman et al. 2005). Still, FDG is a tracer
that is not tumor-specific and may also accumulate in
the presence of inflammation and thus lead to false-
positive findings. Also, FDG is not suitable for several
tumor entities due to poor tracer uptake, e.g., prostate
cancer, myxoid tumors of the gastrointestinal tract,
low-grade sarcomas or renal cell carcinomas (Reske
and Kotzerke 2001). A clear technical disadvantage of
PET, similar to scintigraphy, used to be its poor
anatomical resolution, which often made the exact
localization of a lesion difficult. Fused PET-CT
scanners combine the functional data of PET with the
detailed anatomical information of MS-CT scanners
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Fig. 10 a WB-MRI with TSE sequence of a 29-year-old
patient with breast cancer; b sagittal reconstruction of the spine
from the PET-CT scan shows physiological body uptake of
FDG; c yet, Tl-w TSE sequence of the lower spine reveals

in a single examination and have further improved
diagnostic accuracy. Various authors have reported a
significant decrease in ambiguous lesions and an
improvement in the specificity of PET-CT for the
detection of malignant disease compared to PET
alone (Metser et al. 2004; Even-Sapir et al. 2004).
Only a few study groups have directly compared the
performance of MRI with FDG-PET-CT for the
detection of skeletal metastases (Antoch et al. 2004;
Schmidt et al. 2007b). Antoch et al. analyzed
the accuracy of both modalities in 98 patients for
TNM-based tumor staging. Both imaging procedures
revealed a similiar diagnostic sensitivity for the
detection of distant metastases (WB-MRI 93%, PET-
CT 94%). Regarding bone metastases, the sensitivity
was significantly higher when using WB-MRI (85%)
compared to PET-CT (62%) (Antoch et al. 2004).

multifocal, small bone metastases (arrows); d another metas-
tasis is detected in the left iliac bone (arrow); e corresponding
PET-CT image did not indicate pathologic tracer uptake and
hardly visible bone changes in bone window setting

In a lesion-by-lesion analysis performed by our group
comparing T1-weighted TSE/STIR WB-MRI and
FDG-PET-CT for the detection of skeletal metastases,
102 malignant and 25 benign bone lesions were
described in 30 patients, confirmed by histological
examination or follow-up. WB-MRI showed a sig-
nificantly higher diagnostic accuracy than PET-CT
(91 vs. 78%, respectively). WB-MRI especially
showed a superior sensitivity (94%), because more
lesions <5 mm were depicted (cutoff size, 2 mm),
compared with PET-CT (78%; cutoff size, 5 mm,
Fig. 10). Lesions less than double the size of the
spatial resolution of the PET scanner can lead to false-
negative results. Yet, latest generation PET-CT
scanners have been equipped with high-definition
PET systems, increasing PET resolution up to
2-3 mm, thus potentially ameliorating sensitivity for
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Fig. 11 Diagnostic follow up
Of the same patient described
in Fig. 9. Initial MRI revealed
several metastases in the spine
and sacral bone, but there
were no visible lesions in
MS-CT (b). In the follow-up
CT after 4 months (c¢) the
lesions underwent sclerotic
transformation under
chemotherapy and were
primarily—without the
knowledge of initial MRI
before therapy—falsely
estimated as “tumor
progress” (development of
new sclerotic mets)

small-sized malignant bone lesions. Additionally,
WB-MRI revealed 10 additional bone metastases in 5
patients due to the larger field of view (Schmidt et al.
2007b). However, in the described study, specificity
was higher for PET-CT (80 vs. 76% for WB-MRI). In
this regard the metabolic information of PET plays
the most important role in discriminating between
malignant and benign lesions (e.g., atypical heman-
gioma). On the other hand, at least in breast cancer,
different patterns of FDG uptake have been reported
in osteoblastic, osteolytic or mixed lesions, indicating
that sclerotic lesions may be less FDG-avid (Cook
et al. 1998). The additional morphologic information
of PET/CT compared with PET alone is certainly
of great value to increase diagnostic sensitivity.
Also, significant improvement in diagnostic accuracy
has been reported when 18F-fluoride is used for
PET or PET-CT for the assessment of malignant
skeletal disease. '®F-fluoride is a tracer that, similar to
9mT¢_diphosphonate, specifically adsorbs onto bone
surfaces with a predilection for sites of active bone
formation (Even-Sapir et al. 2004).

An important pitfall that has to be considered when
diagnosing supposed osteoblastic metastases is sclerotic
transformation of primarily osteolytic metastases as a
response to therapy, commonly observed e.g. in breast
cancer metastases. This phenomenom can potentially
be misdiagnosed as new osteoblastic bone metastases

when small osteolyses originally were hardly detectable
on MS-CT and negative in scintigraphy. Therefore, this
setting of therapy response should not be false-diag-
nosed as tumor progress (Fig. 11).

34 Follow-Up of Bone Metastases

An important indication in bone imaging is lesion
monitoring after chemotherapy or radiation therapy.
It has to be taken in account that in MRI necrotic bone
metastases may remain virtually unchanged in mor-
phology or signal characteristics, which may make
evaluation of therapeutic response difficult. Compared
to viable tumors, the contrast enhancement may be
less pronounced and less fast in tumors that have
responded to a particular therapy. On the other hand,
reduction in tumor size may be delayed and is no
sensitive sign in assessment of response.

DWI has been proposed by several authors as a
tool to assess response of bone metastases to therapy.
Changes in tissue diffusivity depicted by DWI can
differentiate between viable tumor and necrotic tissue
during active treatment. A recent study evaluating
DWI monitoring of radiation treatment response of
vertebral metastases showed convincing changes from
pre-therapy b-value hyperintensity to hypointensity
following therapy (Byun et al. 2002). This study
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Fig. 12 5-year-old boy with
Neuroblastoma. a Whole-
body-STIR imaging depicts a
large tumor mass extending
from the right thorax into the
upper abdomen; b, ¢ axial
slices shows paravertebral
tumor extension and
encasement of upper
abdominal vessels; d sagittal
imaging reveals multifocal
bone metastases affecting the
thoracic spine and sternum
(arrows)

compared DWI with conventional T1-w and T2-w SE
follow-up images of spinal metastases. Morphologic
imaging revealed no significant interval changes,
indicating that they are of limited use in monitoring
treatment response. However, in patients with clinical
improvement, the corresponding b-values in DWI
showed demonstrable conversion to hypointensity on
subsequent follow-up at the end of therapy, consistent
with increased water molecular diffusion due to
cellular membrane loss from tumor apoptosis. In
contrast, patients with no clinical improvement dem-
onstrated persistent bone marrow b-value hyperin-
tensity suggestive of persistent tumor hypercellularity
causing restriction of water diffusion.

In the long-term in general the decrease in the
signal intensity of bony infiltrations is later accom-
panied by decreasing ADC values in the setting of
successful therapy. Tumor necrosis, bone sclerosis,
secondary myelofibrosis and reappearance of yellow
marrow assist in long-term reduction of signal inten-
sity on high b-value images and in ADC values of
successfully treated lesions.

3.5 Bone Metastases in the Pediatric
Patient
Especially in young patients whole-body MR

examinations are especially useful, on one hand to
quickly assess systemic manifestations of malignant

disease to evaluate therapeutic options and on the
other hand to avoid excessive radiation exposure in
potential multiple follow-up examinations. Further-
more, multi-modal staging examinations which each
may require individual sedation, can potentially be
avoided. The overall smaller patient size allows
image acquisition with less examination steps, thus
further reducing total scan time. Various authors
have reported the efficacy of WB-MRI for the
detection of multifocal metastases in pediatric
tumors that frequently metastasize to the bone, such
as neuroblastoma, Ewing-sarcoma or osteosarcoma
(Daldrup-Link et al. 2001; Goo 2010; Kumar et al.
2008; Fig. 12). Kumar et al. reported in a recent
study on small-cell tumors in 26 children and
adolescents (mainly Ewing’s sarcoma, rhabdomyo-
sarcoma and neuroblastoma) a sensitivity of 30%
for standard skeletal scintigraphy and 98% for
WB-MRI, while specificity of both methods was
equally high (99%). Additionally, a higher sensi-
tivity of WB-MRI compared to PET/CT was
observed (98 vs. 90%). In an earlier study, Daldrup-
Link et al. analyzed WB-MRI, scintigraphy and
PET for the detection of bone metastases in 39
children and young adults with a comparable tumor
cohort and observed a higher sensitivity of 82% for
WB-MRI compared with 71% for scintigraphy,
with increasing difference in medium-sized lesions
between 1 and 5 cm (Daldrup-Link et al. 2001).
Interstingly, advantages of PET over WB-MRI were
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observed (90 vs. 82%). In some cases diagnostic
problems in MRI may arise in young patients,
where the differentiation of highly cellular hema-
topoietic marrow and neoplasia can be difficult, and
therefore knowledge of age-dependent conversion
patterns is required.

3.6 Differential Diagnoses

Imaging assessment of bone metastases is facilitated
in the presence of a known primary, pathologic tracer
uptake in nuclear medical imaging studies and
radiologic findings endorsing diagnosis of malig-
nancy. However, a wide range of focal and diffuse
bone marrow alterations of malignant and benign
cause, including metabolic and hematologic disor-
ders, may mimick skeletal metastases. A frequent
differential diagnosis for focal or multifocal osteolytic
lesions is systemic hematological malignancies such
as multiple myeloma and lymphoma. A classic benign
finding is atypical hemangioma which in many cases
can be reliably diagnosed by its classic feature of
central trabeculation in MS-CT. Benign bone marrow
edema always should be included in the differential as
it may show similar hypointense signal patterns in T1-
w and hyperintense signal in STIR images. Yet, tumor
infiltration often demonstrates stronger, more defined
hypointensity on T1-w TSE images compared to bone
marrow changes caused by edema. This can be
explained by the fact that in edema usually a certain
amount of fat cells remains in place.

In the presence of an osteosclerotic focus, benign
osteoma or sclerotic bony islands should be consid-
ered in the differential. Malignant causes of sclerotic
lesions are primary osteoblastic bone tumors and
lymphoma. In mixed osteolytic-osteoblastic types
malignant lymphoma is the main differential. Again,
MS-CT may aid in differentiation.

Finally, in the presence of diffuse bone marrow
changes of the osteolytic type an important differential
of malignant cause is multiple myeloma. However,
benign conditions, such as stimulated hematopoesis in
the course of chemotherapy or in chronic bone marrow
disorders may mimick appearance of diffuse malignant
bone marrow infiltration and hamper diagnosis accu-
rate diagnosis. Furthermore, the diagnostic differenti-
ation to benign senile osteoporosis can be complicated.
In case of a diffuse osteosclerotic pattern hematologic

Table 3 Main differential diagnoses of metastatic manifesta-
tions in bone marrow

Bone metastases: differential diagnoses
Focal osteoblastic metastases
Multiple myeloma
Lymphoma
Primary osteolytic bone tumors
Atypical hemangioma
Acute Schmorl’s nodes
Sarcoidosis
Brown tumor
Histiocytosis
Focal osteoblastic metastases
Lymphoma
Primary osteoblastic bone tumors
Osteoma
CRMO/SAPHO
Haematopoetic islands
Sarcoidosis
Benign notochordial tumor (BNCT)
Diffuse malignant osteoporosis
Senile osteoporosis
Multiple Myeloma
Lymphoma
Mastocytosis
Stimulated hematopoesis
Diffuse osteosclerotic metastases
OMF/OMS
Sarcoidosis
Mastocytosis

osteopetrosis

disorders such as ostemyelofibrosis (OMF) need to be
considered. Table 3 gives an overview of differential
diagnoses to bone metastases.
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Abstract

Multiple myeloma is a malignant bone marrow
neoplasia in which a monoclonal strain of atypical
plasma cells proliferates and typically secretes
paraproteins. It typically affects the elderly popu-
lation with a peak incidence in the eighth decade.
The atypical plasma cells are distributed in the
bone marrow either focally or in a diffuse manner
and may result in bone destruction, but may also
occur in soft tissue. Bone marrow aspirates or bone
marrow biopsies are essential for the diagnosis.
Due to various therapeutic options and the large
variability in survival, the sensitive detection of

7.4  Whole-Body Versus Spinal MR-Imaging .............. 106 myeloma involvement of the skeleton is mandatory
7.5  Whole-Body MRI Versus PET-CT...........ccccco..... 106 . . . .
to enable accurate disease staging. Various imag-
8 Prognosis..........cccouveinienineinncinecccnecne 106 ing methods are employed in assessing the disease
LI o 108 burden in multiple myeloma. The following
10  Subtypes of Plasma Cell Disease ......................... 110 f:hap ter reYIeWS th.e findings in multiple myeloma
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10.3  Solitary Plasmacytoma............ccccoocvevvvveeessserevnieenns 111 and magnetic resonance imaging (MRI) and com-
11  Therapy of Multiple Myeloma............................. 112 pares the various methods. Whole-body MRI is
superior to the skeletal survey and whole-body
multidetector CT (MDCT). On the other hand,
MDCT is the method of choice for displaying
osteolytic lesions and determining fracture risk.
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The increased sensitivity of these imaging tech-
niques has led to further refinement of the classic
Durie and Salmon staging system. We review the
role of the various imaging methods in the staging,
assessment of prognosis, and evaluation of relapse/
response to therapy in multiple myeloma. Knowl-
edge of the use and limitations of the various
imaging modalities, imaging findings, staging, and
treatment-related changes is essential for the accu-
rate assessment of the disease burden in multiple
myeloma by the radiologist.

1 Epidemiology and Clinical
Background

Multiple myeloma accounts for about 10% of all
haematological malignancies. The incidence of multi-
ple myeloma in Europe is 4.5-6.0/100,000/year with a
median age at diagnosis of between 63 and 70 years;
the mortality is 4.1/100,000/year (Harousseau and
Dreyling 2010). The disease has a higher incidence in
men and in the black population.

Multiple myeloma represents a clonal B-lympho-
cyte neoplasm of terminally differentiated plasma
cells. The cause of multiple myeloma remains still
unclear. A higher risk was recognized after high or
long-term radiation exposure, in animal farm workers,
exposure to diverse chemical dust or gas and long-
term exposure to electromagnetic waves (especially
radar workers (Durie 2001)).

Clinical presentation is mostly uncharacteristic. It
includes weakness, nausea and weight loss. In some
cases the disease is diagnosed by chance in a labo-
ratory screening due to increased ESR and anaemia.
Further laboratory diagnostic work-up includes
immune electrophoresis and urine examination for
Bence Jones protein content. The monoclonal strain
of atypical plasma cells in the bone marrow typically
secretes paraproteins, consisting of two heavy and
two light chains. According to the heavy chains, the
type of myeloma is characterized by IgG (60%), IgA
(25%) or rarely IgD and IgE. The myeloma cells also
express light chains of lambda or kappa type. The
paraproteins are detected in serum electrophoresis by
a high peak in the alpha or gamma region. In Bence
Jones myeloma (20%) only light chains are secreted,
which can be detected in urine electrophoresis. In

non-secretory myeloma (rare) no paraproteins are
produced.

The myeloma cells displace normal haematopoie-
sis in the bone marrow, resulting in anaemia, leuko-
penia and thrombocytopenia. Renal insufficiency and
hypercalcemia are signs of progressive disease.
Osteolytic lesions can cause localized bone pain.
Vertebral fractures with cord compression can cause
neurological impairment.

For the diagnosis “multiple myeloma” three
criteria have to be fulfilled: >10% atypical plasma
cells in the bone marrow and/or the presence of
biopsy-proven plasmacytoma, monoclonal parapro-
tein present in the serum and/or urine and myeloma
related organ dysfunction (hypercalcemia, renal
insufficiency, anaemia, lytic bone lesions) (Durie
et al. 2003).

2 Genetic Classification and Genetic
Prognostic Factors

Several subtypes of the disease have been identified at
the genetic and molecular level, which have been
associated with unique clinico-pathological features
and different outcomes.

Overall, the disease may be classified into two
major categories; hyperdiploid MM (h-MM) (with
numerous chromosomal trisomies and a low preva-
lence of IgH translocations) and non-hyperdiploid
MM (nh-MM) (hypodiploid, pseudodiploid and near
tetraploid MM, and highly enriched for IgH translo-
cations). The three main IgH translocations in mye-
loma are the t(11;14)(q13;q32), t(4;14)(p16;q32) and
t(14;16)(q32;q23). Several genetic progression factors
have been identified including deletions of chromo-
somes 13 and 17 and abnormalities of chromosome 1.
Patients with h-MM tend to have a better outcome, to
be older patients with a slight male preponderance
and to have a higher incidence of multiple myeloma
bone disease. In 2009 the International Myeloma
Working Group proposed a new molecular cytoge-
netic classification with classification into further
subcategories (Fonseca et al. 2009).

The guidelines of the International Myeloma
Workshop Consensus Panel (2011) recommend the
inclusion of standard metaphase cytogenetics and
fluorescent in situ hybridisation (FISH) in the initial
assessment of a patient with high suspicion of
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Fig. 1

Bone marrow biopsies and aspirate from the iliac crest
in patients with multiple myeloma a (immunohistology, x100)
showing strictly nodular infiltration of plasma cells in the
bone marrow (arrow), (Courtesy Prof. R Bartl, Munich).
b (H&E, x250) showing a diffuse infiltration of myeloma
cells (Courtesy: Dr. C. Weiler, Munich) ¢ (Gomori, x20)

multiple myeloma as these may provide useful
prognostic information (Dimopoulos et al. 2011).

3 Histology

Bone marrow biopsy or bone marrow aspirate is
essential for the diagnosis of multiple myeloma
(Malpas 1998) (Fig. 1). Multiple myeloma is a dis-
ease of terminally differentiated B-lymphocytes.
Different cell types, according to the stage of dedif-
ferentiation, have been described (Marschalko
type, small cell type, cleaved type, polymorphous
type, synchronous type, blastic types) (Bartl 1988).
At an initial stage it may be difficult to distinguish
multiple myeloma from reactive plasmacytosis. An
increase of the nuclear-cytoplasmic ratio and an
atypical nuclear configuration are helpful signs for

showing a salt and pepper infiltration pattern with central areas
of fat cells surrounded by myeloma cells in the paratrabecular
region (Courtesy: Prof. R. Bartl, Munich) d (Giemsa, x1000)
showing atypical plasma cells with variations in cell size and
nuclear size and shape with marked nucleoli and multinuclear-
ity (Courtesy: Prof. R. Bartl, Munich)

malignancy. The distribution of plasma cells in the
marrow is also important. In reactive plasmacytosis
the plasma cells are distributed along vessels whereas
in multiple myeloma they are interstitially or focally
distributed. In many institutions bone marrow biop-
sies are favoured over bone marrow aspirates due to
the methodological problems of aspirates. In addition,
in bone marrow biopsies quantification of bone
marrow plasmacytosis is more reliable (Terpstra
et al. 1992). Hematopoiesis is reduced through direct
displacement by myeloma cells and indirect dis-
placement via hematopoiesis-inhibiting cytokines.
In early stages bone marrow fat can be increased,
in more advanced disease fatty components in the
marrow as well as hematopoiesis are displaced.
Osteoclast-activating factors in combination with
osteoblast-inhibiting factors lead to osteoporosis and
osteolytic destructions.
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Fig. 2 A 39-year-old male
with multiple myeloma. A.P.
(a) and lateral (b) radiographs
of the skull showing multiple
punched-out lesions

4 Findings in Radiographs

and Computed Tomography (CT)
4.1 Radiographs
The standard imaging technique in patients with mul-
tiple myeloma is the skeletal survey including radio-
graphs in two planes of the skull, the spine, the upper
arms, the pelvis, the rib cage and the upper legs. These
skeletal regions represent the normal distribution of
active red marrow in adults. Predilection sites are the
axial skeleton (spine and pelvis) but also the ribs,
the shoulder region, the skull and the proximal femora.
The appearance of multiple myeloma in X-rays is of
either focal circumscribed “punched-out” osteolytic
lesions or diffuse inhomogeneous osteoporosis, espe-
cially in the spine (Carson et al. 1955; Heiser and
Schwartzman 1952; Meszaros 1974) (Figs. 14a, 16a).
In the skull multiple lytic lesions of similar size are
found (Fig. 2). In the long bones lytic lesions are
usually centrally located. With increase in size they
lead to endosteal scalloping of the cortex (Figs. 3, 4).
Sometimes large osteolytic lesions penetrate the cortex
and demonstrate a soft-tissue component. They can
lead to an expansion of bone with a soap bubble
appearance. Affection of the ribs is usually present as
lytic lesions or an inhomogeneous appearance of the
spongiosa in combination with a circumscribed
expansion of the bone. The differentiation of multiple
myeloma from metastatic skeletal disease is not pos-
sible without the knowledge of laboratory parameters.

Fig. 3 A 66-year-old female with multiple myeloma. Lateral
X-ray of the right humerus and shoulder showing multiple
osteolytic lesions of the humerus with mild cortical scalloping.
Osteolytic lesions of the clavicle and scapula as well as rib
fractures are also visible

Rarely sclerotic lesions or lytic lesions with a
sclerotic rim have been reported (Grover and Dhar
2000). Primary diffuse sclerosis of the skeleton in
multiple myeloma accounts for less than 3% of cases.
This appears more often after therapy, although rare.
Differential diagnoses in these cases include osteo-
blastic metastases, myelofibrosis, lymphoma, renal
osteodystrophy and mastocytosis (Grover and Dhar
2000; Hall and Gore 1988).

Diffuse osteoporosis due to myeloma infiltration
is difficult to distinguish from postmenopausal or
senile osteoporosis. This is also true for vertebral
fractures. Both osteoporotic fractures as well as
neoplastic fractures are common in this patient
group. In addition, the combination of the age of
the patients and cortisone therapy favours osteope-
nia. In such cases MRI can help in the differential
diagnosis.
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Fig. 4 A 79-year-old female with IgG multiple myeloma. A.p.
view of the right femur showing multiple osteolytic lesions
with a pathological fracture of the femoral neck. There is
extensive scalloping (arrowheads) of the femoral cortex. Also
seen are diffuse osteolytic lesions of the right hemipelvis

4.2 Computed Tomography-CT

Multidetector-CT is the method of choice for evalu-
ation of the presence of osteolytic lesions or fracture
risk. Whole-body MDCT is now often used instead of
the radiographic skeletal survey, since the sensitivity
is higher and examination time is reduced to 1-2 min
with MDCT-scanners. At least a 16-row scanner is
necessary. Primarily the tumour infiltrates the bone
marrow. Complex biochemical mechanisms and the

secretion of osteoclast activating factors lead to bony
destructions. Osteolytic lesions in multiple myeloma
are usually well circumscribed and have a small zone
of transition (Figs.5, 6, 7). They usually show
attenuation values of soft-tissue density (~40-80
Hounsfield units (HU)). Osteolytic lesions are
primarily situated within the trabecular bone. In case
of enlargement of the focally growing tumour they
can lead to cortical destructions and large soft-tissue
masses (Fig. 12). In the skull the lytic lesions are
punched-out lesions, which are situated within the
tabula externa and interna (Figs. 2, 8). In the diaph-
yses of the long tubular bones, where only sparse
trabecular bone is present, early lytic lesions may
be missed when reading the images solely in bone
window. Circumscribed soft-tissue alterations within the
normal fatty marrow (negative HUs) are highly suspi-
cious of myeloma lesions. Comparison to the other side
may be helpful in evaluating marrow involvement
(Fig. 9). Cortical scalloping in the long bones may be
visible on axial or reformatted coronal or sagittal planes.
Rib lesions are often overlooked since the ribs are small
structures and signs of involvement may be subtle. Focal
enlargement of the rib with soft-tissue density within
the lesion accounts for myeloma involvement
(Fig. 7). The cortex may be normal or thinned. If the
tumour continues to grow a pathological fracture
will result. Careful examination with scrolling back
and forth at every rib level is necessary to avoid
overlooking lesions. The shoulder girdle with its
complex structures (acromion, coracoid process etc.)
is another predilection site.

In cases with diffuse bone marrow infiltration
inhomogeneous osteoporosis can be detected with
MDCT. However, like in the radiographic skeletal
survey, this is often hard to distinguish from senile or
post-menopausal osteoporosis.

Extraosseous Manifestations
Extraosseous manifestations of multiple myeloma may
occur and can affect virtually any organ. The imaging
findings are non-specific and can mimic other disorders.
Common imaging features include soft-tissue masses
with homogenous attenuation on CT (Fig. 10), absence
of necrosis or calcification, low T2 signal on MRI due to
high cellularity, and FDG-uptake on FDG-PET (Hall
et al. 2010).

In a recent study by Varettoni et al. involving an
analysis of 1003 multiple myeloma patients, 13% of
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Fig. 5 A 72-year-old male with multiple myeloma. Coronal CT
images of the lower pelvis and proximal femora in (a) bone
window and (b) soft-tissue window, showing a large osteolytic
lesion of the right proximal femur (arrowheads) with significant

cortical thinning and a break in the continuity of the cortex
medially. The lesion has soft-tissue equivalent attenuation
values

Fig. 6 Large osteolytic lesion of the left iliac bone shown in bone window (a) and in soft tissue window (b) with cortical thinning

and destruction of the lateral cortex

patients were found to have extramedullary disease.
In 85% of cases soft tissues surrounding the axial
skeleton were involved. Plasmacytomas of lymph
nodes, liver, kidney, airways, skin and breast accounted
for 15% of cases. Extramedullary disease was associ-
ated with shorter overall and progression-free survival
(Varettoni et al. 2010). Because of its prognostic sig-
nificance, the presence of extraosseous myeloma has
been integrated in the Durie and Salmon PLUS Staging
System (Table 2) (Durie 2006).

5 Findings in Scintigraphy
and PET-CT

5.1 Scintigraphy

Multiple myeloma is a neoplasm which primarily

produces osteolytic lesions. Detection of bony

involvement with Technetium 99-m bone scanning
relies on an osteoblastic response of the skeletal
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Fig. 7 Osteolytic lesions of the ribs in a 48-year-old female
patient with multiple myeloma. (a) axial CT image in bone
window and in soft-tissue window (b) showing a large
osteolytic expansile lesion of the ventral 4th left rib. Also
shown are osteolytic lesions of the sternum and the 7th

system. This results in an under appreciation of the
extent of the disease and is not recommended for
the diagnostic work-up in patients with multiple
myeloma (Scutellari et al. 1985; Woolfenden et al.
1980).

5.2 PET/CT

Efforts have been made towards direct imaging of
tumour cells with FDG-PET. Active lesions at FDG
PET/CT show FDG-uptake which is greater than the
background level (Schirrmeister et al. 2002; Durie
et al. 2002; Bredella et al. 2005) (Figs. 11, 12).
Schirrmeister et al. (2002) examined 28 patients with
multiple myeloma and 15 patients with solitary
plasmacytoma of bone. Focally increased tracer
uptake was observed in 38 out of 41 known osteolytic

vertebral body. (¢) axial CT image in bone window of the same
patient showing a small osteolytic lesion of the right dorsal 4th
rib with focal expansion. Also shown are osteolytic lesions of
the 4th thoracic vertebra and sternum

bone lesions. A total of 71 further bone lesions were
detected which were negative on X-rays. As a result
of FDG-PET imaging clinical management was
influenced in five patients. FDG-PET proved to be
superior to X-ray diagnostics and contributed to
staging. In a study by Durie and coworkers, 16 pre-
viously untreated patients with multiple myeloma had
positive FDG scans, either focally or diffuse. Four of
them had negative X-rays and in further four patients
extramedullary disease was detected (Durie et al.
2002). In a study of Bredella et al. (2005) including
13 patients, the sensitivity of FDG-PET in detecting
myeloma involvement was 85% and specificity was
92%. PET/CT studies have also been shown to be
more sensitive than other imaging modalities for
localising extramedullary sites of disease (Dimopoulos
et al. 2009). In another study by Schirrmeister
and colleagues, 33% of patients with extramedullary
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Fig. 8 A 79-year-old female with IgG MM. Axial CT image
of the skull in bone window shows multiple punched-out
lesions

Fig. 9 A 72-year-old male with multiple myeloma. Axial
CT image showing the proximal femora in soft-tissue
window. There is bone marrow infiltration in the right
proximal femur (arrow) with positive attenuation values, as
opposed to the left femoral marrow (arrowhead) with
negative attenuation values

plasmacytoma had additional disease sites discovered
with PET imaging that led to management changes in
27% of the patients (Schirrmeister et al. 2003). In a

Fig. 10 Extraosseous manifestation in a 69-year-old female
with known multiple myeloma. The patient presented with an
enlarging soft-tissue mass in the left cheek and left facial nerve
palsy. Contrast-enhanced CT image in soft-tissue window
shows a soft tissue mass with homogeneous contrast-enhance-
ment anterior to the left mandible (arrow)

further recent study involving patients with presumed
solitary plasmacytoma of bone, PET-CT allowed the
detection of other unsuspected sites of involvement,
upstaging the extent of disease (Nanni et al. 2008).

PET/CT is reliable for most bone lesions with a
minimum diameter of 1 cm using a standard SUV
cut-off of 2.5 to indicate the presence of disease
(Dimopoulos et al. 2009). For lesions smaller than
5 mm in diameter it has been suggested that any
amount of FDG uptake should be considered positive,
regardless of SUV. Lesions between 5 and 10 mm are
considered indeterminate if the SUV is less than 2.5
(Dimopoulos et al. 2009).

6 Findings in MRI

Multiple myeloma is a primary disease of the bone
marrow. Therefore it affects primarily the bone mar-
row and secondly the bone itself in terms of osseous
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Fig. 11 A 68-year-old

male with multiple

myeloma with IgA-lambda
paraproteinaemia. (a, c, e) CT
images in bone-window
showing (a) an osteolytic
lesion of the frontal bone of
the skull (arrowhead), (¢) an
osteolytic lesion in the left
femoral neck (arrowhead),
(e) infiltration of the femoral
bone marrow on both sides
(arrowheads) (with positive
soft-tissue equivalent
attenuation values).

(b, d, f) Fused FDG/PET-CT
images showing increased
FDG-uptake at the sites of
involvement (arrowheads)
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Fig. 12 A 56-year-old male with IgA Kappa Multiple
Myeloma. a P.A. chest X-ray showing an opacity in the right
middle lung field with destruction of the 7th rib. b Contrast-
enhanced axial CT image of the chest (soft-tissue window)
showing a large right paravertebral soft tissue mass at level of
T6 and T7 with infiltration of the vertebral bodies and

destructions. With radiography and CT the bone is
visualized. With MRI, the primary site of involve-
ment, the bone marrow is displayed (Fig. 13).

In patients with multiple myeloma five different
infiltration patterns can be described in MRI (Baur
et al. 1996).

First, in 28% of the patients a normal looking bone
marrow signal is found in all sequences with high
signal on TIl-weighted and intermediate signal
intensity on T2-weighted spin-echo images as well as
low signal in fat-saturated sequences, such as STIR.

destruction of the 7th rib as well as infiltration of the spinal
canal. ¢ Fused axial FDG-PET/CT image showing markedly
increased FDG-uptake by the paravertebral mass. d Axial
contrast-enhanced T1 VIBE image showing the paravertebral
soft tissue mass, infiltration of T7 as well as infiltration of the
spinal canal

In histology this corresponds to a slight interstitial
plasma cell infiltration (<20 Vol% in bone marrow
biopsy). Normal bone marrow signal in MRI do not
exclude the diagnosis of multiple myeloma (Algra
et al. 1991; Carlson et al. 1995; Avrahami et al. 1993;
Fruehwald et al. 1988). However, those patients are
eligible to a “watch and wait” strategy.

Second, focal myeloma infiltration can be found in
about 30% of cases (Fig. 14). Circumscribed areas of
high signal intensity can be identified on gradient
echo and fat saturated sequences, such as STIR
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Fig. 13 A 63-year-old female with IgG Kappa MM. Coronal
STIR a image shows diffusely increased signal intensity of the

images. These correspond to areas of low signal
intensity on unenhanced T1-weighted SE images. In a
few cases isointense signal is found on T1-weighted
SE images (Rahmouni et al. 1993a). Due to the high
signal intensity of normal fat-containing marrow on
T2-weighted Turbo spin echo sequences there is
mostly no contrast to the focal infiltrates by myeloma,
which are also hyperintense (Dohner et al. 1989).
Focal myeloma infiltrations were depicted with
highest sensitivity when using fat-suppressed pulse
sequences (Avrahami et al. 1993; Rahmouni et al.
1993a; Baur et al. 1998). Two principal methods
exist: a frequency-selective fat-saturation such as a
STIR or sequences with spectral fat-saturation.
In our investigations STIR sequences compared
favourably with spectral fat saturation because of a
homogeneous fat-saturation in large fields of views
(250 x 500 mm). Some authors employed chemical
shift imaging by using opposed phased gradient echo
sequences. By means of opposed phasing of fat-, and
respectively water-bound protons in normal bone
marrow, multiple myeloma infiltrations are displayed
as areas with high signal intensity (Algra et al. 1991;
Avrahami et al. 1993; Stabler et al. 1996; Daffner

femoral bone marrow on both sides. Coronal T1-w SE image
b shows corresponding areas of diffusely decreased signal intensity

et al. 1986). A greater sensitivity was found for con-
trast-enhanced, shifted-phase gradient echo sequences
in comparison to unenhanced images in one study
(Hosten et al. 1992).

Third, diffuse bone marrow infiltration is charac-
terized by a homogeneous decrease of signal on
T1-weighted SE images and increased signal intensity
on fat-suppressed images (Fig. 15). In cases of
high-grade diffuse involvement (>50 Vol% in bone
marrow biopsy) the signal intensity is nearly equal to
the signal intensity of the intervertebral disc or muscle
on Tl-weighted SE images due to the increase of
water and decrease of fatty components (Fig. 15).
In cases of intermediate grade of involvement in
biopsy (20-50 Vol%) the signal reduction is only
moderate and often hard to diagnose (Baur et al.
1997). In those cases intravenous injection of gado-
linium-chelates is recommended to verify diffuse
involvement. Based on the results of a control cohort
the corresponding enhancement of normal bone
marrow showed great variations between 3 and 40%,
mean 17%, age >40 years). However, if the percentage
increase of signal exceeds the limit of 40%, this can be
considered as pathologic (Baur et al. 2004).
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Fig. 14 High-grade focal infiltration pattern in a 66-year-old
female with multiple myeloma. a Lateral radiograph of the
lower thoracic and lumbar spine showing fractures of the
superior end-plates of T10 and T11 and a sharply demarcated
osteolytic lesion of L1. b Sagittal CT image of the lower
thoracic and lumbar spine in bone window showing more
osteolytic lesions (arrowheads point to some of the lesions).
¢ Sagittal STIR image showing multiple well-demarcated
hyperintense focal lesions. d Sagittal non-contrast T1-w SE
image correspondingly showing these areas as low signal
intensity. e Sagittal contrast-enhanced T1-w SE image showing
contrast-uptake of the focal lesions

Fourth, a combined focal and diffuse infiltration
pattern can be found in about 11% of patients. On
T1-weighted SE images the bone marrow signal
intensity is diffusely decreased with additional foci
interspersed (Fig. 16). Those foci are often better
demarcated on fat saturated or gradient echo images.

Fifth, in about 3% of cases a so-called “salt-and-
pepper”-pattern can be found (Baur et al. 1996;
Stabler et al. 1996). On T1-weighted SE images, but
also on gradient echo and T2-weighted SE sequences,
the bone marrow presents a very inhomogeneous
patchy pattern. However, no hyperintense areas
are demarcated in fat saturated sequences (Fig. 17).
In histology this corresponds to bone marrow with
circumscribed fat islands beside normal bone marrow
with a minor infiltration of plasma cells (<20 Vol%).
In the early stage of multiple myeloma this special
pattern is thought to be initiated by a hematopoiesis-
inhibiting factor. Enhancement of bone marrow does
not exceed 40%. These patients usually have stage I
disease and do not require therapy!

Focal or diffuse signal alterations are not specific
for myeloma. They may be found in various
other conditions too. Differential diagnoses for focal
lesions include metastases, lymphoma, atypical
hemangiomas and hematopoietic islands. Differential
diagnoses for diffuse disease includes metastases,
lymphoma, leukaemia, myelodysplastic syndrome,
chronic myeloproliferative diseases and stimulated
bone marrow (Vogler and Murphy 1988; Nobauer and
Uffmann 2005).

7 Comparison of Methods

7.1 X-ray Versus MRI

Several studies demonstrated that X-rays often yield
false negative results, especially in the spine and
pelvis where anatomical regions are complex and
overlain by ribs or bowel, respectively.

In an own study, 55% of the focal and 59% of the
diffuse infiltrations were not detected by conventional
X-rays (Baur et al. 1996). In studies of Fruehwald
et al. (1988) and Ludwig et al. (1987) only 27
and 10% of focal involvement, respectively, were
verified in conventional X-rays on the basis of form
and structural changes. Tertti et al. (1995) compared
MRI of the lumbar spine with conventional X-rays.
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Fig. 15 High-grade diffuse infiltration of the spine in a 61-
year-old male with multiple myeloma. a Sagittal CT image
showing no osseous destruction. b Sagittal STIR image shows a
high-grade diffusely increased signal intensity of the vertebral
bone marrow. ¢ Non-contrast sagittal T1-w SE image shows a

In 13 out of 41 patients “false-negative” findings in
conventional X-ray were reported. They came to the
conclusion that in case of spine X-rays without
pathological findings an MRI examination should be
performed for definite exclusion of myeloma lesions.
Other authors demonstrated that even in asymptom-
atic patients infiltrations can be found by the use
of MRI, despite unremarkable X-rays (Mariette
et al. 1999; Van de Berg et al. 1996; Dimopoulos
et al. 1993; Moulopoulos et al. 1995). In these studies,
in 29-50% of asymptomatic patients a diffuse or focal
tumour infiltration was already present in MRI.
Lecouvet et al. (1999) examined 80 patients with
stage III disease (Durie&Salmon) and found 34%
false negative results in X-rays of the spine and 29%
false negative results in X-rays of the pelvis compared
to MRI. On the other hand, if the conventional X-ray
would have been replaced with MRI scans of the
spine and pelvis only, in 10% of patients the stage of
disease would have been underestimated. A total of 8

diffusely reduced signal intensity of the vertebral bone marrow,
approximately equivalent to that of the intervertebral discs.
d Post-contrast sagittal T1-w SE image shows a diffuse high-
grade contrast-enhancement of the vertebral bone marrow (ca.
100%). There are no focal lesions visible

out of 80 patients showed lesions only in peripheral
long bones, at the ribs or at the skull. Walker et al.
demonstrated a higher sensitivity of MRI compared
to the skeletal survey in detecting focal lesions.
MRI- but not MBS-defined focal lesions indepen-
dently affected survival. They therefore recommended
that in addition to the skeletal survey, MRI should be
used routinely for staging, prognosis and response
assessment in myeloma (Walker et al. 2007).

More recent studies comparing whole-body MRI
to the radiographic skeletal survey have similarly
demonstrated a greater sensitivity and specificity of
whole-body MRI in lesion detection (Ghanem et al.
2006; Dinter et al. 2009). In the study by Dinter et al. in
19 out of 60 patients, tumour stage was upgraded (using
Durie and Salmon Plus) due to the findings of WB-MRI.
In 10 out of these 19 patients the WB-MRI resultled to a
decision to initiate further therapy (Dinter et al. 2009).

Conventional and whole-body MRI techniques
in multiple myeloma are well established. Various
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Fig. 16 Combined focal and intermediate diffuse infiltration
of the spine in a 48-year-old female patient with multiple
myeloma. a Lateral radiograph of the lumbar spine showing
diffuse inhomogeneous osteoporosis. b Sagittal CT image of
the lower thoracic and lumbar spine in bone window showing
diffuse infiltration of the spine with a partial collapse of the
superior endplate of L1 (arrowhead). ¢ Sagittal STIR image.
d Sagittal non-contrast T1-w SE image. e Sagittal contrast-
enhanced T1-w SE image. The MR images show intermediate
diffuse marrow infiltration as well as several focal lesions, the
largest lesions being at L1 and L3 (arrowheads). Post-contrast
there is enhancement of the focal lesions as well as diffuse
enhancement of the vertebral bone marrow

MRI protocols are described in the literature, from
standard unenhanced T1-weighted, T2-weighted and
STIR imaging to contrast-enhanced T1-weighted

fat-saturated imaging, to screening MR imaging with
only T1-weighted and STIR imaging of the bone marrow
(Hanrahan et al. 2010). Due to the possibility of using
receiver-coil elements, such as total imaging matrix
(TIM, Siemens systems) and parallel imaging, scan time
and the time-consuming repositioning of patients is
reduced. Thus, a complete display of the whole bone
marrow within approximately 35 min can be obtained.

Continuous table movement (CTM) has been
recently introduced as a promising new concept in
MR imaging (Zenge et al. 2009; Kruger et al. 2005;
Zenge et al. 2005). It enables seamless real-time
WB-MR imaging by permitting continuous table
movement during data acquisition (Weckbach et al.
2010). Weckbach and colleagues compared a
WB-CTM protocol with a standard unenhanced
WB-MR protocol in 18 patients with multiple
myeloma. Overall image quality was found to be
comparable. Artefacts were rated as mild but non-
disturbing in 50% of patients, whereas in the other
50% of patients artefacts were classified as disturbing
for the CTM protocol and non-disturbing for the
standard protocol. Organ assessability was better
using the CTM protocol. Depiction of bone marrow
and soft tissue lesions was identical without a staging
shift. Vertebral fractures were observed in two
patients using the standard protocol. These were not
detected by the CTM protocol. Mean protocol time
was 6:38 min with the CTM protocol and 24:32 min
with the standard WB-MRI protocol. CTM is there-
fore a promising new technique, significantly short-
ening scanning time and allowing a higher patient
throughput. However, as the authors point out, as long
as vertebral fractures are not detectable, the protocol
cannot currently be safely used for clinical routine
without the acquisition of additional sagittal sequen-
ces for the spine (Weckbach et al. 2010).

7.2 CT Versus X-rays

Two studies compared the detection rate of myeloma
manifestations of radiographs versus CT. In a study of
Schreiman et al. (1985) 32 patients with multiple
myeloma were examined with a single row CT.
Twelve patients showed osseous affections in both
modalities. CT, however, usually demonstrated a
more extensive involvement. In 6/13 patients only CT
detected myeloma involvement despite normal
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Fig. 17 “Salt and pepper” pattern in a 66-year-old female
patient with multiple myeloma. a sagittal STIR image of the
spine shows no focal hyperintensities. b sagittal non-contrast
T1-w image of the spine shows an inhomogenous patchy
pattern of the bone marrow. This is explained by the fact that
focal fat islands are mixed within normal bone marrow with
only low grade diffuse infiltration of bone marrow. Due to the
strong hyperintensities of the fat islands the normal marrow
seems to be pathologically low in signal. These patients usually
have stage I disease and do not require any therapy. This
pattern is often misdiagnosed as diffuse or multifocal small
herd infiltration. Please also see histology in Figure 1c

radiographs. In another study using a 4-row MDCT
scanner in 18 patients with multiple myeloma MDCT
was also superior to radiography (Mahnken et al.
2002). In MDCT 24 lesions were additionally found

when compared to radiography. The authors con-
cluded that CT is more sensitive in the detection of
myeloma involvement than radiography. Gleeson
et al. recently assessed the feasibility of whole-body
low-dose computed tomography (WBLDCT) in the
diagnosis and staging of multiple myeloma and
compared it to the skeletal survey, using bone marrow
biopsy and whole-body MRI as a gold standard. In an
analysis of 39 patients, WBLDCT detected more
myelomatous lesions than the plain radiographic
skeletal survey in 28 of 39 cases. This led to restaging
in 25 instances (20 upstaged, 5 downstaged) (Gleeson
et al. 2009).

7.3 MSCT Versus MRI

Three studies have compared MRI and MSCT in
patients with multiple myeloma. Results of an own
study, enrolling 41 patients, proved that WB-MRI is
significantly more sensitive than WB-MSCT. Patients
were examined on a 1.5 Tesla MRI scanner (Siemens
Magnetom Symphony) using a whole-body-protocol
and on a 16-row or 64-row MSCT scanner (Siemens
Sensation-16) using a 0.75 mm collimation. On MRI,
15 patients showed no involvement. In 26 patients,
975 regions were affected: 21 patients were stage I,
two were stage II, and 18 were stage III. On MDCT,
19 patients showed no involvement. In 22 patients,
462 regions were affected. According to MDCT, 25
patients were stage I, 7 were stage II, and 9 were stage
III. In 21 patients with involvement detected on both
methods, MRI showed more extensive disease than
MDCT. WB-MRI was shown to be statistically
superior to WB-MDCT in the detection of myeloma
lesions. False negative results in MSCT could be
explained by the fact that in MRI bone marrow
replacement can be displayed before any osteolytic
changes occur in the bone. False positive results in
MDCT were due to inhomogeneous oOsteoporosis.
Eleven patients were understaged with MDCT com-
pared with MRI (Baur-Melnyk et al. 2008). Similar
results could be achieved by Gleeson et al. (2009)
who compared 23 patients with WBMDCT and
WBMRI (Gleeson et al. 2009).

In the study of Mahnken et al. (2002) 18 patients
with stage III multiple myeloma underwent a
4-MSCT-exam as well as an MRI examination of the
spine and pelvis. A total number of 325 vertebral
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bodies were evaluated. Of them, 226 showed coin-
ciding findings in terms of normal findings or in terms
of affection. In MSCT 231 vertebral bodies were
classified as “affected”, whereas 224 vertebral bodies
were considered to be involved by myeloma in MRI.
Thus, in MSCT, seven vertebrae showed affection
which were normal on MRI. On the other hand, five
vertebral bodies in MRI yielded a pathological signal
while the MSCT findings were considered to be
normal. These “false-negative” findings in MSCT
might be due to early bone marrow infiltration with-
out any signs of osseous destruction. The “false-
negative” MRI-findings on the other hand might be
attributed to response to treatment. No information
about previous therapy was given in this study.
According to other studies, following a successful
therapy and/or stem cell transplantation bone marrow
infiltrations can disappear whereas osteolytic lesions
persist (Rahmouni et al. 1993a; Moulopoulos et al.
1994). The relatively high sensitivity of MSCT in this
study might be attributed to the fact that all patients
were of advanced disease (stage III).

7.4 Whole-Body Versus Spinal MR-

Imaging

In a recent study, Biuerle et al. examined whether
standard MR imaging of the axial skeleton (spine and
sacral bone) is sufficient for evaluation of patients
with multiple myeloma or monoclonal gammopathy
of undetermined significance (MGUS) or if whole-
body MR imaging is necessary. A total of 100 patients
with MM or MGUS were examined with WB-MRI
and with MRI of the axial skeleton. Thirty-nine
patients had lesions in the axial skeleton and 37 had
lesions in the extra-axial skeleton. Nine patients in the
latter group had no axial lesions and 13 patients had
lesions that violated the cortical bone with a conse-
quent increase in fracture risk. Due to their extra-axial
location lesions in these patients could only be diag-
nosed by whole-body MRI. No single or combination
of clinical factors allowed the authors to identify
patients with an increased probability of having
extra-axial lesions. The authors demonstrated the
importance of whole-body MR imaging in the initial
work-up of patients with MGUS or MM, as almost
one half of all observed lesions would have been
missed by using spinal MR imaging only and clinical

parameters could not exclude the presence of extra-
axial lesions (Bduerle et al. 2009).

7.5 Whole-Body MRI Versus PET-CT

In a recent study by Shortt et al. involving 24 patients
with bone marrow biopsy-proven multiple myeloma,
the results of bone marrow biopsy performed within
7 days of FDG PET-CT and whole-body MRI were
compared with disease activity on the two modalities.
PET had a sensitivity of 59% and a specificity of 75%
for findings of active disease, whereas whole-body
MRI had a higher sensitivity and specificity of 68 and
83%, respectively. When used in combination and
with concordant findings they were found to have a
specificity and a positive predictive value of 100%.
The authors suggested that this feature might be of
value in assessing the effectiveness of aggressive and
expensive treatment regimens (Shortt et al. 2009).

8 Prognosis

The time of survival in patients with multiple
myeloma can significantly vary between courses of a
few months to more than 10 years, the so-called
“smoldering myeloma” (Kyle 1983). These various
course characteristics, which are associated with
different therapeutic options indicate the need for strong
prognostic parameters. Different laboratory parameters
showed a significant association with time to progres-
sion and survival, respectively. These include: elevated
levels of B-2-microglobulin, decreased levels of serum
albumin, deletion of chromosome 13 (Bataille et al.
1986).

Due to the possibility of detecting tumour
infiltrations earlier with MRI than with the skeletal
survey, the value of MRI with respect to patients’
prognosis was analysed in patients defined as stage |
disease according to the staging system of Durie and
Salmon. In a study of Mariette et al. (1999) 55
patients were examined. In 17 of these 55 patients
with negative X-rays, diffuse (n = 3) or focal
(n = 14) infiltrations were found in MRI and proved
to be associated with a significantly worse prognosis
compared to patients with a normal bone marrow in
MRI. During a follow-up of an average of 25 months,
8 of 17 patients with pathological MRI findings
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versus only 2 out of 38 patients with normal MRI
showed progression of the disease. In patient groups
of 24 and 38 patients respectively examined, by van
de Berg et al. (1996) and Moulopoulos et al. (1995)
suffering from multiple myeloma stage I, patients
with pathological MRI findings proved to exhibit a
significantly earlier progression of disease compared
to patients with normal MRI findings. The patients
with pathological MRI findings required earlier
treatment. Dimopoulos et al. examined 23 patients in
stage I disease and found 7/23 patients with definite
myeloma infiltrates in MRI despite normal X-rays. A
disease progression was noted after an average of
11 months in patients with infiltrates versus
44 months without evidence of involvement in MRI
(Dimopoulos et al. 1993). Kusomoto et al. reported
about 61 patients in different stages of the disease
with similar results. Patients showing pathological
MRI scans presented a S-year survival rate of 30%
while patients with normal MRI had a 5-year survival
rate of 80% (Kusomoto et al. 1997).

MRI helped to define and to differentiate patients
with intermediate risk from those with a high risk for
disease progression (Weber et al. 1997). In the study
of Weber et al. a multivariate analysis found para-
proteins >3/dl, a type Ig-A plasmacytoma and uric-
excretion of Bence Jones proteins >50 mg/d to have
the greatest influence on the prognosis as independent
variables. According to the findings mentioned above,
101 patients with multiple myeloma were split into
three different groups of risk (1 =low risk;
2 = intermediate; 3 = high risk). Patients included in
the intermediate risk group with abnormal MRI
findings had a significantly earlier progress of disease
(median 21 months) compared to patients with nor-
mal MRI findings (median 57 months).

In an own study on 77 patients with newly diag-
nosed multiple myeloma we could show for the first
time that MRI of the spine provided a significant
prognostic tool not only concerning the time to pro-
gression but also concerning the survival of patients
(Baur et al. 2002a). A total of 25/77 patients would
have been understaged according to the established
staging system of Durie and Salmon, which includes
only X-ray as imaging tool. MRI staging represented
an independent prognostic parameter and the inclu-
sion of MRI in the staging system of Durie and
Salmon improved the discrimination of the three
risk groups (low-intermediate-high). Concerning the

infiltration patterns a significantly longer survival
time was found in patients with normal looking bone
marrow and also in patients presenting a salt and
pepper pattern. Patients with diffuse or focal infiltrates
did not differ significantly in survival time. The extent
of infiltration was much more important.

As mentioned previously, Walker et al. performed
a study in which both baseline skeletal surveys and
MRI were available in 611 patients uniformly treated
with a tandem autologous transplantation-based
protocol. These were evaluated to determine their
respective merits for disease staging, response
assessment and outcome prediction. MRI was
more sensitive than the skeletal survey in the detec-
tion of focal lesions. MRI but not skeletal survey-
defined focal lesions independently affected survival.
MRI-focal lesions correlated with low albumin and
elevated levels of C-reactive protein, LDH and cre-
atinine. Resolution of MRI-focal lesions, occurring in
60% of cases was associated with superior survival
(Walker et al. 2007).

Hillengass et al. performed WB-MRI in 149
patients with asymptomatic multiple myeloma. The
presence of focal lesions and a number of greater than
one focal lesions were the strongest adverse prognostic
factors for progression into symptomatic multiple
myeloma in a multivariate analysis. A diffuse infiltra-
tion pattern in MRI, a monoclonal protein of 40 g/L or
greater, and a plasma cell infiltration in bone marrow
of 20% or greater were other adverse prognostic fac-
tors for progression-free survival in univariate analysis.
The authors recommended the use of whole-body MRI
for risk stratification of patients with asymptomatic
multiple myeloma (Hillengass et al. 2010).

In a recent study by Ailawadhi et al. involving 170
patients the extent of bone marrow involvement was
evaluated by MRI. Clinical and laboratory parameters
were assessed in patients with active MM and corre-
lations between variables were assessed statistically.
There was a significant association between the
degree of bone marrow involvement on MRI and
Durie and Salmon Stage, ISS stage, the presence of
Iytic bone disease and mean B-2 microglobulin levels.
Among the patients with previously untreated MM,
there was a significant association between BM-MRI
stage and overall survival (Ailawadhi et al. 2010).

Bartel et al. (2009) evaluated the metastatic bone
survey, MRI and FDG-PET/CTs in 239 newly diag-
nosed MM patients, subsequently treated with the
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Total Therapy three regimen. They demonstrated that
several imaging parameters related to tumour burden,
such as focal lesion number assessed by MRI and
PET, intensity of tumour metabolism (SUV-FL) and
metastatic spread (extramedullary disease) all affect
survival outcomes. FDG suppression on PET/CT
post-therapy was reported to have independent pre-
dictive value. The presence of >3 focal lesions (FL)
with increased FDG uptake was more highly associ-
ated with inferior overall and event-free survival after
induction therapy than the metastatic bone survey or
whole-body MRI. FDG-suppression in focal lesions
(SUV-FL) before first transplantation was identified
as an independent favourable prognostic variable
(Bartel et al. 2009).

9 Staging

Controversies exist on which imaging modality
should be used in patients with multiple myeloma on
a routine basis. The radiographic skeletal survey has
been shown to partly result in false negative findings
in many studies, therefore in many institutions whole-
body MRI or whole-body MDCT is currently per-
formed at primary diagnosis and for follow-up
examinations. MSCT is more widely available and
image interpretation is easier than in MRI. On the
other hand MRI is much more sensitive for evaluating
early bone marrow involvement.

The latest guidelines for the standard investigative
work-up in suspected multiple myeloma from the
International Myeloma Workshop Consensus Panel
(2011) (Dimopoulos et al. 2011) still recommend the
skeletal survey as the standard method for imaging
screening at diagnosis, as it is readily available at
modest cost, allows large areas to be assessed and
may detect long bone lesions at risk of impending
fracture. An MRI of the spine and pelvis is deemed as
mandatory in:

(1) all patients with a presumed diagnosis of solitary
plasmacytoma,

(i) In symptomatic patients for a detailed evalua-
tion of a painful area of the skeleton to look for a
soft tissue mass arising from a bone lesion,

(iii) for the investigation of patients with a suspicion
of cord compression.

The Consensus Panel also recommends consider-
ing an MRI in the following situations:

(i) smoldering (asymptomatic myeloma) as it can
detect occult lesions and, if positive, can pre-
dict for more rapid progression to symptomatic
myeloma,

(i) in symptomatic myeloma due to:

(a) possibility of visualisation of unsuspected
focal lesions and soft tissue plasmacytomas
involving the spine and pelvis

(b) prognostic significance of patterns of MRI
abnormality (i.e. diffuse pattern or a high
number of focal lesions).

Worldwide different staging systems have been cre-
ated by various groups. The most widely accepted
staging system is that of Durie and Salmon created in
1975 (Table 1) (Durie and Salmon 1975). Apart from
the content of haemoglobin, the paraprotein component,
the calcium-value, the Bence-Jones-protein-uric excre-
tion and the findings of conventional X-rays are inclu-
ded. However, if available, the use of whole-body MRI
is strongly recommended for more precise evaluation of
the bulk of disease (Durie et al. 2003). In the Durie and
Salmon PLUS staging system (Durie 2006) the amount
offocal lesions and the extent of diffuse infiltration has to
be determined. The cut-off value for stage II versus I
is >5 lesions or moderate diffuse infiltration. The cut-off
value for stage III versus stage II are 20 focal lesions or
severe diffuse infiltration (Table 2).

In a recent study, Fechtner et al. investigated the
concordance of the Durie-Salmon staging system
with the Durie-Salmon PLUS staging system in
monoclonal plasma cell disease. Lesions in 403
untreated patients with MGUS, solitary plasmacy-
toma, amyloid light-chain amyloidosis and MM were
first staged on the basis of the classic Durie-Salmon
staging system, which included conventional radi-
ography. After examination with WBMRI lesions in
these patients were in addition staged by using the
Durie-Salmon PLUS staging system. The two stag-
ing systems were concordant in only 45% of all
examined patients with monoclonal plasma cell
disease. In 14% of patients a higher staging level,
and in 41% of patients a lower staging level was
found with the Durie-Salmon PLUS staging system
when compared with the Durie—Salmon staging
system. The authors concluded that indication for
therapy in patients with multiple myeloma should
not solely be based on MR imaging findings but in
conjunction with clinical findings and laboratory
results (Fechtner et al. 2010). Since the cut-off
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Table 1 Durie and Salmon staging system
Criteria

Stage I (low cell mass)

All of the following:

1. Haemoglobin value >10 g/dl

2. Serum calcium value normal < 12 mg/dl

Myeloma cell mass (myeloma cells in billons/m?)*

600 billion

3. Bone X-ray, normal bone structure (scale 0), or solitary plasmacytoma only.

4. Low M-component production rates:
a. IgG value <5.0 g/dl
b. IgA value <3.0 g/dl

c. Urine light chain M-component on electrophoresis <4 g/24 h

Stage I (intermediate cell mass)

Fitting neither Stage I nor Stage III

Stage 111 (high cell mass)

One or more of the following:

1. Haemoglobin value <8.5 g/dl

2. Serum calcium value >12 mg/dl

3. Advanced lytic bone lesions (scale 3)

4. High M-component production rates:
a. IgG value >7 g/100 ml
b. IgA value >5 g/100 ml

c. Urine light chain M-component on electrophoresis >12 g/24 h

Subclassification (either A or B):

600 to 1,200 billion

>1,200 billion

A: relatively normal renal function (serum creatinine value) <2.0 mg/dl

B: abnormal renal function (serum creatinine value) > 2.0 mg/dl
Examples: Stage IA (low cell mass with normal renal function)
Stage IIIB (high cell mass with abnormal renal function)

* Myeloma cells in whole body
Source adapted from Kyle 1983

values for focal lesions are different in the Durie and
Salmon and the Durie and Salmon PLUS staging
system it is not astonishing that these are discon-
cordant. One problem is that the cut-off values were
not clearly defined in the Durie and Salmon staging
system of 1975 (Table 1) for stage II versus stage
III. In the Durie and Salmon PLUS staging system
for focal lesions definite cut off values (e.g. >20 for
stage III) were given. However, those cut-off values
have never been determined statistically in a survival
analysis by the authors. Due to other MR studies
with large patient cohorts and survival analysis
and the “old” Durie and Salmon staging system the
cut-off values for focal lesions should be lower
(Hillengass et al. 2010). A cut-off of 7 or 10 lesions

would be a good discriminator for stage II versus

stage III. This has been shown in the survival

analysis of Walker et al. (2007) and Baur et al.

(2002a). According to the literature, for discrimina-

tion between stage I versus stage II a cutoff value of

>1 focal lesion or moderate diffuse disease would

be appropriate (Baur 2002a; Hillengass 2010).

For staging purposes in the radiologic report the
following points have to be addressed:

e X-rays/CT: Osteolytic lesions (number, localisa-
tions, fracture risk), vertebral fractures (osteopo-
rotic/neoplastic)

e MRI: Infiltration pattern (focal, diffuse, combined
focal and diffuse, salt + pepper). Pathologic frac-
tures, spinal cord compression.
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Table 2 Durie and Salmon PLUS staging system

Classification
MGUS

Stage IA*
(Smoldering or indolent)

Multiple Myeloma
Stages IB*, IIA/B*, IIIA/B*
Stage I B*
Stage II A/B*
Stage III A/B*
*A:

e Serum creatinine <2.0 mg/dl

e No extramedullary disease (EMD)
* B:

e Serum creatinine >2.0 mg/dl

e Extramedullary disease (EMD)
Source Durie et al. (2003)

e MRI: Localisations + extent of infiltration: Focal:
number of lesions, count up to 20; Grade I-1II Durie
and Salmon PLUS: grade I: <5, grade II: 5-20,
grade III: >20); diffuse infiltration (grade I: no/
mild infiltration, grade II: moderate infiltration,
grade III: strong infiltration.)

e Presence of soft tissue components, extraosseous
lesions

10 Subtypes of Plasma Cell Disease

10.1 MGUS

Primary differential diagnoses in case of elevated
laboratory paraprotein are monoclonal gammopathy
of unknown significance (MGUS) and smoldering
myeloma. Monoclonal gammopathy of uncertain
significance (MGUS) is a common cause of a labo-
ratory discovered elevated paraprotein. The parapro-
tein level is typically low. It is usually an incidental
finding. The incidence in patients >70 years of age
is about 3%. Several laboratory parameters have to
be fulfilled to diagnose MGUS. Follow-up examin-
ations, which confirm stable disease, are necessary to
qualify for MGUS rather than for myeloma. No
osteolyses should be present. Whole-body MRI is

New imaging MRI and/or FDG PET
All negative

Can have single Plasmacytoma and/or limited disease on imaging

<5 Focal lesions; mild diffuse disease
5-20 Focal lesions; moderate diffuse disease

>20 Focal lesions; severe diffuse disease

always negative in MGUS and can be used as a
tool to underline the diagnosis (Table 3). MGUS
can evolve to manifest multiple myeloma, chronic
lymphatic leukemia, lymphoma, Waldenstroms
macroglobulinemia or amyloidosis. Van de Berg
et al. performed MR imaging in 35 patients with
clinically suspected MGUS in MRIL In seven
patients abnormalities were found typical for mye-
loma. Of the patients without lesions in MRI none
required therapy after a follow-up of 30 months.
Conversely 4/7 patients with lesions in MRI required
therapy within the following 5 years (Vande Berg
et al. 1997). This shows that laboratory parameters
alone are not sufficient for the diagnosis of MGUS.
In the new guidelines for diagnosis and staging
(Dimopoulos et al. 2009), whole-body MRI has to
be negative in patients with MGUS, otherwise the
diagnosis must be changed to overt myeloma.

10.2 Smoldering Myeloma

Smoldering myeloma is an intermediate category
between MGUS and multiple myeloma, as now
defined, is stage IA in the Durie and Salmon staging
system (Table 4). Such patients can have mild
degrees of myeloma-related organ dysfunction,
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Table 3 MGUS: monoclonal gammopathy of undetermined
significance

Diagnostic criteria: all 3 required

1. Serum Monoclonal protein and/or urine monoclonal
protein level low*

2. Monoclonal bone marrow plasma cells <10%

3. Normal serum calcium, haemoglobin level and serum
creatinine.

e No bone lesions on full skeletal X-ray survey and/or other
imaging if performed.

e No clinical or laboratory features of amyloidosis or light
chain deposition disease.
*Low is defined as:

e Serum IgG <3.5 g/dl

e Serum IgA <2.0 g/dl

e Urine monoclonal kappa or lambda <1.0 g/24 h

Source Durie et al. (2003)

e.g. slight anaemia. The bone marrow contains
between 10 and 30 Vol% plasma cells. The patients
are eligible for supportive care measures such as
erythropoietin and bisphosphonates. Abnormalities on
MRI or FDG-PET imaging indicate an increased risk
of early disease progression (Durie et al. 2003; Blade
et al. 2010).

10.3 Solitary Plasmacytoma

Solitary bone plasmacytoma affects less than 5% of
patients with plasma cell myeloma (Dimopoulos et al.
2000). Diagnostic criteria for solitary plasmacytoma
of bone varied over the years (Table 5). Routine bone
marrow biopsy usually is normal and there should be
no organ dysfunction. X-rays typically show a sin-
gular lytic lesion with a narrow zone of transition. It
may be also expansile in nature with a soft-tissue
component. It may affect any bone but has a prefer-
ence for the axial skeleton in particular the vertebrae
(Dimopoulos et al. 2000). For therapy planning
(surgery and or radiation) CT or MRI are required to
display osseous destructions and the soft-tissue com-
ponent. In the spine, the soft-tissue component may
cause spinal cord or nerve root compression. A small,
if any, M-protein component usually decreases after

Table 4 Smoldering or indolent myeloma

Diagnostic criteria

1. Serum M-protein >3 g/dL.

and/or

2. >10% bone marrow plasma cells with no evidence of

end-organ damage hypercalcemia, renal insufficiency,
anaemia or bone lesions

3. Not meeting criteria for MGUS, multiple myeloma, or
solitary plasmacytoma of bone

Source adapted from Blade et al. (2010)

Table 5 Solitary plasmacytoma of bone
Diagnostic criteria: all 3 required

1. Biopsy proven monoclonal plasmacytoma of bone in a
single site only. X-rays and MRI and/or FDG-PET imaging
must be negative outside the primary site. The primary lesion
may be associated with a low* serum and/or urine M-
component.

2. The bone marrow contains <10% monoclonal plasma cells.
3. No other myeloma related organ dysfunction.
*Low is defined as:
e Serum IgG <3.5 g/dl
e Serum IgA <2.0 g/dl
e Urine monoclonal kappa or lambda <1.0 g/24 h
Source Durie et al. (2003)

local radiation therapy. Several studies report that
screening of patients with solitary plasmacytoma of
bone with MRI revealed additional lesions (Moulop-
oulos et al. 1993). Moulopoulos et al. (1993) showed
that MRI of the thoracic and lumbosacral spine
showed additional foci of marrow replacement in 4
out of 12 patients with solitary plasmacytoma. In a
study by Schirrmeister et al. 15 patients with known
solitary plasmacytoma underwent FDG-PET. Twenty
further plasmacytoma lesions, which were negative
on standard imaging methods, were detected in four
patients (27%), leading to a change in therapy
(Schirrmeister et al. 2003). Some authors postulate
that solitary plasmacytoma of bone is only a precursor
for multiple myeloma or only one lesion is detected
despite several others, since X-rays are often
false negative. Thus, whole-body MRI is strongly
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recommended, since therapeutic regimens are differ-
ent for solitary plasmacytoma and multiple myeloma.

11 Therapy of Multiple Myeloma

Due to the complexity and great variability in the
aggressiveness of the disease the management of
patients with myeloma needs an interdisciplinary
approach. At an initial stage without any lesions
patients can be followed according to a “watch and
wait” consensus, because in this stage chemotherapy
was found not to result in a prolonged time of survival
(Riccardi et al. 2000). The treatment with bisphos-
phonates resulted in a reduced incidence of fractures
and an increased quality of life (Jantunen and Laakso
1996; Kyle 2000). The use of high-dose chemother-
apy followed by autologous or a combined autologous
and allogenic stem cell transplantation in patients
with stage II and III disease (Durie and Salmon) has
resulted in a significantly longer survival time com-
pared to the classic Alexanian scheme with melphalan
and prednisone (Desikan et al. 2000; Barlogie et al.
2001). In patients ineligible for high-dose chemo-
therapy with stem-cell support, oral combination of
melphalan and prednisone has been the standard of
treatment, but should now be replaced by combina-
tions with novel agents. Randomised studies have
shown that the combination of melphalan-prednisone
with thalidomide is superior to melphalan-prednisone.
Bortezomib in combination with melphalan-predni-
sone also achieved significantly higher survival rates
and a complete remission rate comparable to that
achieved with high-dose therapy plus stem cell
transplantation. Melphalan-prednisone plus either
thalidomide or bortezomib are therefore the new
standards in Europe. Lenalidomide combined with
low-dose dexamethasone also yields improved
response and overall survival rates, and is well tol-
erated even in patients >65 years of age (Harousseau
and Dreyling 2010). In advanced stages therapy of
complications (e.g. renal insufficiency, anaemia) and
pain with medication and radiation are important for
treatment.

Unstable pathologic fractures at the extremities
and the spine are usually stabilized operatively with
compound osteosynthesis or endoprosthesis. These

methods usually allow an early mobilisation of the
patients.

Percutaneous vertebroplasty is one of the most
promising new interventional procedures for relieving
or reducing painful vertebra, with the injection of
surgical polymethylmethacrylate or cement into ver-
tebral bodies (Fig. 18). This image-guided technique,
originally used to treat vertebral hemangioma, has
recently been used to treat metastases, osteoporotic
compression fractures and large osteolytic lesions
(Guglielmi et al. 2005). Patients with multiple mye-
loma are the main patient group for percutaneous
vertebroplasty since they often suffer from osteopo-
rotic fractures as well as from osteolytic lesions.

Indications for percutaneous vertebroplasty are
patients with acute and subacute osteoporotic fractures,
not eligible for surgery, that show no pain relief despite
conservative treatment. Healed fractures without bone
marrow edema at MRI are usually not an indication for
percutaneous vertebroplasty, since pain in those
patients, mostly derives from other causes, such as
muscle tension, osteochondrosis etc. About 30% of
osteoporotic fractures show an intravertebral cleft, fil-
led with fluid or gas indicating motion between the
opposing surfaces of the vertebral fracture cleft (Baur
et al. 2002b). Placing cement into the cleft can reduce
pain significantly presumably from immobilizing those
two fracture segments (Peh et al. 2003). Patient selec-
tion is of utmost importance. Physical examination
including neurological examination should be per-
formed in any patient to localise his pain. It should be
ruled out that there is no discrepancy between the
fracture site and the level of pain.

Other indications are osteolytic lesions that are not
eligible for surgery and that are either extremely
painful (require high doses of analgetic drugs) or that
are at risk for fracture. The final treatment approach
should be the result of a consensus agreement between
clinician, spinal surgeon and the radiologist performing
the percutaneous vertebroplasty. Large tumour infil-
trations can be pretreated by radiofrequency ablation
before filling in the cement. Post-vertebroplasty radi-
ation is usually performed. Contraindications are a
marked defect in the posterior part of the vertebral body
and soft tissue masses in the epidural space due to the
risk of cement extrusion into the spinal canal resulting
in spinal cord compression.
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Fig. 18 Vertebroplasty in a
66-year-old female with
multiple myeloma. a, b Axial
CT images in bone window
showing CT-guided injection
of poly-methylmethacrylate in
the T5 vertebral body.

¢ sagittal CT image of the
spine in bone window
showing cement following
vertebroplasty at the levels of
T9-T12 (arrows).
Arrowheads denote focal
osteolytic lesions in the
lumbar vertebral bodies

12 Evaluation of Relapse/Response
to Therapy

The International Myeloma Working Group has
developed response criteria for multiple myeloma
which are being widely accepted as the current stan-
dards for diagnosis and staging (Durie et al. 2006).
The major response categories include complete
response (CR), partial response (PR), stable disease
(SD), progressive disease (PD) and relapse from CR.
e Complete response (CR) requires negative immu-
nofixation on the serum and urine and disappear-
ance of any soft tissue plasmacytomas with less
than 5% plasma cells in the bone marrow (Durie
et al. 2000).

e Partial response (PR) requires a >50% reduction

of serum M-protein and reduction in 24-h urinary
M-protein by >90% or to <200 mg per 24 h. If the
serum and urine M-protein are unmeasurable,
a >50% decrease in the difference between
involved and uninvolved free light chain levels is
required in place of the M-protein criteria. If serum
and urine M-protein are unmeasurable, and serum
free light assay is also unmeasurable, a >50%
reduction in plasma cells is required in place of
M-protein, provided baseline bone marrow plasma
cell percentage was >30%. Additionally, if present
at baseline, a >50% reduction in the size of soft
tissue plasmacytomas is also required (Durie et al.
2006). The development of new vertebral com-
pression fractures does not exclude a response.
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o Stable disease (SD) is not recommended for use as
an indicator of response; stability of disease is best
described by providing the time to progression
estimates. However it is defined as not meeting
criteria for CR, PR or progressive disease (Durie
et al. 2006).

The above categories also require no known evi-

dence of progressive or new bone lesions if radio-

graphic studies were performed. Radiographic
studies are not required to satisfy these response
requirements.

e Progressive disease (PD) requires any one or more
of the following:

Increase of >25% from baseline in:

— Serum M-component and/or (absolute increase
must be >0.5 g/dl)

— Urine M-component and/or (absolute increase
must be >200 mg/24 h)

— Only in patients without measurable serum and
urine M-protein levels: the difference between
involved and uninvolved free light-chain (FLC)
levels. The absolute increase must be >10 mg/dl.

— Bone marrow plasma cell percentage: the abso-
lute percentage must be >10%.

— Definite development of new bone lesions or soft
tissue plasmacytomas or definite increase in size of
existing bone lesions or soft tissue plasmacytomas.

— Development of hypercalcemia that can be
attributed solely to the plasma cell proliferative
disorder (Durie et al. 2006).

The development of new vertebral compression
fractures does not automatically imply progres-
sive disease.

e Clinical relapse (for use in clinical practice)
requires one or more of:

— Development of new soft tissue plasmacytomas
or bone lesions.

— Definite increase in size of existing plasmacy-
tomas or bone lesions. A definite increase is
defined as a 50% (and at least 1 cm) increase as
measured serially by the sum of the products of
the cross-diameters of the measurable lesions.

— Hypercalcemia.

— Decrease in haemoglobin of >2 mg/dl or more.

— Rise in serum creatinine by 2mg/dl or more
(Durie et al. 2006).

The judgement of increasing/decreasing soft-tissue

plasmacytoma or increasing/decreasing size or num-

ber of lesions, in most cases, can only be assessed

reliably by cross-sectional imaging, such as CT or
MRI. Only a few studies have focussed on bone
marrow signal changes in patients with multiple
myeloma with respect to therapy.

Moulopoulos et al. (1994) examined 20 patients
before and after chemotherapy including high-dosed
cortisone application. Patients with clinically evalu-
ated complete remission showed either a normaliza-
tion of bone marrow signal in MRI or an absent or
peripheral enhancement of the lesions. However,
these changes were not detected in all patients with
clinical response to therapy. Homogeneous enhance-
ment was still persistent in 5 of 18 focal lesions.
Patients with partial response to therapy showed an
overall decrease of bone marrow alterations with an
increase in signal on T1-w SE images due to an
increase of fat cells. In those patients focal and diffuse
pathological contrast media uptake was still present.
Despite clinical remission, new compression fractures
occurred in the spine of ten patients while the bone
marrow MRI signal was normalised. Thus, those
vertebral fractures were assumed to emerge from
progressive osteoporosis, which is regularly observed
in multiple myeloma due to the combination of senile
and cortisone-induced osteoporosis.

Rahmouni et al. observed similar therapy effects
(13 patients treated with combination of chemother-
apy and irradiation to spinal lesions; five patients
received only chemotherapy). Before treatment all
lesions had high signal intensity on T2-w SE images.
All except one were hypointense on unenhanced
T1-w SE. All nodules enhanced on turbo-FLASH
images obtained in the arterial phase after contrast
injection with persistence of contrast on delayed
contrast-enhanced T1-w SE images. In 13 of 18
patients the correlation between MR pattern and
clinical response to treatment was good. MR showed
a lower signal on T2-w images and lack of enhance-
ment or rim enhancement). However, in five patients
discrepancies were found between clinical and MRI
findings (Rahmouni et al. 1993b).

Carlson et al. calculated a tumour mass index at
the time point of primary diagnosis and after the
application of Alexanian I scheme of chemotherapy.
The tumour mass index (TMI) was calculated by
estimating the total myeloma mass visualised at MR
imaging. The tumour mass index showed correlation
with the extent of B-2-microglobulin (Carlson et al.
1995). Patients offering a low tumour mass index at
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primary diagnosis (before therapy) showed a longer
survival time. Therapy response assessment by MR
imaging (measurement of TMI) and by clinical
response criteria provided similar results, indicating
that the two methods measure changes in tumour
mass in a similar way. The calculation of the descri-
bed tumour mass index was only used in cases of
focal infiltration. In patients with a diffuse infiltration
form, who responded to therapy, the infiltrates
showed a conversion of diffusely infiltrated marrow to
more fatty marrow from peripheral to central body
areas whereas focal lesions persisted. Conversely,
focal infiltration forms at the time of disease pro-
gression, changed into diffuse infiltrates mainly
affecting the spine and the pelvis (Carlson et al.
1995).

Lecouvet et al. assessed the prognostic value of
MR imaging before and after treatment of the bone
marrow with myeloablative therapy and bone marrow
transplantation as well as the prognostic value of an
index reflecting changes on MR images obtained
before and after treatment. Pre- and post-contrast
T1-w images and T2*-w images of the spine and
pelvis were obtained 1 month before and 1 month
after marrow transplantation in 25 patients with
Durie—Salmon stage III myeloma. Pre and posttreat-
ment MR imaging patterns of marrow involvement
(normal, focal, diffuse), number of focal lesions, and a
“marrow evolution index” (0-8 on the basis of
comparison of the [number (0-decrease in number of
lesions, 1-no change, 2-increase), size (0-decrease,
1-no change, 2-increase), contrast-enhancement
(lesions showing diffuse contrast enhancement com-
pared to number of lesions showing no enhancement
or rim-enhancement 0-decreased, 1-remained stable,
2-increased] and of the surrounding bone marrow
background on pre and posttreatment MR images
(O-change from diffuse alteration to normal appear-
ance, l-stable, 2-change from normal to diffuse
alteration) were determined. Hematologic and MR
imaging parameters were correlated with the quality
of response to treatment (complete versus partial
remission) and with relapse-free and overall survival.
Response quality did not differ among categories of
patients determined on the basis of MR images.
Individual MR imaging parameters (lesion size,
number, and contrast enhancement, and changes in
the MR imaging appearance of the marrow back-
ground) showed no correlation with response duration

and survival. Patients with a low marrow evolution
index had significantly longer relapse-free (p < 107°)
and overall survival (p = 0.005) than patients with a
high index. Thus the using a bone marrow evolution
index rather than individual parameters may help
predict response duration and survival (Lecouvet
et al. 2001).

Horger et al. assessed whole-body low-dose
MDCT scans from 131 consecutive myeloma patients
with or without therapy (total of 439 examinations).
The number and size of osteolytic lesions and the
number, size and density of focal or diffuse medullary
and extramedullary lesions were analysed. Those
results and the results at follow-up were correlated to
current laboratory tests for myeloma. Validation was
achieved by the combined reading of both hemato-
logic and radiologic parameters at follow-up. Asso-
ciation between diagnostic modalities was assessed
by using European Group for Bone and Marrow
Transplantation response criteria, Hematologic param-
eters proved correct in 84% of all exams, whereas whole-
body low-dose multi-detector CT resulted in correct
assessment in 94% of all examinations. A total of 21% of
examinations produced discrepant findings. In 75% of
these, WBLD-MDCT proved correct, as determined at
further follow-up. The combination of WBLD-MDCT
with conventional laboratory-based follow-up resulted
in significantly greater diagnostic accuracy compared
with laboratory testing alone. The authors concluded that
WBLD-MDCT represents a reliable imaging-based
method for the direct monitoring of the course of patients
with myeloma under specific therapy, and it showed
good concordance with established histologic parame-
ters (Horger et al. 2007).

In a recent study, Lin et al. compared bone
marrow changes at whole-body dynamic contrast-
enhanced MR imaging with clinical response in 30
patients who underwent whole-body dynamic con-
trast-enhanced MR imaging before treatment, after
induction chemotherapy and after autologous stem
cell transplantation. Maximal percentages of bone
marrow (BME,,,x) and focal lesion (FLE,,,x)
enhancement were assessed at each MR imaging
examination. Clinical responses were determined on
the basis of international uniform response criteria.
Posttreatment changes in BME,,,,x and FLE,,, were
compared with clinical response to therapy. After
induction chemotherapy, mean BME,,,, differed
significantly between good and poor responders
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(94.3% vs 138.4%, respectively). Excluding results
from six exams with focal lesions in which a poor clinical
response was classified but BME,,.x had normalised, a
posttreatment BME, ., of more than 96.8% had 100%
sensitivity and 76.9% specificity for the identification of
poor responders. Mean FLE,,,, after induction chemo-
therapy did not differ between good and poor responders.
Mean timing (i.e. the number of post-contrast dynamic
acquisitions where FLE,,,, was observed) was signifi-
cantly delayed in good responders compared with poor
responders. The authors concluded that with quantitative
analysis of BME,,.x and the timing of FLE,,,, whole-
body dynamic contrast-enhanced MR imaging can be
used to assess treatment response assessment in patients
with multiple myeloma (Lin et al. 2010). However, these
preliminary studies have to be proved in further studies.
In addition it is a rather time-consuming method.

Results in several studies indicate that F18-FDG PET
may be a promising tool in monitoring relapse or
response to therapy. In a study of Durie and coworkers
FDG PET identified high-risk myeloma. Negative PET
scans reliably predicted stable MGUS. Sixteen previ-
ously untreated patients with multiple myeloma had
positive FDG scans, either focally or diffuse. The
development of new FDG positive sites in the skeleton
after therapy indicated relapse and poor prognosis
(Durie et al. 2002). As part of a study of Bredella et al. on
the use of FDG-PET in assessing multiple myeloma,
three patients underwent serial MRI, CT, radiographs
and FDG PET scans to assess response to chemotherapy
and bone marrow transplant (Bredella et al. 2005). All
patients showed persistent abnormal bone marrow signal
on MRI, and abnormal lytic lesions on CT and radio-
graphs, suspicious for residual tumour. Subsequent FDG
PET demonstrated decline in metabolic activity in two
patients, which was concordant with clinical improve-
ment. In one patient, anew focus of abnormal uptake was
detected on follow-up scan in an area distant to the ori-
ginal tumour, consistent with recurrent disease.

As mentioned above FDG suppression on PET/CT
post-therapy was reported to have independent
predictive value. The presence of >3 focal lesions (FL)
with increased FDG uptake was more highly associ-
ated with inferior overall and event-free survival
after induction therapy than the metastatic bone survey
or whole-body MRI (Bartel et al. 2009). FDG-
suppression in focal lesions (SUV-FL) before first
transplantation was identified as an independent
favourable prognostic variable. This has been the

largest study to date analysing the role of PET/CT in
predicting outcome after treatment, involving 239
newly diagnosed MM patients (Bartel et al. 2009).

In a recent study involving 37 patients, Elliott et al.
compared the predictive values of PET/CT, concurrent
laboratory testing, and their combination in prediction
of 12-month progression, as determined by current
International Myeloma Working Group criteria.
PET/CT and labs (serum chemistry, 32-microglobulin,
immunofixation, bone marrow biopsy, serum free light
chain) were reviewed, and date of relapse/progression
was determined by IMWG criteria. Sensitivity of
PET/CT for predicting relapse/progression was lower
than that of labs but PET/CT was more specific. When
labs and PET/CT data were combined, a positive result
for either one of both tests was 89% sensitive, and a
positive result for both tests was 100% specific for pre-
dicting 12-month progression of disease. The authors
conclude that combining PET/CT with laboratory
data improves the accuracy of prediction of relapse/
progression within 12 months compared with each test
alone. They therefore recommended integration of
PET/CT into myeloma follow-up (Elliott et al. 2011).

13 Differential Diagnosis

Differential diagnosis includes metastases from other
primaries usually presenting as focal lesions. Diffuse
disease can be mimicked by chronic myeloprolifera-
tive diseases, such as polycythemia vera and chronic
myeloid leukemia and other leukemias. There is no
signal pattern in MRI that is specific for multiple
myeloma. Either of these pathologies can mimic
myeloma with focal or diffuse disease. However, an
elevated monoclonal paraprotein is a quick and
important diagnostic clue for the diagnosis of mye-
loma. The exact diagnosis has to be determined via
biopsy of a lesion.
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1 Clinical Background

The assessment of the therapeutic response of neo-
plastic conditions is of critical importance in the daily
practice of oncology and in clinical trials. Both the
clinician and the researcher want to know whether
their patient’s lesions respond to therapy, either to
adapt the patient’s treatment or to evaluate the benefit
of new treatments. Besides clinical and biological
tumoral markers, imaging is a fundamental actor in
this evaluation of tumor response. Morphologic and
functional imaging plays a key role in many cancers
for the evaluation of the response to treatment of
primary lesions and metastases, using quantitative
measurement tools (RECIST, WHO criteria), vali-
dated for soft tissue lesions, mainly involving lung,
liver, brain, lymph nodes and other organs (Therasse
et al. 2000; Eisenhauer et al. 2009). In contrast, there
is a critical need for validated monitoring tools in
hematologic diseases involving the skeleton and in
“osteophilic” cancers (which show a specific tropism
for bone in their dissemination). In the absence of
monitoring tools for bone disease, the clinician can
only rely on “skeletal related events” (SRE) to
monitor the disease, which presents well-known
limits (Scher et al. 2011). Moreover, the clinician
needs endpoints, i.e. prognostic parameters that pro-
vide information on the further evolution of the
patient and of the disease, for example in terms of
complications, progression free survival and overall
survival. Among these endpoints, treatment response
has been repeatedly demonstrated to be an important
determinant of survival, which critically lacks in
patients with predominant or exclusive involvement
of bones (Sonpavde et al. 2011). Hence, the advent of
valuable tools for the evaluation of bone marrow
involvement and of the response to therapy generates
wide interest among oncologists and hematologists.

2 Available Imaging Techniques:
Overview

The historical difficulty of bone assessment results
from the characteristics of imaging techniques used
until now. Conventional radiography, BS and CT rely
on the activation of bone cells—osteoblasts and
osteoclasts—to detect changes in bone trabeculae

caused by neoplastic lesions. This explains their lack
of sensitivity at the early stages of the disease. Other
limitations of these techniques are the lack of mea-
surement capabilities, a poor sensitivity to treatment
induced changes, and confusing findings such as the
“flare phenomenon”, that can be misinterpreted as a
false progression of the disease.

PET and MRI have proven to be able to detect the
neoplastic colonization of bone before the activation
of bone cells. PET relies on the affinity of tumor cells
for some radiopharmaceuticals and has the great
advantage to propose a one step “whole body—all
organ” staging. MRI offers excellent sensitivity for
the detection of neoplastic cells within the bone
marrow using basic anatomic sequences. Most useful
sequences are T1-weighted FSE sequences, due to
their high sensitivity in detecting fatty marrow
replacement by neoplastic colonization, with a high
contrast between the low signal intensity of the
lesions and the high signal intensity of the surround-
ing marrow. These sequences are often completed by
a fluid-sensitive sequence. The performance of MRI,
and its superiority over BS and conventional radio
graphy in terms of lesion detection, has been widely
demonstrated in metastases from solid cancers and in
hematologic malignancies (Daldrup-Link et al. 2001;
Eustace et al. 1997; Ghanem et al. 2006; Nakanishi
et al. 2005; Yang et al. 2011). Recent advances in
hardware and software have lead to the development
of sequences that can cover the whole body
(WBMRI). The advent of DWI and DCE sequences
further boosts this ability to detect and monitor
bone lesions, even in anatomic areas of the skeleton
that are more difficult to evaluate using conventional
sequences (ribs, peripheral bones...), and to monitor
their response to therapy (Ghanem et al. 2005;
Schmidt et al. 2007).

3 Bone Scintigraphy and Single
Photon Emission Computed
Tomography

Based on its wide availability, limited cost, and sen-
sitivities and specificities that have been considered
acceptable for several decades, BS has been and still
remains commonly used for the detection of bone
lesions in “osteophilic” cancers (breast, prostate,
thyroid, kidney...). The technique is based on the use
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Fig. 1 Illustration of the “flare phenomenon” on consecutive
Tc99 m bone scans (BS) in a patient with breast cancer.
a Initial staging does not reveal any significant uptake. b Three-
month follow-up BS reveals appearance of a focal uptake
(arrow), suggesting the appearance of a metastasis. ¢ Six-month

of a tracer (diphosphonate-bound 99 m-Technetium)
showing an affinity for osteoblasts. This explains a
limited sensitivity, especially in (predominantly)
osteolytic bone lesions. Modern imaging techniques
(PET and MRI) reveal the presence of lesions in a
significant proportion of patients with negative BS,
with critical impact on the therapeutic decisions
(Avrahami et al. 1989; Balliu et al. 2010; Gosfield
et al. 1993). Curative therapy may indeed only be
considered if no metastasis is present; if metastases
are present, systemic treatment is required.

Since BS is a marker of osteoblastic activity, its
specificity is also limited, with frequent uptake in benign
conditions such as degenerative joint diseases, benign
fractures or Paget disease. This often raises the need for
second line examinations to clarify BS findings, most
often radiographs, which may leave the radiologist with
a residual doubt, leading to the discussion of third line
imaging modalities (CT or MRI) when radiographs do
not provide neither a typical benign nor a frank malig-
nant explanation to the abnormal uptake seen on the BS
(discrepancy between negative BS and positive radio-
graphs). This multistep approach raises evident ques-
tions of costs, time, irradiation and convenience for the
patient (Lecouvet et al. 2007).

In terms of response assessment, BS is even more
insufficient, not only due to its lack of sensitivity and
specificity, but most importantly due to its lack of spatial
resolution and measurement capabilities, and delay for

follow-up BS shows disappearance of this focal abnormality;
this observation, and the continuous decrease in seric markers,
confirm the “flare phenomenon” observed at three-month
follow-up (osteoblastic response within a previously occult BS
lesion)

detecting significant changes or even disease resolution,
compared to other clinical parameters of response or
progression (Condon et al. 1981; Scher 2003).

Moreover, BS findings after treatment may be
falsely positive for disease progression. The “flare
phenomenon” is characterized by the appearance of
new abnormalities or enlargement of previous patho-
logic foci, due to an osteoblastic response, i.e. new bone
formation within pre-existing, and sometimes occult
lesions, which respond to therapy and are wrongly
considered as new or progressive lesions (Ciray et al.
2000; Venkitaraman et al. 2009). The correct identifi-
cation of this transient phenomenon is only made
a posteriori on the follow-up BS that shows fading of
the falsely progressive lesions, often more than
6 months after treatment response (Pollen et al. 1984)
(Fig. 1). This phenomenon is not uncommon, with
reported frequencies of 6-25% in patients with prostate
cancer metastases, and in 33% of patients with treated
breast metastases (Messiou et al. 2009).

Single-photon emission computed tomography
(SPECT), now most commonly combined with CT
technology, improves the anatomic resolution and redu-
ces the number of equivocal and false positive findings
compared to BS. However, SPECT remains limited in
terms of sensitivity and provides significant irradiation
(Even-Sapir et al. 2006; Savelli et al. 2001). Its role in
lesion follow-up under treatment also remains to be
evaluated.
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Fig. 2 Radiographic
diagnosis of a pathologic
fracture. a Radiograph of the
left humerus obtained because
of scintigraphic uptake shows
lytic lesion (arrows) within
the diaphysis typical for a
metastasis. b Two weeks
later, radiograph performed in
the emergency room because
of acute spontaneous pain
reveals pathologic fracture
(arrow)

4 Radiography

Radiography remains the first line tool for investigating
painful skeletal areas and for the positive diagnosis of
pathologic fractures once they have occurred, in
patients with or without known cancer or bone
involvement (Fig. 2). There is no role for radiographs
in the setting of a systematic screening for neoplastic
bone lesions, except for multiple myeloma (MM)
(cf. infra). They have indeed a low sensitivity, espe-
cially for the detection of lytic lesions within the
trabecular bone, which require 30-75% bone loss
before being detectable (Vinholes et al. 1996).

In metastatic disease, their main role is the clarifica-
tion of a nonspecific or equivocal BS finding, the eval-
uation of the either osteolytic or osteoblastic “behavior”
of a lesion and the evaluation of the fracture risk asso-
ciated with lesions detected by BS, PET or MRI.

The observation of radiographic signs of thera-
peutic response of bone lesions—peripheral sclerosis,
lesion filling and condensation—is often delayed by
several months, ambiguous or absent despite clinical
improvement, which explains that there is no place
for X-rays in the systematic evaluation of response

(Coombes et al. 1983; Galasko 1995; Hamaoka et al.
2004; Libshitz and Hortobagyi 1981).

In multiple myeloma (MM), radiographs are still
used in most centers for the staging (Durie and
Salmon), while its replacement by MRI is commonly
advocated for an earlier detection of lesions associ-
ated with (a risk of evolution to) an advanced stage of
disease (Durie 2006; Lecouvet et al. 1999). This
radiographic survey has a limited value for disease
follow-up, as the comparison with MRI clearly
demonstrates the frequent persisting visibility of lytic
areas on radiographs despite evident signs of response
based on the bone marrow signal changes at MRI
(Baur-Melnyk et al. 2005; Moulopoulos et al. 1994).

5 Computed Tomography

As this technique is irradiating, CT exploration is
generally targeted to a definite portion of the body and
is not used as a tool for systematic bone screening in
cancer. This might be reconsidered over the years due
to the advent of multidetector CT (MDCT)-based
whole body capabilities and consistent efforts to
reduce the radiation doses necessary to achieve
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Fig. 3 18FDG-PET/CT
correlation at diagnosis

(a, b) and after treatment

(c, d) in a patient with breast
cancer. (a, b) At diagnosis,
CT does not show any
abnormality within this
lumbar vertebra despite
evident left-sided focus

of FDG uptake, typical for

a metastasis (arrow in b).

(c, d) After three cycles of
chemotherapy, an osteoblastic
focus is evident on the CT
(arrow in ¢), which could be
mistaken as a new sclerotic
metastasis on the basis

of the CT; PET shows
disappearance of the FDG
uptake, indicating responsive
lesion (arrow in d)

sufficient diagnostic information (Hamaoka et al.
2004; Groves et al. 2006; Horger et al. 2005).

The sensitivity of CT for a systematic detection of
bone metastases is poorly known. It is more sensitive
than radiographs for lesion detection and provides
information on the adjacent soft tissues (Bauerle and
Semmler 2009). Comparison with MRI and PET shows
a lower sensitivity of CT compared to these techniques
(Yang et al. 2011; Sundaram and McGuire 1988).
Moreover, as for radiographs and BS, CT can be falsely
positive in the evaluation of response to therapy, due to
the appearance of osteosclerotic areas in relation to the
response to treatment within osteolytic or previously
undetected lesions. This is frequently illustrated by the
correlation of CT and PET findings before and after
therapy of bone metastases (Fig. 3).

For these reasons, CT is not used as a primary tool for
bone lesions monitoring. However, the technique is
available in a significant proportion of cancer patients,

as thoraco-abdomino-pelvic examinations are often
repeated for visceral lesion detection and follow-up.
These examinations provide a “free access” to bones,
especially the spine and pelvis. This bone study can then
be optimized by the use of adequate acquisition and
reconstruction parameters (windows, kernels, slice
thickness...). On these examinations, an increase in size
of an osteolytic lesion, appearance of osteolysis in a
previously sclerotic lesion and increase in the soft tissue
extension of a bone lesion can be regarded as reliable
signs of disease progression. Any other observation
(lack of change, appearance of sclerosis, appearance of a
new sclerotic areas...) should be considered more cau-
tiously and should not be taken into account for valuable
response evaluation (Figs. 3, 4) (Hamaoka et al. 2004).

In multiple myeloma, comparison of whole body CT
(WBCT) to WBMRI for lesion screening has shown
that WBCT was less sensitive to detect the bone
involvement by the disease (Baur-Melnyk et al. 2008).
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Fig. 4 CT follow-up of osteolytic metastasis. a Initial CT reveals lytic lesion within the posterior left iliac crest. b Follow-up
after chemotherapy shows sclerosis of this lesion suggestive of response to the treatment

6 Positron Emission Tomography
and PET-CT

PET provides metabolic—functional—information on
the uptake of positron-emitting tracers by tissues. It
enables a “whole body—all organ” screening. The
combination of PET with CT and more recently with
MRI on hybrid scanners combines the functional
information provided by PET to the improved ana-
tomic localization offered by CT (Hamaoka et al.
2004; Antoch et al. 2003). Under treatment, both PET
and CT provide original and complementary infor-
mation on the evolution of lesions: decrease in met-
abolic activity and increase in CT attenuation due to
osteoblastic reaction are observed in responding
lesions (Fig. 4) (Yang et al. 2011; Tateishi et al.
2008).

The most commonly used PET radiopharmaceuti-
cal, 18F-fluorodeoxyglucose (18FDG), is a non-spe-
cific tracer analog of glucose. It provides information
on glucose metabolism and transport associated with
several tumors, but also with some benign conditions.
It enters the neoplastic cells by a membrane protein
and is trapped within the cell once phosphorylated
into FDG-6-phosphate. The technique allows quali-
tative whole body screening, showing often the pri-
mary lesion and its metastases to various organs
(Fig. 5). Quantitative analysis is also obtained
through the measurements of standardized uptake
values (SUV), which reflect the tissue activity within
a region of interest corrected for the injected activity
and for the patients’ body weight. Assessment of

response is based on the follow-up of these qualitative
and quantitative analyses.

18FDG-PET has proven to be a technique of
choice for whole organ staging and follow-up of
several cancers, especially lung, breast, head and neck
neoplasms, melanoma, lymphoma (Tateishi et al.
2008; De Giorgi et al. 2010). However, the translation
of PET to the daily practice of oncology as a tool of
response assessment requires several precisions: the
definition of cut-off quantitative changes for defining
response/progression, time intervals for follow-up,
and the optimal indications of CT as adjunct in
PET-CT (dose, contrast...) (Shankar et al. 2006;
Young et al. 1999; Suzuki et al. 2008).

FDG is a nonuniversal tracer. Several cancers and
secondary lesions, especially prostate, neuroendocrine
or some bronchial cancers, and osteoclerotic meta
stases, show little affinity for this marker compared to
other cancers and osteolytic lesions (Yang et al. 2011;
Young et al. 1999; Shreve et al. 1996). Other tracers
have been developed to target cancers with poor
affinity for FDG, on the basis of other metabolic
pathways. Their availability in clinical practice is less
evident due to more difficult synthesis and shorter
half-life. Among these, 11C/18F-choline and 11C-
acetate raise much interest, especially in prostate
cancer. Choline is transported into cells and trapped
as a constituent of the membrane phospholipids.
18F-choline and 11C-choline have respective advan-
tages and limitations. 18F-choline is excreted in
the urine, which interferes with pelvic imaging.
11C-choline is better suited for pelvic imaging but
interferes with upper abdomen imaging due to
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Fig. 5 FDG PET, staging a
and follow-up, in a patient
with cancer of the oeso-
gastric junction. a The
technique not only shows

the primary tumor (curved
arrow), but also enables all
organs screening: liver mets
are evident, and bone mets are
present in a right rib, in a
lower lumbar vertebra and in
the left iliac bone (arrows).

b Six-month follow-up PET
shows evident increase in size
of the lumbar and iliac
lesions, with heterogeneous
behavior of the liver lesions

accumulation in the liver, kidneys, pancreas and
spleen; moreover, its very short half-life limits its
use to sites with cyclotrons (Langsteger et al. 2000).
11C-acetate also shows marked uptake in prostate
cancer and has been shown to be more sensitive to
detect prostate cancer than 18FDG PET; but there is
limited information on bone metastases (Oyama et al.
2002). Another interesting tracer is 18F-fluoride,
taken up by bone metastases in relation with their
osteoblastic activity, incorporated as fluoroapatite at
the bone surface where the turnover is the greatest,
leading to conspicuous distinction between metasta-
ses and adjacent normal bone. The images resemble
those obtained at BS, but with higher quality and
higher spatial resolution, and the technique appears
superior to BS for detecting both osteoblastic and
osteolytic bone metastases (Even-Sapir et al. 2006).

Finally, additional radiopharmaceuticals are devel-
oped, targeting specific tumor receptors, especially
in hormonal receptor-positive breast cancer and in
neuroendocrine cancers.

7 Magnetic Resonance Imaging

Radiographs, BS and CT only detect neoplastic
lesions to bone at a relatively late stage, weeks or
months after the appearance of tumor cells within the
bone marrow, since they rely on the activation of
bone cells—osteoblasts and osteclasts—to become
able to detect the tumor. MRI is sensitive to early
changes in bone marrow that precede this osteoclas-
tic/osteoblastic response of the bone matrix to tumor
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infiltration, before bone trabeculae or cortices are
affected by the disease (Vande Berg et al. 1998a, b).

The availability of the technique, its repeatability,
the lack of irradiation and its ability to provide
(almost) whole body evaluation contribute to promote
MRI as a first line tool for the detection and charac-
terization of many tumoral lesions involving the
skeleton, and from there for the staging of cancers and
evaluation of their response to treatment. Besides
conventional anatomic sequences, advances in per-
fusion and diffusion imaging further refine the
assessment of tumoral lesions during the (early)
phases of therapy, providing the clinician with tools
to evaluate the efficacy of treatments targeting bone
lesions (Messiou et al. 2009).

7.1 Sequences
MRI contrast relies on the differences in T1 and T2
relaxation times between neoplastic lesions and their
normal marrow environment. Metastatic infiltration of
the bone marrow leads to a lengthened T1 relaxation
time and signal loss, which contrasts with the sur-
rounding high signal related to the fat content of the
bone marrow (Vande Berg et al. 1998a).
T1-weighted images are the basis of bone marrow
screening, due to their exquisite sensitivity to the
alteration of the balance between fat and nonfat
components of the bone marrow and to their univer-
sality, i.e. transposability for acquisition and reading
from one center to the other, from one magnet to the
other and, in the setting of assessment of treatment
response, from one examination to the other. While
these T1-weighted images are often sufficient for
lesion detection and follow-up under treatment,
especially in patients with poor (fatty) surrounding
bone marrow in relation with age or treatment, most
centers acquire additional T2 or T2-equivalent images
(T2-weighted fat-suppressed or short tau inversion
recovery (STIR) sequences) as part of the routine
marrow screening and follow-up. Post-injection ima-
ges and quantitative evaluation of marrow enhance-
ment after contrast injection are only obtained when
the distinction is not evident on conventional
sequences between diffuse neoplastic infiltration
and benign hyperplasia of the bone marrow or for
the optimal definition of the extra osseous spread
of tumors, for example within the spinal canal

(Vande Berg et al. 2005; Baur et al. 1997). This
injection of contrast material is also indicated when
meningeal carcinomatosis is suspected.

7.2 Target Anatomic Areas

As hematologic cancers and metastases have a
preferential tropism for red marrow containing skel-
etal areas, MRI studies will “focus” on these areas,
for both lesion detection and follow-up. Screening of
the whole spine in the sagittal plane and pelvis in the
coronal plane covers about 90% of these skeletal
areas and is considered sufficient by many authors,
offering reproducibility, rapidity, with no or very little
loss in diagnostic performance compared to whole
body studies, since the vast majority of patients pre-
senting lesions in the peripheral skeleton also present
lesions within the central skeleton (Lecouvet et al.
2010; Russell et al. 1966). Of note, an MRI study
limited to the spine appears insufficient, at least in
multiple myeloma, for the marrow screening (Bauerle
and Semmler 2009). However, whole body protocols
with their increasing availability on MR magnets,
with the improvement in their image resolution and
shortening of acquisition time, along with the devel-
opment whole body DWI (WBDWTI) and “all organ”
capabilities (cf. infra), are now being employed at
many institutions (Schmidt et al. 2009; Moynagh
et al. 2010).

7.3 Target Cancers

Screening of the skeleton for neoplastic lesions and
evaluation of their response to therapy has major
importance in “osteophilic” cancers (i.e. prostate,
breast, kidney, thyroid, lung...) and in hematologic
disorders involving bones (i.e. multiple myeloma and
lymphoma).

As bone tumors have been considered “non mea-
surable” for years, the use of MRI for the assessment
of lesion response in patients who were previously
treated “blinded” or based on the limited value of
“skeletal related events”, offers new perspectives and
generates wide interest in many malignancies, espe-
cially in prostate and breast cancers, lymphoma and
myeloma (Dreicer 1997).

For several of these cancers, other tools, especially
18FDG-PET scan as already mentioned, offer reliable
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Fig. 6 Progressive metastatic disease at MRI: increase in the
number and size of marrow lesions in a man with prostate
cancer. a Sagittal T1-weighted MR image of the lumbar spine
shows an isolated focus of low signal intensity within L4,
corresponding to a metastasis (arrow). b Despite initiation of
systemic therapy, 3-month follow-up MR image shows increase
in the L4 lesion (arrow), and multiple new lesions (arrow-
heads), indicating disease progression

Fig. 7 Progressive metastatic disease: evolution from multi-
focal marrow lesions to diffuse neoplastic marrow infiltration in
a man with prostate cancer. a Sagittal T1-weighted MR image
of the lumbar spine shows multiple foci of low signal intensity
within the vertebral bodies and posterior elements, correspond-
ing to metastases. b Despite initiation of systemic therapy,
3-month follow-up MR image shows severe diffuse decrease of
the marrow signal indicating progression of the neoplastic
infiltration of the bone marrow

all organ screening and response evaluation. This
technique is very efficient in lung cancer and lym-
phoma, for example. The comparison between PET

Fig. 8 Complete response: evolution from multifocal marrow
lesions to normal marrow appearance in a woman with breast
cancer. a Initial sagittal T1-weighted MR image of the lumbar
spine shows multiple foci of low signal intensity, corresponding
to metastases (arrows). b After 3-month systemic therapy,
follow-up image shows complete disappearance of the lesions
and return to normal homogeneous high signal intensity of the
bone marrow

and WBMRI in terms of diagnostic performance, and
also in terms of costs, has to be assessed (Ghanem
et al. 2005; Antoch et al. 2003; Schmidt et al. 2007).

7.4 Qualitative (Morphologic) Analysis
of Bone Marrow Involvement

and of Tumor Response

The patterns of marrow involvement in metastatic
disease to bone and in hematologic malignancies have
been widely described (Vande Berg et al. 1998a, b).
Contrasting with the homogeneous relatively high
signal intensity of the normal bone marrow on T1-
weighted images and its low signal on STIR or PD fat
saturated images, the neoplastic involvement of the
marrow will present either a focal appearance (low/
intermediate to high signal intensity foci on T1/STIR
or PD-fs images) or a diffuse appearance (diffuse low/
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Fig. 9 Complete MRI
response: evolution from
diffuse marrow infiltration to
return to normal marrow
appearance in a man with
myeloma. a Initial sagittal T1-
weighted MR image of the
lumbar spine shows diffuse
decrease of the marrow signal,
identical to that of disks,
indicating diffuse neoplastic
infiltration. b After 6-month
systemic therapy, follow-up
MR image shows complete
return to homogeneous high
signal intensity of the bone
marrow (complete remission
was confirmed by bone
marrow biopsy and seric tests)

intermediate to high signal intensity of the marrow,
which becomes lower than disk or muscle signal
intensity on T1-weighted images). Besides these focal
and diffuse patterns, a less common “salt and pepper”
pattern, characterized by multiple tiny foci of abnor-
mal marrow signal, is reported, especially in hema-
tologic malignancies (Baur-Melnyk et al. 2008;
Vande Berg et al. 1998a).

The follow-up of patients with neoplastic bone
involvement after treatment may show evolutions in
these patterns. Some of these changes are with no
ambiguity indicative either of disease progression or
on the contrary of response to treatment. Evolution
from a normal bone marrow appearance to a focal
metastatic pattern or to diffuse marrow signal alter-
ation, increase in the number and/or size of metastatic
foci, evolution from focal to diffuse neoplastic infil-
tration will be indicative of progressive disease
(Fig. 6, 7). Disappearance of focal lesions, decrease in
their number and/or size and return from focal or
diffuse marrow alterations to a normal marrow
appearance are indicative of response to treatment
(Fig. 8, 9). The complete disappearance of lesions
may indicate “imaging” remission, which does not
necessarily correlate with complete remission at the
microscopic level.

Perfect stability in size and appearance of the
marrow abnormalities after treatment should be
interpreted cautiously: residual lesions may represent
responsive, controlled, but still active disease or on
the contrary, “cured” disease with persistence of
“scar” tissue. Whether contrast material injection,
study of perfusion or diffusion parameters will help or
not in this difficult differential diagnosis remains
uncertain. Some lesions showing evident decrease in
their contrast enhancement after treatment have
shown residual viable tumor cells at histology
(Lecouvet et al. 1998a).

Relapse is characterized by the reappearance of one
or several new lesions in a bone marrow that had shown
previous return to normal appearance after therapy;
sometimes it may also take the appearance of progres-
sion of a lesion that had previously shown size regression
under treatment or was stabilized by this treatment.

A pitfall may be encountered when marrow stimu-
lating factors are used in association with chemother-
apy. This treatment may indeed lead to diffuse
alteration of the bone marrow signal, with decrease of
its signal intensity on TI1-weighted images, due to
marrow hyperplasia, which may be confusing for
progression to diffuse neoplastic infiltration (Vande
Berg et al. 2005; Ryan et al. 1995) (Fig. 10). The study
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Fig. 10 False progression to diffuse marrow infiltration due to
the use of hematopoietic growth factors in a treated multiple
myeloma patient. a, b Pre-treatment T1- (a) and PD fat saturated
(b) sagittal MRI of the lumbar spine show heterogeneous marrow
signal with focus of marrow replacement in L3 (arrow in aand b).
(c, d) After myeloablative treatment and intensive use of growth
factors for stem cell mobilization before marrow transplantation,

of marrow enhancement after contrast material injec-
tion and perfusion parameters enable the distinction
between these conditions, as benign hyperplasia shows
only limited enhancement compared to diffuse neo-
plastic infiltration (Baur et al. 1997).

Of note, metastatic cancer to bone may be a het-
erogeneous disease, with sometimes variable behavior
among lesions under treatment, some of them show-
ing obvious signs of response, while others show
progression, suggesting appearance of resistance to
treatment in some metastatic foci (Fig. 11). This
observation underlines the need for extensive skeletal
surveys, to avoid wrong conclusions (for instance,
response) made on the basis of the follow-up of a
limited number of lesions; this could advocate the use
of WBMRI for lesion follow-up in multifocal skeletal
involvement.

7.5 Particular Morphologic Aspects

of Lesion Response

The response of focal marrow lesions to therapy may
be characterized, along with their reduction in size, by
the appearance of a peripheral halo of fatty marrow,
with characteristic high signal intensity on T1-weigh-
ted images (Fig. 12). This “fatty halo sign” is indica-
tive of lesion response and parallels the observation of

follow-up MR images show diffuse decrease of the marrow signal
which becomes close to that of disks on T1 images of the spine
(c) and discrete signal increase on PD fat saturated images (d).
Contemporary bone marrow biopsy performed within the iliac
crest revealed diffuse benign marrow hyperplasia. (e, f) Two-
month follow-up MRI shows return to a normal homogeneous
appearance of the bone marrow on all sequences

the appearance of fat within “responsive” or “healing”
nonneoplastic conditions such as benign vertebral
compression fractures, spondylodiscitis or degenera-
tive disk disease. In these conditions, the transition
from “edema-like” marrow infiltration to “fat-like”
signal also indicates stabilization or healing.

Contrasting with this “fatty” halo, a “cellular” halo,
may be observed at the periphery of neoplastic lesions,
consisting in a faint border with a low signal on T1 and
high signal intensity on STIR/PD-fs images, which is
interpreted as indicative of an “active” or “aggressive”
tumoral lesion (Hwang and Panicek 2007). The disap-
pearance of this halo at the periphery of treated lesions
might be an early indicator of response.

Lesion response sometimes does not take the
appearance of shrinking, but rather of progressive
fading of the marrow signal abnormalities and return
to normal marrow signal intensity within the lesions;
whether this evolution is more typical for some types
of treatments (cystostatic) remains to be established.

7.6  Ancillary Indicators of Response/

Progression

The occurrence of a pathologic fracture, due to focal
bone weakening by a neoplastic lesion, and progression
or appearance of soft tissue extension (for example
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Fig. 11 Illustration of the potential asynchronic evolution of bone
metastases. a, b Lumbar (a) and thoracic (b) sagittal T1-weighted
MR images show two low signal intensity lesions corresponding to

metastases (arrows). (¢, d) After 3 months of systemic therapy, the
lumbar lesion shows complete disappearance, whereas the thoracic
lesion shows evident increase in size (arrow in d)

Fig. 12 Follow-up of neoplastic lesion during treatment:
appearance of a peripheral fatty halo in a responding lesion.
(a) Initial coronal T1-weighted MR image of the pelvis shows
low signal intensity lesion within right iliac bone typical for a
metastasis (arrows). (b) After 3-month systemic therapy,

epidural) from a marrow lesion, are obvious signs of
disease progression. Of note, benign osteoporotic
fractures may occur during the course of the disease,
which could be regarded as signs of disease progression
on the basis of clinical records or conventional radio-
graphs, but for which MRI shows the benign origin,
sometimes contrasting with concurrent signs of

follow-up image shows the appearance of peripheral halo of
high signal intensity, corresponding to fat surrounding the
“shrinking” lesion (arrowheads). (¢) Two-year follow-up
shows complete disappearance of the lesion, with reappearance
of normal marrow within the lesion

response in neoplastic lesions. This discordance illus-
trates how “skeletal related events” are sometimes
falsely indicative of progressive disease (Fig. 13).
The importance of the evaluation of soft tissue
extension from bone lesions must be emphasized,
especially in the spine environment. The presence of
paraspinal or epidural infiltration may justify careful
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Fig. 13 “Discordance” between MRI and clinical evaluation
of response: appearance of a new vertebral fracture despite
evident signs of response in a patient with metastatic breast
cancer. a Initial sagittal T1-weighted MR image of the lumbar
spine shows multiple foci of low signal intensity, corresponding
to metastases. b After 3-month systemic therapy, follow-up
image shows frank decrease in the size and number of
neoplastic lesions, with increase in the marrow signal intensity.
A new benign (osteoporotic) vertebral fracture is observed in
L1 (arrows in b). This new “skeletal event” would represent
evolutive disease in the absence of MRI monitoring

MR imaging follow-up if threatening or impinging on
the spinal cord or nerve roots (Figs. 14, 15). Progression
or appearance of soft tissue extension should be regarded
as a sign of disease progression, sometimes more evident
than changes observed within the originating bone
lesions. Failure to regress under therapy may prompt
the indication of surgical decompression of epidural
extension (Fig. 14). In myeloma and lymphoma, the
response of this tumoral extension to systemic or
regional (radiation) therapy is often spectacular.

7.7 Quantitative Criteria

Several approaches are proposed to quantify the effi-
cacy of treatment on bone lesions, inspired by tools
used to evaluate the response to treatment using
imaging in primary or secondary soft tissue tumors.
These tools are mainly based on the follow-up of
lesion size, and they use several response categories

(progressive disease, complete response, partial
response, stable disease) (RECIST). The evaluation of
tumor burden provided by these various measurement
tools and its follow-up during therapy show promising
correlation with other imaging (soft tissue metastasis
quantification) indices of tumor response to therapy
and with the clinical and follow-up evaluation of
treatment response in breast, prostate and other can-
cers (Brown et al. 1998; Ciray et al. 2001; Tombal
et al. 2005). This offers the perspective to increase the
number of patients (i.e. those with bone metastatic
disease) in whom response to usual isolated treat-
ments or to new drugs may be evaluated.

7.8 Diffusion-Weighted Imaging

The use of morphologic and size criteria for the
assessment of the response of neoplastic lesions to
therapy is facing limitations, for bone marrow MRI
like for other techniques and other organs, mainly due
to the difficult interpretation of lesion persistence after
therapy and to the advent of new drugs with new
effects, i.e., cytostatic therapies, which are known to
have no, limited or delayed impact on lesion size
despite histologic efficacy (Padhani and Koh 2011).

Without going into details of underlying physics
and principles, DWI provides a measure of the
mobility of water molecules in tissues (Bammer
2003). Though permanent, this motion (induced by
the thermal agitation of the molecules) is restricted by
several physiological barriers. Tissues with a higher
cellularity, hence with higher proportions of mem-
branes, intracellular organelles or restricted free
extracellular space, demonstrate impeded water dif-
fusibility compared to normal surrounding tissues,
explaining the ability of DWI to detect tumoral con-
ditions with increased cellular density.

DWI provides both morphologic (qualitative) as
well as functional (quantitative) information on
tumoral lesions. Reconstructed MIP or MPR images of
DWI, covering the whole body or limited to the central
skeleton, show tumoral foci with a high signal intensity
on high b-value images, providing easy “at a glance”
qualitative evaluation of the tumor burden and driving
the attention to areas of difficult analysis on anatomic
sequences. Comparison of DWI to skeletal scintigra-
phy or to PET (choline) for bone metastases detection
in osteophilic cancers shows equivalent or superior
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Fig. 14 Progression of bone
and soft tissue extension in
metastases from colon cancer:
use of MRI to evaluate the
response. a, b Initial sagittal
(a) and transverse (b) T1-
weighted MR images of the
thoracic spine show multiple
foci of low signal intensity,
corresponding to metastases
(arrows in a). Evident
epidural extension is seen
(arrowheads in a and b). Rib
involvement with soft tissue
extension is evident (*). (c,
d) After 3 weeks of systemic
therapy, corresponding
follow-up images show
increase in size of the bone
metastases (arrows in ¢) and
evident increase of the
epidural extension and mass
effect on the spinal cord
(arrowheads in ¢ and

d) (indication of surgical
decompression). Rib
involvement with soft tissue
extension also shows evident
progression (*)

Al J
\/

diagnostic value of DWI-MRI (Luboldt et al. 2008;
Lecouvet et al. 2009; Gutzeit et al. 2010). The tech-
nique also shows great promises for response assess-
ment. DWI is able to detect changes in water diffusion
that occur after therapy as a result of changes in cellular
density and loss of membrane integrity (Charles-Edwards
and deSouza 2006; Padhani 2011). The impeded water
mobility observed in tumoral tissue will decrease or
disappear in relation with the loss of cellular integrity in
response to treatment, for example due to the occur-
rence of necrosis (Charles-Edwards and deSouza 2006;

Khoo et al. 2011; Koh et al. 2007). Comparison of two
consecutive examinations obtained in a treated patient
provides a rapid and generally non ambiguous evalu-
ation of the disease response or progression under
therapy (Fig. 16). Quantitative assessment is provided
by the measurement of an apparent diffusion coefficient
(ADC, units 1073 mmz/s) calculated from the diffu-
sional signal attenuation following the application of
motion sensitizing gradients. Generally, a decrease in
ADC values due to the presence of a tumoral focus
parallels the observation of a bright signal on high
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Fig. 15 Demonstration of response of soft tissue extension:
lymphoma with multiple bone lesions and epidural extension: use
of MRI to monitor the early response of epidural soft tissue
extension (absence of response would lead to indication of surgical
decompression). (a, b, ¢) Initial sagittal T1 and PD fat saturated
(b) MR images of the lumbar spine show multiple foci of low signal
intensity, corresponding to metastases (arrows in a). Evident
epidural extension is seen, impinging on the cauda equina

b-values DW images, in relation to the increased
cellularity and increased water content in the tumor.
Follow-up of treated lesions show concurrent decrease
of lesion signal on high b-values MR images and
increase in ADC values (Byun et al. 2002). This
decrease in ADC values in tumors compared to sur-
rounding tissues can be monitored over time after
chemotherapy (Byun et al. 2002). DWT has been shown
able to detect ADC increase within prostate cancer

(arrowheads in b). Transverse T2-weighted MR image shows the
retropulsion of the posterior longitudinal ligament by this soft tissue
extension (arrowheads in ¢). (d, e, f) After 2-weeks of radiation and
systemic therapy, corresponding follow-up T1 image shows
decrease in size of the bone lesions (arrows in d) and increase in
the marrow signal in relation to irradiation; T2-weighted MR
images show complete disappearance of the epidural extension and
mass effect on the nerve roots (arrowheads in e and f)

metastases treated with antiandrogen therapy as early
as one month after treatment initiation (Gutzeit et al.
2010; Koh et al. 2007; Reischauer et al. 2010). The
effectiveness of ADC monitoring to predict the
response of bone metastases to therapy is however
controversial (Messiou et al. 2011). The interpretation
of changes in ADC values is indeed complex, mainly
due to tumor and response heterogeneity. Post-treat-
ment necrosis may sometimes be characterized by the
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Fig. 16 Follow-up of metastatic prostate cancer during treat-
ment using whole-body MRI: disappearance of bone and lymph
node lesions. (a, b) Initial coronal T1- and diffusion-weighted
MR images of the whole body show lesions typical for bone

observation of persisting high signal foci on DWI
images, but with increased ADC values due to loss of
membranes; this is called the “T2 shine through
effect”. Other pitfalls in the visual analysis of high b-
values DW images exist and must be known. Since
DWI not only reflects cellular load but also water
content of tissues, benign conditions such as degener-
ative joint diseases, fractures, post-radiation changes or
benign tumors (angiomas) may present a high signal
intensity on DWI images. The technique may also
present false negative findings, mainly in very sclerotic
or calcified metastases. These pitfalls underline the
need for a systematic correlation of DW images with
the morphologic appearance of the lesions on conven-
tional MR sequences among which T1-weighted ima-
ges are most likely the more helpful (Lecouvet et al.
2009; Koh et al. 2007; Komori et al. 2007). Newer
analysis methods (called ADC parametric response
map or functional diffusion map) take into account
spatial information and tumor heterogeneity. They are
based on careful voxel-by-voxel follow-up of treatment
induced changes and evaluation of the proportion of
tumor tissue in which significant changes occur

metastases (arrows) and concurrent pelvic lymph nodes
(arrowheads). (c, d) After 3-month hormonotherapy, follow-
up images show the disappearance of bone lesions (arrows) and
only one small size residual lymph node (arrowhead)

(Reischauer et al. 2010). These approaches seem to be
able to detect very early changes — increase in ADC —
after treatment initiation (Lee et al. 2007).

Finally, one must remember that the relationship
between the ADC and the actual diffusion of water
molecules in the tissues of interest is highly complex and
influenced by DWI sequence parameterization. Though
single-shot echo planar imaging (SS-EPI) is the most
common technique of acquisition, multi-shot EPI
(MS-EPI), single-shot fast spin echo (SS-FSE) or steady
state free precession (SSFP) can also used in DWI (Khoo
et al. 2011). Diffusion can be hypothesized isotropic or
anisotropic, thus modifying the orientation and the
number of diffusions gradients to be used. The diffusional
signal decay can be modeled using a mono-exponential
(most often), multi-exponential or stretched-type func-
tion. The interval and number of b-values used impact
ADC measurements as well as the delineation of the
tumor from normal or necrotic tissues. Theoretically,
high b-values are required to cancel the blood flow con-
tribution (i.e. perfusion) to the water molecules mobility,
in order to study the true diffusional motion. These issues
are the subject of many studies.
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7.9 Dynamic Contrast-Enhanced MRI
DCE—or perfusion—MRI provides information on
tumor perfusion and permeability of vessels. This
technique has been proven useful for the early
monitoring of the response to various anticancer
treatments, especially those targeting tumoral
angiogenesis (Montemurro et al. 2004; Bauerle et al.
2010).

Perfusion uses repeated imaging (i.e. a dynamic
sequence) to track the entrance of a diffusible tracer
into a tissue over time. When the dynamic sequence
is T2*-weighted, perfusion is based on susceptibility
contrast (DSC-MRI). DSC-MRI is mainly used in
brain imaging where tracer extravasation is expected
to be limited due to the blood brain barrier. When
the sequence is Tl-weighted, a contrast-enhanced
imaging (DCE-MRI) is achieved. DCE-MRI is the
standard method used in cancers outside the brain
and in the particular setting of bone marrow cancers,
where tracer extravasation is important due to a
rupture (or a hyperpermeability) of the endothelial
barrier.

The principle of the technique may be summarized
as follows. Shortly after its injection, the tracer begins
to circulate through the body and diffuses over time
into the extravascular extracellular space, inducing
changes in the signal intensity. These signal changes
over time are studied in the tissues of interest, either
qualitatively (study of enhancement patterns), semi-
quantitatively (study of the maximum up-slope, area
under the curve, time to peak or wash-out slope...) or
quantitatively (study of physiological parameters such
as blood flow, blood volume, interstitial volume or
permeability-surface area product derived from a
kinetic model fitted to the curve). Quantitative models
provide parameters independent from the MR acqui-
sition and interesting simplified physiological infor-
mation reflecting the actual mechanisms of transport
in tissues.

The usefulness of DCE-MRI in normal and path-
ological vertebral bone marrow, in various benign and
malignant musculoskeletal lesions and its prognostic
potential in multiple myeloma has been demonstrated
(Hawighorst et al. 1999; Biffar et al. 2010; Hillengass
et al. 2007). The evaluation of DCE-MRI in early
clinical trials has shown that the technique provides

useful information on tumor biology and response to
treatment (O’Connor et al. 2007).

DCE-MRI presents certain practical, as well as
theoretical, limitations. The first limitation of DCE-
MRI remains the need for an intravenous injection of
a paramagnetic contrast agent. Since quantitative
DCE-MRI relies on signal intensity conversion into a
measure of tracer concentration, the relationships
between concentration and relaxation time T1 on one
hand, and between T1 and signal intensity on the
other hand, have to be accurately determined. It is
known that inter-compartmental water exchange
kinetics and B1 field inhomogeneities have a critical
influence on the determination of these relationships
(Yankeelov et al. 2003; Buckley et al. 2008; Parker
et al. 2001). Moreover, for the determination of
quantitative parameters, an arterial input function
(AIF) (providing the knowledge of tracer concentra-
tion in the blood plasma) needs to be measured, which
is more difficult to achieve in the coronal or sagittal
planes, due to partial volume and inflow effects. As a
result, analysis of a complete anatomic vertebra is
often semi-quantitative (Hillengass et al. 2007).
Alternative methods eliminating the need for a direct
AIF measurement, such as the reference region
model, are investigated (Yankeelov et al. 2003). As
high temporal resolution is privileged for kinetic
modeling, DCE images present limited spatial reso-
lution, SNR and anatomic coverage (Kershaw and
Cheng 2010). The estimation of the tumor perfusion
and permeability may differ according to the kinetic
model. Although the extended Tofts model is com-
monly used (because of its simple implementation),
more sophisticated models can be discussed (Tofts
et al. 1999; St Lawrence et al. 1998; Donaldson et al.
2010)

8 Multiple Myeloma

The radiographic skeletal survey is still performed as
a key point in disease staging, as the detection of lytic
lesions directly leads to categorization of the disease
as advanced and requiring treatment (Durie and
Salmon 1975). Since MRI is superior to radiography
for the detection of bone marrow infiltration by
plasma cells, an alternative “Durie and Salmon +”
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staging system has been proposed, integrating the
results of MRI (Durie 20006).

Bone marrow presents the same alterations at MRI
as those described in other malignancies; a normal
bone marrow appearance, focal lesions, diffuse infil-
tration or more discrete “salt and pepper” changes
may be observed (Lecouvet et al.1998b). The defini-
tive role of MRI for staging the disease remains,
however, controversial. Axial skeleton or WBMRI is
recommended in patients with myeloma who present
with normal conventional radiographs and should be
performed as part of staging in all patients with a
solitary plasmacytoma of bone (Hillengass et al.
2010; Moulopoulos et al. 1993). In these settings, the
observation of marrow lesions is correlated with a
higher risk of disease progression and participates to
the indication of systemic therapy.

MRI has been evaluated for the assessment of the
response of MM to systemic treatment. The mor-
phologic changes indicative of response include
reduction in focal lesion size, return from a focal or
diffuse pattern of neoplastic marrow involvement to a
normal bone marrow appearance, decrease in diffuse
marrow enhancement, and in focal lesion enhance-
ment after contrast injection, with sometimes a
residual peripheral enhancement halo (Moulopoulos
et al. 1994). The lack of enhancement within a treated
lesion should be considered carefully, as residual
viable myeloma cells may be observed in this setting
(Baur-Melnyk et al. 2005; Lecouvet et al. 1998a;
Lecouvet et al. 2001). The complete disappearance of
focal lesions with return to a completely normal
marrow signal may be a very slow process (Hanrahan
et al. 2010).

The role of imaging in patient follow-up and
response assessment in MM remains controversial.
Since lytic lesions show no or very delayed healing, the
radiographic skeletal survey has no role in monitoring
the response to treatment (Smith et al. 2006). Post-
treatment monitoring with MRI is not currently sys-
tematic in MM, but several indications are established.
MRI is the modality of choice in patients with focal
symptoms, especially if a spinal complication is sus-
pected, in non secretory myeloma to assess the treat-
ment response, in cases suspect for relapse especially
after high dose cytotoxic therapy and bone marrow
transplantation, or after treatment of plasmocytoma.

In this situation, MRI will substantiate a suspicion of
relapse, and localize a target lesion that is then often
biopsied using CT guidance to confirm this relapse.

Both DCE-MRI and DWI are proposed as potential
tools for the early evaluation of treatment response in
patients with MM. Early decrease in enhancement and
increase in ADC values have shown positive
correlation with response of the disease (Horger et al.
2011; Li et al. 2010). Although PET-CT can provide
complementary information to MRI, its use in staging
and follow-up of MM requires further evaluation
before considering its role in clinical practice (Terpos
et al. 2011).

9 Lymphoma

PET and, better, PET-CT, are the imaging methods of
choice for “whole body—all organ” staging and for
the evaluation of disease response after treatment, at
least in Hodgkin lymphomas (HL) and aggressive non
Hodgkin lymphomas (NHL), especially diffuse large
B-cell NHL (DLBCL) (Juweid et al. 2007). In these
indications, PET-CT outperforms anatomic imaging
modalities. The value of PET relies on its ability to
distinguish between viable tumor and necrosis or
fibrosis in residual masses often present after treat-
ment in patients without any other clinical or
biochemical evidence of disease.

At morphologic analysis, evident increased (multi)
focal bone marrow uptake is considered positive for
lymphoma. Diffusely increased bone marrow uptake,
after treatment, should be interpreted more cautiously,
as it may be due to post-therapy marrow hyperplasia,
spontaneous or “iatrogenic” (use of marrow stimu-
lating factors), which may be confusing for diffuse
lymphomatous marrow involvement (Messiou et al.
2009; Chhabra et al. 2006; Sugawara et al. 1998).
However, a negative PET in the bone marrow does
not completely rule out bone marrow involvement.
Bone marrow biopsy, therefore, remains the standard
procedure for assessment of bone marrow, although
the use of MRI and of PET-MRI will probably raise
interest in this setting (Messiou et al. 2009).

Besides this established value of PET-CT,
WBMRI and WBDWI are emerging as an alternative
diagnostic method for the staging of lymphomas,
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and for the evaluation of their response to therapy,
with reliable results (Abdulgadhr et al. 2011; Wu
et al. 2011; Gu et al. 2011; Kwee et al. 2010;
Vermoolen et al. 2011). An important advantage of
MRI is the absence of irradiation, which is particu-
larly interesting in a disease that involves young
patients and requires repeated imaging follow-up.
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Abstract

The differentiation between acute benign osteopo-
rotic and malignant vertebral fractures is sometimes
challenging, since they both occur without adequate
trauma and are common in the elderly population.
Conventional X-ray is the first imaging method to
depict vertebral fractures, however it lacks speci-
ficity. CT allows better delineation of osseous
destruction in neoplastic fractures, however it is
not always possible to define the exact cause of the
fracture. MRI is more specific as well as more
sensitive in detecting especially discrete osteopo-
rotic fractures. In most cases the combination of
morphological signs in CT and MRI allows the
determination of a benign or malignant cause of the
vertebral fracture. However, there remain uncertain
cases with contradictory imaging features. In the
following chapter, we discuss the morphological
signs which help in the differentiation between
acute benign and neoplastic vertebral fractures.
We describe the latest techniques such as diffusion-
weighted, chemical-shift, and perfusion MRI as well
as nuclear-medical techniques.

1 Epidemiology and Clinical
Background

Vertebral compression fractures occurring without
adequate trauma are a common clinical problem. The
most common cause of benign vertebral compression
fractures is osteoporosis. The European Vertebral
Osteoporosis Study (EVOS) examined radiographs of
15,570 males and females aged 50-79 years in 19
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European countries and showed a prevalence of
osteoporotic vertebral fractures ranging from 6 to
21%, with a prevalence of 15.1% in men (mean
age 64.0 years) and 17.2% in women (mean age
65.5 years) (O’Neill et al. 1996). Since many vertebral
fractures escape clinical diagnosis, and because back
pain is a common complaint in the elderly, it is difficult
to establish a reliable epidemiology. Menopause,
advanced age, and a maternal history of fractures are
associated with lower bone density, which leads to an
increased risk of osteoporotic fractures (Melton 1997).
The yearly incidence of vertebral fracture in women
rises from 0.6% at an age between 55 and 57 years to
2.3% at an age between 75 and 79 years (van der Klift
et al. 2004). Estrogen deficiency is the most important
factor in the pathogenesis of vertebral osteoporosis,
with environmental or genetic factors also appearing to
be contributory factors (O’Neill et al. 1996).

Metastatic lesions are the most common tumors of
the spine (95-98%). The spine is the third most fre-
quent place of metastatic deposits, following the lung
and the liver. Forty percent of cancer patients have
spinal metastases, 10-20% of them are symptomatic
(Harrington 1986; White et al. 2006). The metastatic
seeding occurs mainly through the arterial blood
supply, a retrograde spread through the Batson plexus
is also possible (Batson 1940).

In a study on 600 cases of spinal metastases, the most
frequent primary cancers were cancers of the prostate
and the reproductive system (21%), the lung (19%), and
sarcoma (9%) in men, and breast cancer (53%), uterus
cancer (9%) and hematological malignancies (5%) in
women (Constans et al. 1983). Multiple myeloma
or solitary plasmocytoma and lymphoma are also
common (Cuenod et al. 1996).

About 70% of symptomatic lesions are found in
the thoracic region of the spine, particularly at the
level of T4-T7. Twenty percent are found in the
lumbar region and 10% are found in the cervical
spine. More than 50% of patients with spinal metas-
tasis have several levels of involvement. About
10-38% of patients have involvement of several
noncontiguous segments.

One-third of cancer patients also have osteoporotic
fractures without malignant infiltration (Fornasier and
Czitrom 1978). A correct diagnosis is crucial for
appropriate clinical staging, treatment, and prognostic
determination, if a new vertebral fracture appears in
these patients (Jung et al. 2003).

2 Conventional Imaging Techniques
in the Differentiation of Benign
Versus Malignant Vertebral
Fractures

2.1 Plain Film Radiographs

Conventional radiographs of the spine are the

standard technique in assessing vertebral fractures.

The age of a fracture is difficult to be determined on

plain film radiographs. An increased density due to

impaction of trabeculae adjacent to the endplate and
cortical disruption are signs of more recent, acute
fractures. Subacute fractures show callus formation
along the endplate. Osteoporotic fractures may only
show minimal increase in density, because the overall
bone density is already low. MRI is more sensitive,
showing bone marrow edema in acute and subacute

fractures (Link et al. 2005).

Vertebral compression fractures are classified as
crush, wedge (loss of anterior vertebral body height
with relative preservation of posterior body height),
and end-plate fractures. Wedge-type fractures may
lead to increased segmental kyphosis (Wasnich 1996).

Genant et al. (1993) evaluated vertebral fractures
in plain film radiographs and semi-quantitatively
characterized vertebral bodies as follows (Fig. 1):

e Grade 0 shows no fracture without reduction in
vertebral height.

e Grade 1 describes a mild fracture with a reduction
in vertebral height of 20-25%, compared with
adjacent normal vertebrae.

e Grade 2 shows a moderate fracture with a reduction
in height of 25-40%.

e Grade 3 represents a severe fracture with a reduc-
tion in height of more than 40%.

The discrimination of an osteoporotic from a
malignant vertebral body fracture is limited in plain
film radiographs.

Signs of osteoporotic vertebral fractures are
the typical localization in the middle thoracic and
the upper lumbar spine, a typical “fish-mouth” or
“wedge-shaped” vertebra, further vertebral com-
pression fractures, an intravertebral vacuum phe-
nomenon and band-like sclerosis adjacent to the
vertebral endplates. A concave posterior border is
more likely a sign of an osteoporotic fracture, espe-
cially if there is some retropulsion of osseous
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Normal
(Grade 0)

Fig. 1 Spinal fracture index
according to Genant et al.
(1993)

Mild deformity
(Grade 1)

Moderate deformity
(Grade 2)

Severe deformity
(Grade 3)

Fig. 2 65-year-old patient
with a typical osteoporotic
fracture of Th 12. a A.p.
radiograph showing a
symmetric infraction, since
the whole vertebral body
is weakened; b lateral
radiograph showing a
severe wedge deformity
(Genant Grade 3)

fragments into the spinal canal. Osteoporotic fractures
usually show a more symmetric infraction of the
endplates without osteolyses, since the whole verte-
bral body is weakened (Laredo et al. 1995; Link et al.
2005). Figure 2 shows the a.p. and lateral radiographs
of a typical osteoporotic vertebral fracture.

Signs of malignancy are an inhomogeneous osseous
structure with osteolyses and sclerotic areas as a sign
of metastatic affection, a convex posterior border,
involvement of the pedicles (vanished “eyes of the

Biconcave deformity

Crush deformity

Height loss

25 - 40%

>40%

vertebra”; Fig. 3a), fractures of the posterior part of the
vertebral body, a paraspinal soft tissue mass, and
localization above Th 7. An asymmetric height loss in
antero-posterior (a.-p.)-projection is also a sign of
malignancy, since an osteolysis is often asymmetrically
located at one side of the vertebra (Sartoris et al. 1986;
Link et al. 2005). Figure 3 shows the a.p. and lateral
radiographs of a typical malignant vertebral fracture.
Table 1 gives an overview of the X-ray and CT
features of benign and malignant vertebral fractures.



148

A. Baur-Melnyk and T. Geith

Fig. 3 55-year-old patient
with a typical malignant
fracture of L2. a A.p.
radiograph showing an
asymmetric infraction (arrow)
and involvement of the left
pedicle (vanished “eye of the
vertebra”) (arrowheads);

b lateral radiograph showing
an angling of the end-plate
(arrow)

Sartoris et al. (1986) examined the radiographic
patterns of 99 autopsy specimens with vertebral body
collapse and endplate deformity of the thoracolumbar
spine and found that angling of endplates was highly
predictive of a malignant cause, whereas concavity
was more suggestive of a benign disease. Focal versus
diffuse involvement, the position of the apex of
collapse, the condition of adjacent disks, and level of
involvement within the spine appeared to be less
important differentiation features.

However it must be stated, that in most cases a
reliable distinction between acute benign and malig-
nant vertebral compression fractures is not possible
with plain film radiographs only.

2.2 Computed Tomography
In comparison with plain film radiographs, CT as a
cross sectional method has a higher sensitivity and
specificity. It is well-suited to assess the stability of an
osteolytic lesion or fracture since it directly visualizes
the osseous structures and demonstrates fracture lines
in detail, but is less sensitive than MRI in depicting
bone marrow and soft tissue pathology.

Sagittal and coronal reformations are fundamental
for the differentiation between benign and malignant
vertebral compression fractures. Early studies showed

a weaker diagnostic accuracy of some morphologic
CT signs (Laredo et al. 1995), presumably because
they used only axial CT images with relatively thick
slices (5 mm), whereas newer studies (Kubota et al.
2005) used axial images as well as sagittal and
coronal multiplanar reconstructions with a thinner
slice thickness of 0.7—1 mm, and therefore had a more
detailed view of the fractures.

Osteoporotic fractures

Laredo et al. (1995) evaluated the CT findings in
34 benign and 32 malignant cases of nontraumatic
acute vertebral collapse. Cortical fractures without
associated cortical destruction (called “puzzle sign™)
were an almost constant finding in osteoporotic frac-
tures and rather specific, since they were only seen in
9% of the malignant fractures. Another study by
Kubota et al. (2005) revealed an accuracy up to 98.7%
(sensitivity 97.8%, specificity 100%) for fractures of
the anterolateral and/or posterior cortex without any
cortical destruction of the vertebral body as a very
reliable sign of a benign fracture.

Retropulsed bone fragments (Fig. 8a) of the
superior or posterior corner of the vertebral body are
very specific for an osteoporotic fracture (specificity
up to 97%), and must be distinguished from a diffuse
bulging of the posterior cortex, which is a rather
common finding in malignant vertebral collapse
(Laredo et al. 1995).
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Table 1 X-ray and CT features of benign and malignant vertebral fractures

Benign osteoporotic fracture

Localization in middle thoracic and upper lumbar
spine below Th 7

Concave posterior border—retropulsion of bony
fragments

Intravertebral vacuum

Symmetric infraction (in a.p. view), wedge-shaped
or fish-like vertebra

Homogeneous osseous structure

Band-like sclerosis adjacent to vertebral cover plate

Fig. 4 72-year-old patient
with an osteoporotic fracture.
a Sagittal CT in bone window
showing the intravertebral
vacuum (arrow);

b corresponding T2-w MRI
showing the “fluid sign” with
a fluid-like hyperintense
signal intensity (arrow) in
the fractured vertebral body.
The intravertebral vacuum
and the intravertebral fluid are
typical signs for the benign
cause of the fracture

Fracture lines within the vertebral body are,
although non-specific, a suggestive finding of an
osteoporotic fracture, as well as defined margins of
the fracture lines which are suggestive of a benign
origin (Laredo et al. 1995).

Noninfectious gas collections in preformed or
artificial areas of the vertebral body, where normally
no gas accumulations are found, are called vacuum
phenomena. They can be observed in various joints
without having pathological relevance and are often
seen in degenerative intervertebral discs. Patients with
osteoporosis have a low vascularization and a high fat
content of the vertebral bone marrow. The exact
mechanism of the intravertebral vacuum cleft (Fig. 4)
is still controversial. It is assumed that the forma-
tion of gas in the vertebral body is a reaction to the

Malignant fracture

Localization above Th 7

Convex posterior border (bulging)

No intravertebral vacuum—soft tissue density

Asymmetric infraction (in a.p. view), Involvement of the pedicles
(vanished “eyes of the vertebra”)

Inhomogeneous osseous structure with osteolyses and sclerotic areas

Fractures of the posterior part of the vertebra

negative pressure, which arises when the initially
compressed trabecular bone is partially distracted due
to movement forces (Stdbler et al. 1999). There is
possibly some form of pseudarthrosis following
osteonecrosis (Hasegawa et al. 1998). The intraver-
tebral vacuum cleft may be a stable phenomenon
(Lafforgue et al. 1997) or can be replaced by fluid on
MRI after supine positioning of the patient (Fig. 4)
(Malghem et al. 1993; Linn et al. 2009).

Several studies on osteoporotic and malignant
vertebral fractures found the intravertebral vacuum
phenomenon only in cases of osteoporotic fractures
(Golimbu et al. 1986; Laredo et al. 1995; Kubota et al.
2005). Exceptions are fractures in patients with
plasmacytoma, where intravertebral vacuum has also
been detected (Resnick et al. 1981; Kumpan et al. 1986;
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Fig. 5 67-year-old patient with breast cancer and typical
metastatic fractures of Th 9-11 and metastasis in L1. a STIR
image showing the posterior cortical bulging with narrowing
of the spinal canal (arrows). Further metastasis in the
non-fractured L1 (asterisk); b corresponding T2-w image;
¢ sagittal CT in bone window showing cortical destruction
and destruction of the cancellous bone; d corresponding CT in

soft-tissue window showing the cortical destruction and a soft-
tissue mass (arrows). Intradiscal (not intravertebral!) vacuum
(arrowheads) due to osteochondrosis; e axial CT of Th
10 in bone window showing a cortical destruction (arrow);
f corresponding axial CT in soft-tissue window showing the
soft-tissue mass that causes cortical destruction (asterisk)
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Gagnerie et al. 1987). Other extremely rare cases of
intravertebral gas are infections with gas-producing
bacteria (Bhalla and Reinus 1998).

As shown by Stibler et al. (1999), there is a clear
connection between the amount of reduction of the
bone marrow density (BMD) and the occurrence
of intraosseous vacuum phenomenon. The vacuum
phenomenon is indicative of osteoporotic fractures
due to its high specificity (up to 100%) if plasmacy-
toma is excluded (Kubota et al. 2005).

Some authors described a thin paraspinal soft
tissue mass surrounding the whole vertebral body,
which could be detected in some osteoporotic verte-
bral body fractures. Laredo et al. (1995) described it
in 41% of the osteoporotic fractures, and in 12% of
the malignant fractures. It is usually less than
5-10 mm thick and shows an equal thickness all
around the vertebral body, or a slight predominance
around the anterior aspect of the vertebra. This
paraspinal soft tissue mass may either represent a
traumatic paravertebral hematoma, a post-fracture
reparative process or an expression of bone marrow
out of the vertebral body due to the compression
forces (Laredo et al. 1995; Kubota et al. 2005), and
must be differentiated from thick and focal soft tissue
masses due to malignant infiltration.

Malignant fractures

The destruction (i.e. osteolysis) of the anterolat-
eral and/or posterior cortex of the vertebral body is
an extremely reliable sign of malignancy (up to 100%
accuracy for destruction of the posterior cortex)
(Fig. 5). It is one of most frequent CT findings in
malignant compression fractures and suggests, that
the destruction of the vertebral cortex is the most
common trigger of vertebral body collapse in cases of
malignancy (Kubota et al. 2005). CT better differen-
tiates cortical bone comminution and burst fragments
from cortical destruction than plain film radiographs,
where all these findings appear as bone destruction
(Sattari et al. 2008).

Laredo et al. (1995) reported in their study, that
destruction of cortical bone was less common in mye-
lomatous compression fractures than in metastatic
ones. An advanced destruction of cancellous bone with
relative preservation of cortical bone was considered to
be a characteristic CT sign of myelomatous fractures.

Since many metastases present as soft tissue masses,
destroying the vertebral structure (Moulopoulos et al.

1999), an epidural mass is highly specific (sensitivity
66.7%, specificity 97-100%, accuracy 85.9%) of
malignant vertebral fractures (Laredo et al. 1995;
Kubota et al. 2005). It usually has a convex or bilobated
appearance and has to be carefully differentiated from a
flatly shaped epidural soft tissue mass, sometimes
appearing in osteoporotic fractures, that most likely
represents epidural veins, that are displaced by the
extruded bone marrow from the vertebral collapse
(Sattari et al. 2008).

Metastatic paraspinal soft tissue masses in malig-
nant fractures are typically focal and often involve only
one part of the periphery of the vertebral body (Fig. 5).
This sign is highly specific (specificity 100%) and has a
sensitivity of 54.5% and an accuracy of 80.8% (Kubota
et al. 2005). They are usually more than 10 mm thick
and must be differentiated from the thin paraspinal
masses surrounding the entire vertebral body, which
are observed in osteoporotic fractures, and probably
equal pressed out bone marrow or hematoma (Laredo
et al. 1995).

The destruction of a pedicle (Fig. 5) is a highly
specific finding of a malignant vertebral fracture.
Metastases are frequently detected in the posterior
aspects of the vertebral bodies, expanding into the
posterior vertebral structures (Lecouvet et al. 1997),
which can be explained by the particular blood sup-
port of the vertebral bodies (Batson 1940). Laredo
et al. (1995) showed a specificity of 100% for
destruction of the pedicles. The study by Kubota et al.
(2005) reported similar values (sensitivity 51.5%,
specificity 100%, accuracy 79.5%).

The destruction of the cancellous bone of the ver-
tebral body (Fig. 5) was demonstrated as a reliable sign
of malignancy (up to 97.4% accuracy) (Kubota et al.
2005). Another study by Laredo et al. (1995) showed a
weak specificity (70%) for malignancy, since they
observed some degree of destruction in 29% of the
osteoporotic fractures, which was discussed as part of
the healing response to the fracture. Probably Laredo
etal. (1995) may have misinterpreted fracture lines as a
destruction of cancellous bone, since they used only
axial images and relatively thick slices (5 mm).

Other rather specific but not very sensitive signs of
malignancy in the study by Kubota et al. (2005) are
the destruction of the endplate (sensitivity 33.3%,
specificity 100%, accuracy 71.8%), and a diffuse
paraspinal soft tissue mass >5 mm (sensitivity 51.5%,
specificity 100%, accuracy 85.9%).
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Fig. 6 75-year-old patient with a typical osteoporotic fracture
and diffusion-weighted SSFP (PSIF). Sagittal STIR image
(a) showing a strong edema (arrows) within the fractured L1
vertebral body. Diffusion-weighted SSFP with delta = 3 ms

Table 1 gives an overview of the X-ray and CT
features of benign and malignant vertebral fractures.

Less useful findings in differentiating benign and
malignant vertebral fractures

Sclerosis, marked comminution of the cancellous
bone, Schmorl’s nodes and fracture of a pedicle had
little or no value in the differentiation of benign from
malignant vertebral fractures in the study by Laredo
et al. (Laredo et al. 1995).

23 Magnetic Resonance Imaging

MRI is the method of choice to visualize bone mar-
row, while osseous structures are not well depicted
due to their low proton density. Chronic benign ver-
tebral fractures can be easily detected due to an
absence of abnormal signal intensity on STIR and
T1w images in the compressed vertebra (An et al.
1995; Jung et al. 2003). The distinction between
metastatic and acute osteoporotic vertebral fractures
on the basis of MR imaging findings has a sensitivity
of 85-100%, a specificity of 79-100%, and an accu-
racy of 86-95%, depending on the patient population
(Frager et al. 1988; An et al. 1995; Shih et al. 1999;
Jung et al. 2003).

(b) showing mildly hypointense signal intensity within the
edema (arrows) in comparison with normal vertebral marrow
(asterisk). PSIF with delta =6 ms (c) showing stronger
hypointensity with higher diffusion weighting (arrows)

Osteoporotic fractures

In osteoporotic compression fractures the vertebral
body appears hypointense on TI-w images and
hyperintense on fat saturated sequences such as STIR
(Yuh et al. 1989; Baker et al. 1990; Cuenod et al.
1996; Leeds et al. 2000). 72-w images show a normal
or heterogeneously to homogenously abnormal sig-
nal, which may be related to the age of the fracture
(Yuh et al. 1989). Areas corresponding to the fracture
line or trabecular impaction can be seen on T2-w
images as linear regions with low signal (Uetani et al.
2004). The acute signal abnormalities are mostly
incomplete or band-like (Yuh et al. 1989; Baker et al.
1990; Cuenod et al. 1996; Baur et al. 1998, 2002b)
(Fig. 6a) and appear well-defined in about 71% and
ill-defined in about 29% of the cases (Shih et al.
1999). Figure 7 shows a typical acute and typical old
osteoporotic fracture.

Contrast-enhanced T1-w images show a complete or
partial equalization of the signal intensity in comparison
with normal, not fractured vertebrae, termed “return to
normal signal intensity” (Cuenod et al. 1996). Acute
cases of osteoporotic collapse may show an intense
contrast-enhancement (Cuenod et al. 1996). Subacute
or chronic benign fractures show a slight enhancement
that can either be homogenous or heterogeneous with
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Fig. 7 66-year-old patient with a typical acute osteoporotic
fracture in L4 (asterisk) and a typical old osteoporotic fracture
in Th 12 (arrow). a STIR image showing a high signal intensity
in the acute fracture in L4 and an isointense signal intensity in
the old fracture in Th 12. The acute fracture (asterisk) shows a

greater enhancement in the posterior vertebral body,
which might be due to blood stasis as a result of fracture
(Shih et al. 1999). Accordingly, contrast-enhancement
in the vertebral body is no reliable sign to distinguish
benign and malignant vertebral fractures until edema
has been absorbed.

On T1-w images most benign fractures show some
amount of normal fatty marrow that is opposite to the
fractured endplate. The band-like hypointense region
adjacent to the preserved marrow is considered spe-
cific for osteoporotic collapse (An et al. 1995; Cuenod
et al. 1996; Moulopoulos et al. 1996). Fibrotic
replacement of bone and marrow after a fracture can

high signal intensity area in the T2-w image (b) and a low
signal intensity in the T1-w image without fat-saturation (c¢) due
to edema. The healed fracture (arrow) shows a high signal
intensity in the T2-w (b) and in the T1-w image without fat-
saturation (c¢) due to fatty replacement

cause temporary hypointensity on T1-w images and
might be mistaken for malignancy (Vaccaro et al.
1999). Nineteen percent of cases of benign collapse
show focal areas of signal abnormality in other
adjacent vertebrae that often corresponds to benign
fracture lines, bone impaction or Schmorl’s nodes, but
cannot always be differentiated from metastasis with
T1-w imaging alone (Cuenod et al. 1996). Osteopo-
rotic fractures without remaining fatty marrow and a
resulting complete vertebral body involvement can
easily be confused with malignant fractures (Fig. 10)
(Moulopoulos et al. 1996; Baur et al. 1998). Histology
in osteoporotic vertebral compression fractures shows
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Fig. 8 75-year-old patient
with an acute osteoporotic
fracture of L2. Sagittal CT
(a) showing a retropulsion of
a bony fragment into the
spinal canal (arrow). Also the
both caudal vertebral bodies
are fractured. There is also a
small vacuum sign adjacent to
the fractured vertebral cover
plate (arrowhead).
Corresponding sagittal STIR
(b), T2-w (¢) and T1-w

(d) images

bone marrow edema, fibrosis, increased trabecular
turnover, and hemorrhage.

The size of the altered signal remains unchanged in
the initial 24 months and then gradually reverts to
normal. The time to complete restoration of the nor-
mal marrow signal intensity is variable (3—6 months)
(Yuh et al. 1989; Cuenod et al. 1996), but usually
does not exceed 12 months. Healed fractures usually
show again hyperintense signal on T1-w SE and
hypointense signal on fat suppressed images, such as
STIR, and do not enhance with contrast (Fig. 7).
Often the fat signal is even higher than in the

neighboring vertebral bodies due to a higher amount
of fat cells within the healed vertebral body.

The retropulsion of a posterior or posterosuperior
bone fragment of the vertebral body into the spinal
canal (Fig. 8) is highly specific of an osteoporotic
fracture (specificity 89—-100%), but an intermediate to
low sensitivity (16-60%) has been reported (Tan et al.
1991; Cuenod et al. 1996; Jung et al. 2003). One
study (Tan et al. 1991) showed this finding only in
osteoporotic fractures. Another study found retro-
pulsion of bony fragments in both osteoporotic
and malignant vertebral fractures, but significantly



Differentiation of Benign and Malignant Vertebral Compression Fractures

155

associated with osteoporotic fractures (Jung et al.
2003). Usually the retropulsed fragment does not lead
to a significant spinal stenosis (Cuenod et al. 1996).

Multiple compression fractures are a rather weak
sign of osteoporotic fractures, since they are also
typical in multiple myeloma. In a study on 55 acute
osteoporotic and 27 malignant vertebral compression
fractures, Jung et al. (2003) found a significant cor-
relation of multiple compression fractures with non-
malignancy. However this is not a reliable sign. In
patients with myeloma a mixture of signs may be
present. Myeloma patients may show the typical focal
soft-tissue lesion within a vertebral body, leading to a
fracture due to osteolysis. On the other hand, some
patients have diffuse disease, leading to diffuse oste-
oporosis and thus multiple vertebral fractures. Under
these circumstances the amount of tumor cells may be
limited. Therefore the fractures do not show the typ-
ical signs of a pathologic fracture (Lecouvet et al.
1997). In addition to that, myeloma patients are usu-
ally elderly subjects with preexisting osteoporosis
which can by itself lead to osseous weakening and
therefore to an osteoporotic fracture. Rupp et al.
(1995) performed a study on 18 malignant and 16
osteoporotic vertebral compression fractures includ-
ing patients with multiple myeloma, and did not find
any significant difference between osteoporotic and
malignant vertebral compression fractures.

The fluid sign is defined as a focal, linear, or tri-
angular area of strong (“fluid-like”) hyperintensity on
STIR images on a background of diffuse hyperinten-
sity in the vertebral body because of acute collapse
(Fig. 4). The signal intensity of the fluid sign has to be
equivalent to that of cerebrospinal fluid. In a former
study (Baur et al. 2002b), we showed, that the fluid
sign is significantly associated with osteoporotic
vertebral fractures, while rarely seen in malignant
fractures. Osteoporotic fractures show a significant
correlation of the fluid sign with the severity of the
fracture. The fluid sign corresponded to osteonecrosis,
edema, and fibrosis in histological examination.

Malignant fractures

Spin-echo TI1-w images mostly show a complete
replacement of normal bone marrow with diffuse
hypointense signal in the whole vertebral body
(Cuenod et al. 1996). Spin-echo T2-w images show an
isointense to hyperintense signal with a homogeneous
(Baker et al. 1990) or heterogeneous (Cuenod et al.

1996) pattern. After intravenous administration of
gadolinium-containing contrast agent, the signal is
hyperintense on T1-w fat suppressed images compared
to surrounding normal marrow (Leeds et al. 2000) with
mostly heterogeneous enhancement due to uneven
blood supply or tumor necrosis (Shih et al. 1999).
However, up to 33% of the cases show incomplete
marrow replacement with small areas of preserved fatty
marrow. Usually the marrow replacement in malignant
fractures is circumscribed and focal, whereas in oste-
oporotic fractures it is band-like or diffuse (Yuh et al.
1989; Cuenod et al. 1996). Figure 9 shows a malignant
vertebral fracture due to breast cancer.

The signal changes of malignant fractures com-
monly progress or persist and do not show a return to
normal signal, because tumor persists without resto-
ration of normal fatty bone marrow.

Most malignant compression fractures do not only
show involvement of the bone marrow of the vertebral
body, but also of the pedicles and the neural arch.
Involvement of the pedicles has a sensitivity of 80%,
a specificity of 94%, a positive predictive value of
86% and a negative predictive value of 91% for a
malignant fracture (Cuenod et al. 1996). In the cases
with pedicle involvement, there is a complete affec-
tion in 75% and an incomplete affection in 25%
(Moulopoulos et al. 1996). About 55% of the cases
with pedicle involvement show an expansion of the
pedicles (Shih et al. 1999). However abnormal signal
intensity in pedicles can also be observed on contrast-
enhanced T1-w images with fat suppression or on STIR
images due to extension of the edema into the pedicle
in up to 9% of the cases in osteoporotic fractures
(Kaplan et al. 1987; Yuh et al. 1989; Jung et al. 2003).
Additional CT can help excluding a fracture of the
pedicles that may be responsible for the signal changes.
Ishiyama et al. (Ishiyama et al. 2010) found frequent
pedicle involvement in the early phase of osteoporotic
compression fractures and suggested, that the diagno-
sis of a malignant fracture should not be assumed when
pedicle involvement is the only present sign (Fig. 10).

Epidural soft-tissue masses are, if present, a highly
specific sign for malignant vertebral collapse
(Fig. 9e), especially when it is an encasing epidural
mass (Tan et al. 1991; Jung et al. 2003). The tumor
tissue spreads out of the vertebral body and grows
into the spinal canal. The specificity of this sign for a
malignant vertebral fracture is up to 100%, and its
sensitivity is 80% (Cuenod et al. 1996).
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Fig. 9 64-year-old patient with a typical malignant fracture
of Th 3 due to breast cancer. a CT in bone window showing a
mainly sclerotic metastasis in the fractured vertebra and
a posterior bulging (arrow); b sagittal STIR image showing a
hyperintense signal in the whole fractured vertebral body
(asterisk), a posterior bulging (arrow) and another metastasis
(arrowhead) in an adjacent vertebral body; ¢ corresponding
T2-w image showing hypointense signal in the whole fractured

Focal paraspinal masses caused by tumor growth
are, if present, typical for metastatic compression
fractures and have a sensitivity of 41%, a specificity
of 93% and an accuracy of 75% (Jung et al. 2003).

In malignant compression fractures, the underlying
tumor leads to an expansion of the vertebral body
which results in a convex bulge involving the whole
posterior cortex (Fig. 9). This sign has a sensitivity of

vertebral body due to the mainly sclerotic nature of the
metastases (asterisk). The spinal canal is narrowed (arrow).
Sagittal T1-w images before (d) and after (e) i.v. administration
of Gadolinium-containing contrast agent showing enhancement
in the fractured vertebral body (asterisk) and the further
metastasis in Th 2 (arrowhead). Please also note the contrast
enhancing epidural tumor mass (arrow) in (e)

70-74%, a specificity of 80-94%, a positive pre-
dictive value of 84%, a negative predictive value of
87% and an accuracy of up to 78% (Cuenod et al.
1996; Jung et al. 2003). However, it is also seen in
2-19% of osteoporotic fractures, probably caused by
bone marrow pushed out during the collapse (Rupp
et al. 1995; Cuenod et al. 1996; Moulopoulos et al.
1996).
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Table 2 MRI features of benign and malignant vertebral fractures

Benign osteoporotic fracture
Spared normal bone marrow, incomplete or band-like
signal changes

Isointensity after Gd on T1w images (“return to
normal signal intensity”)

No involvement of the pedicles and the neural arch
Intravertebral “fluid sign”
No or only thin surrounding paraspinal mass

Retropulsion of posterior bone fragment into spinal
canal

Other (old) osteoporotic fractures

Frequently well-demarcated round signal abnor-
malities in the marrow of other than the collapsed
vertebrae can be found, indicating other spinal metas-
tases (Fig. 5) (Cuenod et al. 1996; Jung et al. 2003).

Table 2 gives an overview of the MRI features of
benign and malignant vertebral fractures.

The described morphological features may help in
the differentiation of benign and malignant fractures
in most of the cases, but especially in acute (Tan et al.
1991) and subacute (Frager et al. 1988) fractures,
unequivocal results can lead to a wrong diagnosis.
Correlation with other imaging techniques like CT,
follow-up imaging or, in selected cases, bioptic
samples may help in making the correct diagnosis. CT
provides information on the osseous structures, that
cannot reliably be depicted by MRI, and often shows
destruction of the cortical bone, cancellous bone, and
pedicle in malignant fractures, as mentioned before
(Laredo et al. 1995).

Since vertebral fractures due to multiple myeloma
often have the appearance of benign osteoporotic
fractures on MRI (Lecouvet et al. 1997), they should
be taken in consideration in cases of non-traumatic,
benign-appearing vertebral compression fracture
(Uetani et al. 2004).

New MR imaging techniques of bone marrow like
diffusion-weighted imaging (DWI), perfusion imag-
ing and chemical-shift imaging, as well as PET-CT
techniques can provide additional information, which
may help in differentiating acute benign and malig-
nant vertebral fractures in cases where morphological
CT and MRI signs are insufficient in the determina-
tion of fracture etiology. These emerging techniques
are discussed in the following chapters.

Malignant fracture

Complete replacement of normal vertebral bone marrow, diffuse
hyperintense signal on STIR

High/inhomogenous SI after Gd on T1w images

Involvement of the pedicles and the neural arch
No intravertebral “fluid sign”
Epidural soft tissue mass—focal paraspinal mass

Bulging of posterior cortex

Other spinal metastases

3 Advanced Techniques

for the Differentiation of Benign

and Malignant Vertebral Fractures
3.1 Diffusion-Weighted Imaging
Conventional MRI is very sensitive but not always
specific in the differentiation of acute osteoporotic
and malignant vertebral fractures. Several studies
suggested that diffusion-weighted MR imaging
(DW-MRI) could be useful to distinguish between
benign and malignant vertebral compression fractures
(Baur et al. 1998; Park et al. 2004; Thurnher and
Bammer 2006; Oztekin et al. 2009).

There are two ways to assess vertebral fractures
with DWI-MRI. On one hand, the signal intensity of
diseased vertebrae can be compared with normal
appearing vertebrae and can be qualitatively charac-
terized as hypo-, iso- or hyper-intense. On the other
hand, quantitative imaging uses the apparent diffusion
coefficient (ADC) that is calculated using two or more
images with different diffusion weightings (b-values).
These ADC values can be used to characterize the
lesions quantitatively.

Acute osteoporotic fractures show an increased
diffusion with low signal intensity on diffusion-
weighted scans and high values on ADC maps, which
is explained by the disruption of the trabecular struc-
ture and bone marrow edema in the diseased vertebrae.

Malignant fractures tend to be associated with
restricted diffusion, i.e. high signal intensity on diffu-
sion-weighted scans and lower values on ADC maps.
In spinal tumors with vertebral body compression
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Fig. 10 68-year-old patient with a typical osteoporotic frac-
ture of L2. The sagittal STIR image (a) shows a high signal
intensity in the pedicle (arrow). The sagittal T1-w image
(b) shows a low signal intensity in the pedicle (arrow). Signal

fractures, increased tumor cell packing leads to a smaller
and more restricted extracellular space, resulting in
increased signal from restricted water protons, as has
been observed in lytic metastases (Baur et al. 2003).
The reverse fast imaging with steady-state free-
precession (PSIF) sequence is a diffusion-weighted
steady-state free-precession (SSFP) sequence, where
only a single (monopolar) diffusion gradient is
inserted into each repetition time (TR). The exact
quantification of ADC is not possible with this
sequence, due to the influence of many different
parameters (Dietrich et al. 2009). In a first study (Baur
et al. 1998), we evaluated the usefulness of the PSIF
sequence in the differentiation of 22 acute benign and
39 acute malignant vertebral body fractures, and
showed that all benign vertebral compression
fractures were iso- or hypo-intense, while malignant
fractures were hyper-intense in comparison with
normal adjacent vertebral bodies. In another own
study (Baur et al. 2002a), we examined a larger group
of patients, where hyperintensity as a sign of
malignancy in a vertebral fracture on PSIF pro-
vided a sensitivity of 100%, a specificity of 93%, a
positive predictive value of 91% and a negative
predictive value of 100%. The PSIF sequence is
relatively fast and insensitive to bulk motion. Using a

changes in the whole vertebral body (asterisk) plus involve-
ment of the pedicles are usually signs of malignancy, but can
also be observed in osteoporotic fractures due to extension of
edema or fracture in the pedicles

diffusion-weighted SSFP sequence, the differences
between benign and malignant vertebral body frac-
tures are clearer than when using alternative pulse
sequences like single-shot EPI, single-shot TSE, or
conventional spin-echo or stimulated-echo sequences
(Dietrich et al. 2009). Figures 6 and 11 show an
osteoporotic and a malignant vertebral fracture on
STIR and diffusion-weighted SSFP sequences (PSIF).

Hypointense vertebral metastases in diffusion-
weighted SSFP (Castillo et al. 2000) may be explained
by former treatment with radiotherapy or sclerosis
with lower water content (Dietrich et al. 2009).
Sclerotic vertebral metastases of prostate cancer show
less signal than metastases of other tumors
(Hacklander et al. 2006). In a meta-analysis of eight
studies, it could be shown, that lesions classified as
“hypointense” or “hypointense and isointense” were
significantly more likely to be benign (Karchevsky
et al. 2008).

Using PSIF with a diffusion-pulse length of 3 ms
provides the best differentiation of benign and
malignant fractures. In unclear cases, an additional
diffusion-pulse with a length of 6 ms can be applied,
where osteoporotic fractures become hypointense,
while malignant fractures remain hyperintense
(Baur et al. 2001, 2002a). Because the contrast to
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Fig. 11 71-year-old patient with a malignant fracture of
L3 due to metastasis of adenocarcinoma and diffusion-
weighted SSFP (PSIF). Sagittal STIR image (a) showing
edema in the whole vertebral body and end plate fractures.

normal bone marrow is used, patients with known
hematologic disorders like osteomyelofibrosis or
leukemia should not be evaluated with a PSIF
sequence (Baur et al. 2002a).

Figures 6 and 11 show a typical osteoporotic and a
typical malignant vertebral fracture on STIR and
diffusion-weighted SSFP sequences (PSIF).

Another imaging technique, echo-planar imaging
(EPI), decreases acquisition time, but general prob-
lems of this technique are a limited spatial resolution,
sensitivity to eddy currents and local susceptibility
gradients, as well as chemical-shift (Le Bihan 1998).
Oztekin et al. (2009) used diffusion-weighted EPI
with a b-value of 300 s/mm? and examined patients
with osteoporotic and traumatic vertebral fractures
and vertebral tumor infiltration. A hyperintense signal
was highly sensitive and specific for metastatic
tumor infiltration (93% sensitivity, 90% specificity).
Sclerotic metastases were found to be hypointense.

Tang et al. (2007) examined the influence of the
b-value in the differentiation of benign and malignant
vertebral compression fractures using EPI with spectral
presaturation and inversion recovery (SPIR) and b-val-
ues of 0-800 s/mm?. They found that b-values around
300 s/mm?* provided the best differentiation between
benign and malignant fractures. All malignant fractures
were hyperintense, while most benign fractures were
isointense and a few slightly hyperintense at this b-value.

Diffusion-weighted SSFP with delta = 3 ms (b) and del-
ta=6ms (c) showing a hyperintense signal intensity
in the edema (asterisk) in comparison with normal vertebral
marrow

Park et al. (2004) used a diffusion-weighted single-
shot fast spin-echo sequence with a b-value of 500 s/
mm?. In this study, all benign fractures had low signal
intensities on diffusion-weighted images. Malignant
vertebral tumors showed a heterogeneous signal
behavior with hypointensity in 58%, intermediate
signal intensity in 25%, and hyperintensity in 6%.
With a high or intermediate signal intensity indicating
malignancy, the study found a high specificity of 95%
but a low sensitivity of 42%. The authors concluded
that the differences in the malignant lesions were due
to patient selection bias and different degrees of T2
shine through effect.

The differences in the signal behavior in the
studies mentioned above may be explained by the
different diffusion weightings, the different sequence
types and sequence parameters. At low b-values
<150 s/mm?, the diffusion effect can be overesti-
mated due to the contribution of perfusion and T2
shine through effect (Chan et al. 2002; Herneth et al.
2005), while high b-values >600 s/mm” may lead to
an underestimation due to signal intensities compa-
rable with the noise level (Dietrich et al. 2009).

Several studies applied quantitative DWI to normal
and pathological vertebral bone marrow. Although the
results showed a certain variability, the majority of the
studies revealed typical ADC ranges associated with
normal and pathological bone marrow. Normal bone
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marrow shows ADCs of 0.2-0.5 x 107> mm?s.
Metastases or malignant fractures range from ~0.7 to
1.0 x 107> mm?/s, osteoporotic or traumatic fractures
show ADCs of ~1.0-2.0 x 107> mm?%s (Dietrich
et al. 2009). Studies always showed a remarkable
overlap, which limited the value of quantitative DWIin
differentiating between benign and malignant frac-
tures. Figures 12 and 13 show the ADC maps of a
malignant and an osteoporotic fracture.

The calculation of ADC values eliminates the
influence of the T2 weighting and depicts the cellular
barriers in the tissue, but low signal-to-noise-ratio in
diffusion-weighted fast spin-echo sequences is a
major source of error, that leads to an overlap and
diminishes accuracy (Zhou et al. 2002). The most
important influence is the application of fat saturation,
which is required for single-shot EPI but is optional in
combination with SE or FSE techniques. Because the
ADC of vertebral fat is close to zero, the ADCs of
normal bone are systematically decreased, when fat
saturation is not applied (Dietrich et al. 2009).

Using a fast spin-echo diffusion-pulse sequence
with b-values of 0-250 s/mm?, Zhou et al. (2002)
showed, that metastatic vertebral fractures show ADC
values of 1.9 x 107* mm?%s £ 0.3 x 10™* mm?/s
and benign fractures show ADC values of
32 x 107" mm%s + 0.5 x 10~* mm?%s with signif-
icant differences between both groups, but with a
substantial overlap. Lesions were better separated on
the basis of ADC values than on conventional T1-w,
T2-w, contrast-enhanced T1-w or qualitative diffu-
sion-weighted images. Sensitivity, specificity, and
accuracy were not reported.

Biffar et al. (2010a) examined 24 osteoporotic ver-
tebral fractures and 20 malignant vertebral fractures
and showed, that DW-ssTSE (b-values 100, 250, 400,
600 s/mm?) could significantly discriminate between
both entities showing a sensitivity of 65% and speci-
ficity of 88% at an ADC of 1.49 x 107> mm?%s as a
cutoff-value. DW-EPI showed no statistical differences
due to an underestimated signal attenuation and gross
geometrical image distortions caused by susceptibility
heterogeneities.

Chan et al. (2002) examined 25 acute osteoporotic
fractures in 18 patients, 18 acute malignant fractures in
12 patients and 6 acute fractures due to tuberculosis in
2 patients, with a diffusion-weighted EPI sequence at
1.5 T. ADC values were calculated, using b-values of
200, 500, 800, and 1,000 s/mm>. The quantitative

evaluation showed mean ADC values of
0.82 x 10 mm?s for malignant fractures, and
1.92 x 10~ mm?/s for osteoporotic fractures, revealing
a significant difference between these two entities
(p < 0.001). Fractures due to tuberculosis (mean ADC
0.98 x 1072 mm?/s) were

not significantly different from malignant fractures.
Additionally, the signal intensities of the collapsed ver-
tebral bodies were qualitatively assessed at a b-value of
1,000 s/mm?, where all benign acute vertebral fractures
were hypointense. The malignant fractures were hyper-
intense, except sclerotic metastases, which were hypo-
intense and showed ADC values close to zero.

In a meta-analysis Karchevsky et al. (2008)
reviewed 4 studies assessing the ADC values of benign
and malignant vertebral fractures and showed,
that mean ADC values in benign fractures were
significantly higher than malignant fractures with a
standardized mean difference (SMD) of 2, 8 and a 95%
confidence interval for the SMD of 2.1 to 3.5. Mean
ADCs of pathologic fractures and malignant lesions
were in the range from 0.19 to 0.853 x 10> mm?s,
benign fractures showed ADCs from 0.32 to 1.94 x
107° mm?/s.

The ADC value shows significant differences
between benign and malignant vertebral fractures, but
all studies showed a remarkable overlap limiting its
specificity. Although the ADC value itself should be
independent from sequence type and sequence
parameters, the measured values are influenced by
sequence specific artifacts, range of used b-values,
application of fat saturation, noise, and perfusion
effects. DWI of bone marrow requires considerably
more robust imaging techniques than typical MRI of
the brain. Being still a technique undergoing active
research, DWI of the bone marrow provides a unique
imaging method, which can help in the differentiation
of benign and malignant vertebral fractures.

3.2 In-Phase/Opposed-Phase

(Chemical-Shift) Imaging

In-phase (IP)/opposed-phase (OP) imaging (also
known as chemical-shift imaging) uses the different
precession frequencies of water and fat protons due to
the differences in their molecular environment. Water
and fat protons are in-phase with one another at a TE
of 4.6 ms, and 180° opposed at a TE of 2.3 ms at
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Fig. 12 71-year-old patient with a malignant fracture of L3
due to metastasis of adenocarcinoma and DWI. Sagittal STIR
image (a) showing hyperintense signal in the whole diseased
vertebral body. ADC maps calculated from DW-EPI (b)

1.5 T. When there are both fat and water protons in a
given voxel, there will be some signal intensity loss
on images that are obtained, when the protons are in
their opposed-phase, without a refocusing pulse. More
signal intensity loss occurs when the volume of fat
and water is roughly equal (Erly et al. 2006). The
percentage decrease of the bone marrow signal
intensity on opposed-phase images compared with
in-phase images (Zajick et al. 2005) or the relative
signal intensity ratio (signal intensitygp/signal inten-
sityip) (Eito et al. 2004; Erly et al. 2006) can be
calculated for quantitative measurement.

Normal vertebral bone marrow has fat and water
components. In adults, the vertebrae, sternum, and
ribs contain hematopoietic red marrow, which has
about 40% fat content while yellow marrow contains
80% fat (Eastell 2007). Malignant neoplasms tend to
replace the fatty marrow components and therefore
cause a lack of suppression on the opposed-phase

[10-* mm?}s]

and DW-HASTE (c) images showing average ADC values
of 0.9 x 107*mm%*s (DW-EP) and 1.38 x 10™* mm%s
(DW-HASTE) (arrows)

images. Benign vertebral fractures usually show no
marrow displacement, which results in low signal
intensity on the opposed-phase images (Baker et al.
1990; Eito et al. 2004; Zajick et al. 2005; Erly et al.
2006). Figures 14 and 15 show the IP and OP images
and the calculated ratios of an osteoporotic and a
malignant vertebral fracture.

If vertebral bodies are highly deformed and com-
pressed, containing almost no water or fat, they may
show weak signal intensity in OP and IP images,
resulting in a high signal intensity ratio mimicking
malignancy. Therefore, signal intensity ratios may be
high because the decreased signal intensity is related
to decay resulting from the use of TEs of 2.3 to
4.6 ms. Tl-w images can be used to show a signal
loss due to severe compression (Eito et al. 2004).
One study noticed the return of a malignant lesion
to a benign signal intensity ratio after treatment
with X-ray therapy, whereas the standard spin-echo
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Fig. 13 70-year-old patient with an osteoporotic fracture of L2
and DWI. Sagittal STIR image (a) showing hyperintense signal
in the whole fractured vertebral body. ADC maps calculated
from DW-EPI (b) and DW-HASTE (c) images showing higher

sequences remained abnormal, suggesting that in-
phase/opposed-phase imaging might be an early mar-
ker for response to treatment of osseous metastatic
disease, but studies on this are still lacking (Erly et al.
2006).

Eito et al. (2004) showed, that at 1.5 T normal non-
fractured vertebrae have mean signal intensity ratios
of 0.46 £ 0.14 (SD), whereas non-neoplastic frac-
tured vertebrae (mean 0.63 £ 0.21 SD) and malignant
compression-fractured vertebrae (mean 1.02 £ 0.11
SD) have higher signal intensity ratios (i.e. the signal
drop from in-phase to opposed-phase is highest in
normal vertebrae, whereas non-malignant fractures
and malignant fractures show less signal drop or even
increased signal intensity on opposed-phase images).
All three groups showed significant differences
between each other.

Erly et al. (2006) compared 29 benign compression
fractures and 20 malignant lesions at 1.5 T, and

(compared with malignant fractures) average ADC values
of 1.25 x 107" mm?%s (DW-EPI) and 1.73 x 10~* mm%s
(DW-HASTE) (arrows)

showed a significant difference of the mean signal
intensity rates of benign vertebral compression frac-
tures (0.58 £ 0.02 SD) and malignant vertebral
compression fractures (0.98 4 0.095 SD). Performing
ROC-analysis, a signal intensity ratio of >0.8 indi-
cating malignancy showed best discrimination of
benign and malignant vertebral fractures with a sen-
sitivity of 95% and a specificity of 89%.

Zajick et al. (2005) examined normal vertebral
bone marrow, benign lesions, and metastases. They
found a decrease in signal intensity for all normal
vertebrae (mean 58.5%) and for benign lesions
(endplate degeneration mean 52.2%, Schmorl’s nodes
mean 58.0%, hemangiomas mean 49.4%, benign
fractures 49.3%) on opposed-phase images. Metasta-
ses showed either a minimal decrease or an increase
of signal intensity (mean 2.8% decrease). Although
the results showed overlaps between the different
groups, the authors suggested a decrease in signal
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Fig. 14 67-year-old patient with an osteoporotic fracture of L4
and chemical-shift imaging. STIR image (a) showing a band-
like edema (asterisks) adjacent to the impressed upper vertebral
end-plate (arrow). T1-w image (b) showing the hypointense
signal of the edema (arrows) and the preserved fatty marrow
adjacent to the opposite cover plate (arrowheads). Correspond-
ing in-phase (c) and opposed-phase (d) images showing a signal

Opp /In
Ratio

drop on the opposed-phase image. A map showing the
calculated opposed-phase/in-phase ratio (e) exhibits a signal
drop of 39% corresponding to an opposed-phase/in-phase ratio
of 61% in the edema (asterisks). Normal fatty marrow shows a
greater signal drop due to the almost equal amount of fat and
water bound protons in normal marrow
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Fig. 15 60-year-old patient
with a malignant fracture of
L3 due to metastasis of
hypopharyngeal carcinoma.
Sagittal STIR image

(a) showing hyperintense
signal in the whole diseased
vertebral body (arrow). T1-w
image (b) showing
hypointense signal (arrow).
Corresponding in-phase

(¢) and opposed-phase

(d) images showing a slight
signal drop on the opposed-
phase image (arrow), while
normal vertebral bodies
(asterisk) show a great signal
drop. A map showing the
calculated opposed-phase/in-
phase ratio (e) exhibits a
signal drop of 9%
corresponding to an opposed-
phase/in-phase ratio of 91% in
the edema pattern (arrow).
Normal fatty marrow
(asterisk) shows a greater
signal drop due to the almost
equal amount of fat and water
bound protons in normal
marrow

intensity of more than 20% on opposed-phase images
compared with in-phase images to be a reliable cut-
off threshold for benign vertebral bone marrow

abnormalities, while malignant vertebral bone mar-
row lesions show less than 20% decrease in signal
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Ragab et al. (2009) examined patients with osteo-
porotic and neoplastic vertebral fractures and showed
a different proportional change (percentage decrease)
of marrow signal intensity in OP compared with IP of
58.51 % 9.38 for osteoporotic and 13.55 + 11.63 for
neoplastic lesions. A decrease in SI >35% as a cut-off
value showed a sensitivity of 95% and a specificity of
100% with a positive predictive value of 100% and a
negative predictive value of 95.2%.

Thus in-phase/opposed-phase imaging is a reli-
able additional tool for the differentiation of benign
and malignant vertebral collapse. However, if strong
edema and reduced fat content are present, the signal
intensities can also be high on opposed-phase images
in osteoporotic fractures. Care should be taken to
acquire the same sequence type with the appropriate
sequence parameters, since a slight shift e.g. in
TE and flip-angle can cause a significant shift in
contrast.

3.3 Dynamic Contrast-Enhanced MRI
Dynamic contrast-enhanced (DCE)-MRI does not
focus on morphological features but uses measure-
ments of the signal changes of intravenously admin-
istered contrast agents over time to measure
hemodynamic parameters, using ultra-fast imaging
methods. Gadolinium-containing contrast agents
show similar pharmacokinetics to that of iodinized
contrast agents and produce an increase of signal
intensity (SI) in T1-w images by reducing T1 relax-
ation time (Brasch et al. 1984).

The distribution of yellow and red bone marrow
strongly influences marrow perfusion. Yellow mar-
row mainly consists of fat cells and a sparse net-
work of capillaries, venules, and thin-walled veins
(Vogler and Murphy 1988). It shows only minor
and gradual increase of SI after administration of
contrast agents (Erlemann et al. 1988). Red bone
marrow includes a rich and arborized vascular
network. On contrast-enhanced images, the signal
enhancement is rarely obvious on TI1-w images
without fat suppression since fatty marrow has a
high intrinsic SI, which hides the enhancement. It
can be detected by careful SI measurements (Vande
Berg et al. 1998).

Studies showed, that bone marrow perfusion
decreases with age (Baur et al. 1997; Chen et al.

2001; Montazel et al. 2003; Griffith et al. 2005), an
increasing fat content corresponds to a decrease of
marrow perfusion (Bluemke et al. 1995; Montazel
et al. 2003; Griffith et al. 2005), and perfusion is
higher in the upper compared to the lower lumbar
spine (Savvopoulou et al. 2008).

For the correct interpretation of a perfusion anal-
ysis, it is useful to know the distribution pattern
between the water and fat component in the assessed
vertebral bone marrow. Otherwise, an increase/
decrease of the fat component might be falsely
interpreted as a decrease/increase of perfusion due to
a pathologic cause (Biffar et al. 2010c, d).

Initial studies assessing the value of DCE-MRI in the

discrimination of benign and malignant vertebral

fractures semi-quantitatively examined the perfusion
of bone marrow using descriptive parameters like the
peak contrast-enhancement percentage, enhancement
slope, and time-intensity-curve (TIC) patterns based
on operator-defined regions of interest (ROIs) (Chen

et al. 2002; Tokuda et al. 2005).

The observed TICs can be classified into five groups:

A: nearly flat TIC,

B: slow inclination curve,

C: rapidly rising slope (wash-in) during early phase,
followed by a plateau after the peak enhancement
is achieved,

D: rapidly rising slope (wash-in) during the initial
short period like in type C, followed by a wash-out
phase,

E: initially rapidly rising slope followed by a second
slow-rising phase.

If the difference in maximal enhancement and ST at
the endpoint is greater than 20% of baseline SI, a type
C curve is defined as either type D or type E,
depending on the wash-in or wash-out of contrast
(Chen et al. 2002; Tokuda et al. 2005).

Chen et al. (2002) examined 42 patients with acute
compression fractures (n = 12), chronic compression
fractures (n = 21), and metastatic vertebral lesions
with (n = 6) or without (n = 32) compression frac-
ture. A type D curve was highly predictive (positive
predictive value 100%) for a metastatic lesion with or
without fracture, since the packed viable tumor cells
are thought to lead to an early wash-out because of
scarcity of matrix. But since the type D curve was
found in only one-third (18 out of 38) of malignant
lesions, the sensitivity for diagnosing malignant ver-
tebral lesions was not regarded to be sufficiently high.
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A type E curve was predictive for benign acute or
chronic compression fractures (positive predictive
value 85.7%), because an increase in vascularity,
infiltration of inflammatory cells, vasodilatation, and
exudation of plasma is thought to result in extrava-
sation of more contrast agent into the extracapillary
space without balanced venous wash-out. But since
only 6 out of 33 (18.2%) of the vertebral compression
fractures showed a type E curve, its sensitivity for
diagnosing benign vertebral compression fractures is
also low. There were no significant differences for
peak enhancement percentage and enhancement slope
with overlapping areas between benign and malignant
lesions.

Another study performed by Tokuda et al. (2005)
found some contradictory results with TIC patterns not
being able to distinguish between benign and malignant
lesions. They examined patients with osteoporotic
compression fractures (n = 8) with ages of the frac-
tures ranging from 27 to 45 days, benign vertebral
lesions (giant cell tumor, avascular necrosis, tubercu-
lous spondylitis, Schmorl’s nodes, vertebral hemangi-
oma) without compression fractures (n = 11), and
metastatic vertebral lesions with (n = 8) and without
(n = 21) compression fractures. Type E curves were
not only seen in benign fractures, but also observed in
metastatic vertebral lesions without compression frac-
ture. Type D lesions were also nonspecific. In this
study, peak enhancement, steepest slope, and slope
were significantly higher in pathologic compression
fractures, than in osteoporotic fractures. The authors
hypothesize that this difference might be because of the
time delay (2745 days) from fracture to imaging: if
osteoporotic fractures are examined in the early phase
of healing during the inflammatory phase (like those of
Chen et al. 2002), an increase in vascularity might show
higher peak enhancement, steepest slope, and slope,
comparable with those of pathologic compression
fractures. But unfortunately, this study does not provide
information about the exact sensitivities and specifici-
ties of the examined parameters, and the study sub-
group population was small.

Since studies based on semi-quantitative parameters
revealed discrepant results and depend on well-known
limitations, like a dependence on examination
parameters like the injection protocol and an unclear
interpretation in terms of hemodynamic parameters
(Biffar et al. 2010c, d), another approach quantitatively

analyzes the dynamic contrast-enhanced data and
directly assesses the perfusion and endothelial perme-
ability using high temporal resolution T1w-MRI.

Therefore, the tissue concentration—time curve is
derived from the signal-time curve assuming a linear
relationship between the concentration of the tracer and
T1 and a known functional dependence between the
signal intensity and T1. In a second step, the perfusion-
and/or permeability parameters are determined with
tracer-kinetic analysis, which provides a relation
between the hemodynamic parameters and the mea-
sured TICs (Jaquez 1985; Tofts et al. 1999; Brix et al.
2004). The quantitative analysis requires the additional
measurement of an arterial input function (AIF) in the
feeding artery to correct variations of the tissue con-
centration, which are not directly related to the hemo-
dynamic state of the tissue itself (injection rate, bolus
shape, etc.) (Biffar et al. 2010b). The AIF can be
obtained using a circular ROI in the aortic lumen, and
can be calculated as the relative signal enhancement
divided by (1—hematocrit) to derive the plasma con-
centrations (Biffar et al. 2010c, d). Most studies used an
arbitrary hematocrit value of 0.45, since exact values
for individual patients were not always available (Bif-
far et al. 2010c, d, 2011).

The current standard model in tracer-kinetic anal-
ysis of DCE-MRI produces a parameter K™ that
represents a mixture of perfusion and permeability
(Tofts et al. 1999). Using a two-compartment model
(Brix et al. 2004) or a distributed parameter model
(Buckley et al. 2004), perfusion and permeability
can be fully separated. Four independent perfusion
parameters can be derived, characterizing the degree
of vascularity and capillary perfusion, plasma flow
(PF), plasma volume (PV), extraction flow (EF), and
the interstitial volume.

Initial examinations evaluated the potential of the
quantitative assessment of DCE-MRI in osteoporotic
fractures. Biffar et al. (2010c, d) showed in 20 patients
with acute osteoporotic compression fractures that
perfusion is strongly increased compared to normal
appearing bone marrow. In the same study, quantita-
tive DW-MRI (ADC values) was compared with the
perfusion parameters. IV and ADC value positively
correlated, confirming the assumption that ADC is
essentially determined by the diffusion of water in the
extracellular space, and that intracellular water has a
weaker contribution. The negative correlation of PV
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and ADC may be explained firstly by the fact that the
perfusion effects have been eliminated by the choice
of the b-values, and secondly by the fact that an
increase of the PV leads to a decrease of the IV. In
normal appearing bone marrow, the interstitial com-
partment is most likely bigger than the intravascular
compartment, because the TIC did not reproduce the
AIF. The shape of the TIC suggested that normal
appearing bone marrow corresponds to the interme-
diate regime of contrast agent exchange between both
compartments.

Other studies showed, that quantitative DCE-MRI
can successfully be used to differentiate between nor-
mal and diseased vertebral bone marrow (Biffar et al.
2010c, d, 2011). The use of tracer-kinetic models might
be useful in the differentiation of benign and malignant
vertebral fractures, studies on this purpose are still
ongoing.

3.4 FDG-PET/PET-CT

Fluorodeoxyglucose positron emission tomography
(FDG-PET) visualizes the increased glucose metab-
olism that occurs in malignant and inflammatory
lesions, and has been used extensively to differentiate
malignant tumors from benign lesions in many organ
systems (Strauss and Conti 1991; Hoh et al. 1997).
While tumor cells typically accumulate FDG, osteo-
porotic fractures are not expected to accumulate a
high amount of FDG, which may allow differentiation
between benign and malignant compression fractures
(Bredella et al. 2008). False-positive results can occur
in patients who have been treated with bone marrow
stimulating agents. One to two months after treat-
ment, FDG-uptake is expected to return to normal
(Bredella et al. 2008). Osteomyelitis and discitis can
show an increased uptake, mimicking malignancy
(Guhlmann et al. 1998a, b; Schmitz et al. 2002).
Chronic fractures have also been reported to show a
high FDG accumulation due to infiltration with
macrophages and granulation tissue (Palmer et al.
1995; Guhlmann et al. 1998a, b).

For this reason, the patient’s clinical history should
be actively sought when interpreting positive findings,
especially in cases with diffuse osseous uptake,
mimicking a diffuse osseous process (Bredella et al.
2008). In PET-CT, the CT portion improves the

exact fracture localization and provides additional
information on fracture morphology (Metser et al.
2004; Bredella et al. 2008).

Kato et al. (2003) examined 10 patients with acute
benign vertebral fractures, 9 patients with acute
malignant, and one patient with both acute benign and
malignant vertebral compression fractures. FDG-PET
showed significant differences (p = 0.0006) between
benign and malignant vertebral compression fractures
with a mean SUV of 1.36 £ 0.49 (SD) in the benign,
and 4.46 £ 2.12 (SD) in the malignant group. No
significant correlation was noted between the histo-
logic type of primary malignant tumor and FDG
accumulation of the metastatic lesion. At a cut-off
value of SUV 2.0, a sensitivity of 80%, a specificity
of 88.9%, and an accuracy of 85.7% could be shown.

Bredella et al. (2008) retrospectively evaluated the
use of FDG-PET and FDG-PET-CT in differentiating
benign from malignant compression fractures. The
neoplastic fractures were due to different underlying
malignancies, e.g. leukemia, ovarian cancer, or
esophageal cancer. There were 21 patients with 29
benign, and 12 patients with 14 malignant compres-
sion fractures. Only 5 of the benign fractures were
acute, based on clinical history and imaging charac-
teristics on additionally evaluated MRI scans. The age
of the other fractures was not listed in the study.

Malignant fractures demonstrated intense radio-
tracer uptake and a mean standardized uptake value
(SUV) of 3.99 £ 1.52, while benign compression
fractures showed only mildly increased or no
increased uptake of FDG-PET and a mean SUV of
1.94 £ 0.97, leading to significant differences for the
standardized uptake values (SUV) for benign and
malignant fractures. Acute and chronic benign frac-
tures could not be differentiated. FDG-PET showed a
sensitivity of 86%, a specificity of 83%, a positive
predictive value of 84%, a negative predictive value
of 71% and an accuracy of 92% (Bredella et al. 2008).
In this study some of the false-positive results were
found in patients that had been treated with marrow-
stimulating agents resulting in an increased
FDG-PET uptake (Bredella et al. 2008), what was
consistent with the effects described in previous
studies (Aoki et al. 2003). Therefore in interpreting
positive findings, possible treatment with marrow-
stimulating agents should be verified. In contrast to
bone scintigraphy, where there is an increased uptake
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Fig. 16 62-year-old patient with a fracture of Th 12 due to
osteoporosis. Sagittal FDG-PET-CT fusion image (a) showing
a fracture of the upper vertebral cover plate of Th 12 with an
adjacent band-like increased uptake (SUV 1.2), that is also
depicted in the PET image (b)

for many months (Masala et al. 2005), in FDG-PET
there is only a mild to moderately increased uptake in
acute benign fractures, while chronic benign fractures
show no or only mildly increased uptake (Bredella
et al. 2008).

Figures 16 and 17 show PET-CT images of an
osteoporotic and a malignant vertebral fracture.

FDG-PET is recommended not as a screening
test, but rather as an additional imaging modality in
problem cases, with the possibility to evaluate the
entire skeletal system in search for metastatic dis-
ease. Patients with contraindications to MRI (pace-
makers, claustrophobia, severe pain) can profit from
FDG-PET(-CT) (Bredella et al. 2008).
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Fig. 17 67-year-old patient with a malignant fracture due to
metastasis of a neuroendocrinal tumor. Sagittal Ga®*-DOTA-
TATE PET-CT fusion image (a) showing a heavily increased
tracer uptake in a wedge-shaped vertebral fracture (arrow).
There is also an increased uptake in the other non-fractured
vertebral bodies due to metastases, as can also be seen in the
PET image (b)

3.5 Scintigraphy/SPECT

Scintigraphy and single-photon emission computed
tomography (SPECT) use the emission of radiation
of radiopharmaceuticals, which aggregate in areas of
high metabolism.

Bone Technetium-99 hydroxymethylene diphos-
phonate (Tc-99 HMDP) scintigraphy is an established
screening method for skeletal metastases. Multiple
increased uptakes are often considered as suspicious
for malignancy, while a solitary increased uptake of
the fractured vertebra is observed in most recent
benign and malignant fractures (Taoka et al. 2001).
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Acute vertebral compression fractures, degenerative,
and inflammatory diseases show similar radionuclide
dynamics of Tc-99 HMDP, which leads to a lack of
sensitivity in differentiating benign from malignant
vertebral compression fractures.

Tokuda et al. (2011) examined 53 malignant verte-
bral compression fractures in 51 patients, and 44 acute
benign vertebral compression fractures in 40 patients to
compare the diagnostic value of SPECT with Tc-99
HMDP and morphologic MRI features. The results
showed, that the overall accuracy of MRI was signifi-
cantly greater than that of the SPECT images for both
observers in the study. In vertebral compression frac-
tures with partial replacement of the fatty marrow, MRI
performed significantly better in differentiating
between the two entities. However, fractures with a
complete replacement of fatty marrow did not show
significant differences between the sensitivities (up to
87.1% for SPECT, up to 94.9% for MRI), specificities
(up to 89.5% for SPECT, up to 89.5% for MRI) and
accuracies (up to 91.4% for SPECT, up to 91.4% for
MRI) of both techniques. Therefore the authors sug-
gested, that SPECT represents a valid alternative to MR
imaging for differentiating malignant from benign
vertebral compression fractures in patients, which are
not able to undergo MRI due to contraindications, like
cardiac pacemakers. MRI should still be used for
patients without contraindications.

Thariat et al. (2004) used Thallium-201 chloride
(°'TI), which is a radionuclide with gamma-ray
emission that is mainly used as a myocardial per-
fusion marker, for the differentiation of benign and
malignant vertebral fractures that were not older
than 3 months. Conventional bone scintigraphy and
SPECT were performed. The authors showed a weak
sensitivity (28.6%), which did not support its sys-
tematic use to distinguish benign from malignant
recent vertebral fractures. SPECT showed unchanged
results in comparison with conventional bone scin-
tigraphy. But its high specificity (92.9% on early,
and 100% on delayed images) may make 2*'TI-
scintigraphy or -SPECT a valuable tool to avoid any
unnecessary invasive procedure, if performed prior
to vertebral biopsy. In contrast to other studies that
found a higher sensitivity in the evaluation of other
soft tissues and peripheral bone tumors, the authors
hypothesize that the soft tissues around the vertebrae
might have attenuated the radionuclide gamma-rays
in a much higher extent than expected, or that

edema, necrosis, and an altered vascularization in
vertebral fractures hamper the spread of 2°'TI,
which has been shown an accurate indicator of the
viability, metabolic activity, and vascularization of
tumors.

4 Therapy

Relieving pain and preserving mobility are the most
important goals that may require short-term anal-
gesic therapy in vertebral compression fractures. In
cases of severe pain due to osteoporotic vertebral
fracture hospitalization can be justified (Burge et al.
2002). Although there is a lack of randomized tri-
als, analgesics, nonsteroidal anti-inflammatory
drugs, and drugs relieving neuropathic pain are
commonly used for the therapy of patients with
acute osteoporotic vertebral fractures. Narcotics
facilitate mobility and avoid a prolonged bed rest
(Prather et al. 2007). Spinal orthoses can reduce
pain and disability in the first weeks after a verte-
bral fracture (Pfeifer et al. 2004; Stadhouder et al.
2009). Therapeutic exercise programs may reduce
pain and improve functional status, but the findings
are not constant across studies (Dusdal et al. 2011).
An adequate intake of vitamin D is recommended
in patients with osteoporosis (Lips et al. 2010).
Several pharmacotherapies, like bisphosphonates
(MacLean et al. 2008), selective estrogen receptor
modulators (MacLean et al. 2008; Silverman et al.
2008; Cummings et al. 2010), denosumab
(Cummings et al. 2009), or strontium ranelate
(Meunier et al. 2004) have shown efficacy in
reducing the risk of vertebral fractures.
Therapeutic options for patients with pathological
vertebral body fractures include medical therapy and
surgical intervention. Non-steroidal anti-inflamma-
tory drugs and steroids can be applied against bone
pain, neuropathic drugs can be used for nerve root
pain. Nonresponsive patients can be treated with
radiotherapy, but mechanical instability is not cor-
rected in these cases. Open surgical procedures are
highly invasive and may offer an unfavorable
risk/benefit ratio. Vertebroplasty and kyphoplasty
are an favorable option in patients with malignant
vertebral compression fractures that do not cause
neurological deficits but compromise quality of live
because of intractable pain (Tancioni et al. 2011).
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Vertebroplasty and kyphoplasty are partly indi-
cated for treatment of painful primary and secondary
osteoporotic vertebral compression fractures refrac-
tory to conservative therapy (Kondo 2008), although
in the last two years some studies questioned its
usefulness (Buchbinder et al. 2009; Kallmes et al.
2009; Buchbinder and Kallmes 2010).

In percutaneous vertebroplasty (PVP) a cement
substance with polymethylmethacrylate (PMMA) is
injected into a collapsed vertebral body under fluo-
roscopic control resulting in structural stabilization
(Kondo 2008). In kyphoplasty, prior to the injection
of PMMA, an inflatable bone tamp is used to erect the
collapsed vertebral body and minimize the kyphotic
deformity (Lieberman et al. 2001). In osteoporotic
fractures, the procedure is mostly done after
2-6 weeks of conservative treatment, but some
practitioners favor an earlier intervention, because
they believe that besides pain relief, the kyphotic
deformity should be corrected, as it might increase the
risk of future fractures due to an altered spinal load
distribution (Gaitanis et al. 2005). Mechanical sta-
bilization, which prevents further micro motion of the
vertebral fracture and provides realignment of the
anterior and posterior ligaments, as well as damage of
local pain receptors due to the unreacted cytotoxic
methacrylate monomer and the heat from the poly-
merization of PMMA, are discussed as possible
mechanisms of pain relieve (Belkoff and Molloy
2003). More than 90% of patients show an immediate
pain relief, and about 50% of the patients report
decreased pain during the immediate postoperative
period. Significant differences in the clinical outcome
between vertebroplasty and kyphoplasty could not yet
been shown, despite theoretical benefits of the cor-
rection of height and deformity (Gill et al. 2007).
Both techniques exhibit relatively low complication
rates from 1 to 3% in osteoporotic and up to 10% in
tumor-related vertebral compression fractures. Possi-
ble complications are related to needle displacement,
cement extravasation, infection, bleeding, or iatro-
genic fractures (Kondo 2008).

If there are multiple compression fractures or
chronic fractures, the correct vertebra can be identi-
fied by depicting the bone marrow in MRI. Tanigawa
et al. (2006) showed, that patients with extensive bone
marrow edema in the vertebral bodies that underwent
vertebroplasty, showed a significantly greater clinical

improvement than those without this pattern. This
shows agreement with other studies that showed
effectiveness in chronic fractures, but even better
clinical outcomes in patients with acute compression
fractures (Brown et al. 2004), because older vertebral
compression fractures lose bone marrow edema
pattern.

Voormolen et al. (2006) also found a more fre-
quent decrease of pain in patients with observed
BME, but also found that 71% of the patients without
BME showed clinical improvement, so that the
authors postulated that vertebroplasty should not be
withheld based on absence of BME alone.

Two randomized, double-blind trials (Buchbinder
et al. 2009; Kallmes et al. 2009) compared verteb-
roplasty with a sham procedure in patients with
painful vertebral fractures, that had been identified
within 12 months, and found no beneficial effects
from vertebroplasty with respect to pain, quality of
life, and functional disability. The mean duration of
symptoms before the procedure was 12—-13 weeks in
one study (Buchbinder et al. 2009), and 16-20 weeks
in the other (Kallmes et al. 2009). Analyses did not
indicate that vertebroplasty was more beneficial than
the sham procedure within the subgroup of patients
with pain of shorter duration, although vertebroplasty
and kyphoplasty have been proposed to be most
effective for acute fracture pain.

Since new vertebral compression fractures often
occur relatively soon after intervention in vertebral
bodies adjacent to fractured vertebral bodies treated
with vertebroplasty (Uppin et al. 2003), there is spe-
cial interest in the possibility to predict new adjacent-
level compression fractures to justify a prophylactic
vertebroplasty there. Sugimoto et al. (2008) showed,
that collapsed vertebral bodies adjacent to vertebral
bodies treated with PVP show significantly higher
ADCs than not collapsed vertebral bodies prior to
PVP, indicating that DWI before PVP might be a
predictor for new compression fractures following
PVP.

Therefore, the treatment of acute vertebral collapse
should be planned in an interdisciplinary team setting,
taking into account conservative management as well
as surgical treatment. Due to the contradictory results,
vertebroplasty should only be performed in those
cases where pain cannot be managed conservatively
and bone marrow edema is still present.
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Abstract

This chapter will illustrate the strengths and weak-
nesses of various imaging techniques in patients
with diseases involving the reticuloendothelial
system, such as in Gaucher disease (GD), mastocy-
tosis, and histiocytosis. The focus is primarily on
Magnetic Resonance Imaging of bone and the bone
marrow compartment, mainly focusing on GD. The
emerging role of radiology in the management of
GD patients, demands radiologists to be aware of
specific features and the possibilities of radiology.
This chapter will give an overview of up-to-date
imaging techniques, -protocols, and -features, and
reviews the current literature on skeletal involve-
ment of diseases of the reticuloendothelial system.

1 Introduction

Magnetic Resonance Imaging (MRI) is the state-of-
the-art imaging modality for the evaluation of the bone
marrow compartment. Within the last two decades
MRI is increasingly being used for the assessment
and monitoring of skeletal involvement in diseases
involving the reticuloendothelial system such as
Gaucher disease (GD), mastocytosis, and histiocytosis.

In GD, assessing the skeletal involvement and
response to treatment is important. The main goals of
imaging bone and bone marrow in GD are to estimate
the disease burden, to evaluate the presence of spe-
cific skeletal complications, and to monitor response
to therapy. MRI is the most sensitive technique in
assessing skeletal involvement in GD, as it is the up-
to-date imaging modality for the evaluation of bone
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marrow. It is extremely sensitive in the evaluation of
the skeletal pathologies found in GD including acute
bone infarction, infection, trauma, marrow infiltration
with Gaucher cells, and avascular necrosis. In order to
quantitatively analyze bone marrow involvement and
response to very expensive therapies in GD, quanti-
tative chemical shift imaging was explored. As this
technique is not widely available, numerous semi-
quantitative scoring systems have been developed for
the evaluation of bone marrow infiltration in adult
Gaucher patients, including the Bone Marrow Burden
(BMB) score. The BMB scoring method is considered
to be the preferred scoring system as it includes
measurements of both lumbar spine and femur, key
anatomical sites of Gaucher cell infiltration, and has
been validated against other methods and applied in
multiple studies.

2 Morbus Gaucher
2.1 Epidemiology and Clinical
Background

Gaucher disease (Gaucher 1882) is an inherited auto-
somal recessive metabolic defect due to a deficiency in
the lysosomal enzyme f3-glucocerebrosidase, which is
unable to degrade its substrate glucocerebroside into
ceramide and glucose. Although the enzyme defi-
ciency exists in all cells in the body, accumulation of
glucocerebroside within the lysosomes occurs mainly
in macrophages, called Gaucher cells. This leads to
accumulation of glucocerebroside in the body, pre-
dominantly in the liver, spleen, and bone marrow.
Gaucher disease is the most common lysosomal
storage disease and is broadly subdivided into neur-
onopathic (types 2 and 3) and non-neuronopathic
(type 1) phenotypes. GD type 1 is the most common
variant (95 % of all cases) with an estimated
prevalence of 1:75,000 births worldwide, but is more
prevalent in individuals of Ashkenazi Jewish descent
(Meikle et al. 1999; Poorthuis et al. 1999; Pinto et al.
2004; Guggenbuhl et al. 2008; Fuller et al. 2006).
The availability of enzyme replacement therapy in
the 1990s made the management of GD more effec-
tive in terms of hepatosplenomegaly, cytopenia, and
general wellbeing (Elstein et al. 1998; Hollak et al.
1995). However, the skeletal response to enzyme
replacement therapy is considered slower and

sometimes lacking (Grabowski et al. 1998; de Fost
et al. 2008). Skeletal manifestations are the most
painful and debilitating components of GD and have a
negative impact on the patient’s quality of life (Sims
et al. 2008; Weinreb et al. 2007; Deegan et al. 2011).
Therefore, assessing skeletal complications and their
response to treatment is of great importance. The
main goals of imaging bone and bone marrow in GD
are to estimate the disease burden, to evaluate the
presence of specific skeletal complications, and to
track response to therapy. A variety of techniques has
been used including plain radiography, CT, MRI, and
radionuclide imaging tools.

2.2 Skeletal Involvement

The skeletal complications of GD type 1 are most
painful and disabling with the long bones and vertebrae
being most commonly affected (Charrow et al. 2004)
Skeletal disease is a major complication in GD,
afflicting 70-100 % of the patients (Poll et al. 2001;
Pastores and Meere 2005). Three basic types of path-
ophysiological processes are deemed most important
in these skeletal manifestations: (1). infarction of bone
and bone marrow, (2). focal replacement of normal
bone marrow by infiltration of Gaucher cells, and
(3). osteopenia that can be focal or diffuse (Guggen-
buhl et al. 2008; Rosenthal et al. 1986; Grabowski et al.
2004). All this concerns bone marrow infiltration, and
therefore the evaluation of this compartment with a
bone marrow evaluation technique is warranted. Since
GD is a compartimental disease, the bone marrow
compartment needs its own assessment. To stress
this point: using assessment of organ size cannot
adequately assess the bone marrow compartment (vom
Dahl et al. 2006).

23 Magnetic Resonance Imaging

2.3.1 MRI

MRI is the prefered best technique in the assessment
of skeletal involvement in GD, since it is the most
sensitive imaging modality for the evaluation of
bone marrow (Pastores and Meere 2005; Vogler
and Murphy 1988). It is extremely sensitive in the
evaluation of the skeletal pathologies found in GD
including acute bone infarction, infection, trauma,
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Fig. 1 Adult type I GD
patient. Diffuse very low
signal on T1 and T2 weighted
images. Typical appearance
of severe infiltration of axial
marrow

marrow infiltration with Gaucher cells, and avascular
necrosis (Rosenthal et al. 1986; Hermann et al. 1993;
Farahati et al. 1996; Maas et al. 2002a, b).

In long bones of adults, the fatty yellow bone
marrow is the predominant contributor to the hyper-
intense signal seen on T1-weighted images and an
intermediate to hyperintense signal seen on T2- and
T2*-weighted images (Vogler and Murphy 1988;
Hermann et al. 1993; Farahati et al. 1996; Maas
et al. 2002a, b; Dooms et al. 1985). On fat-saturated
images, yellow bone marrow appears hypointense. As
compared with normal yellow bone marrow, red
cellular marrow can be seen as hypointense signal
intensity on T1-weighted images and on fast spin-
echo T2-weighted images hyperintense signal inten-
sities can be seen for both fat and water (Vogler and
Murphy 1988; Steiner et al. 1990).

A variety of MRI protocols, all of which include
T1-weighted sequences, has been used for imaging
bone marrow changes in GD (Poll et al. 2001; Terk
etal. 2000). In GD, the normal bone marrow is replaced
by Gaucher cells, in which a centrifugal spread,
meaning that axial bone marrow is more often abnor-
mally infiltrated than peripheral bone marrow, is rec-
ognized. Imaging protocols thus need to contain axial
marrow as well as peripheral marrow compartment.

Concerning the MRI appearance, GD shows a typ-
ical signal intensity change, with drastically lowered
signal intensity both on T1-, T2-, and T2*-weighted
images (Rosenthal et al. 1986; Hermann et al. 1993;
Terk et al. 2000) (Fig. 1).

This lowering of signal intensity can be mild,
marked, or severe, in which the aspect of axial and
peripheral marrow can be different. In some GD
patients, structural bone damage is seen, preferably in
the peripheral skeleton, with a hypointense signal on
T1-weighted images and a mixed appearance of hyp-
ointense and hyperintense signal on T2-weighted
images. These areas of low signal on TI-weighted
images and high signal on T2-weighted images
suggest an active bone complication, yet these areas
remain unchanged for many years, and show no
correlation with clinical complaints (Fig. 2). This is an
important issue to address, since MR imaging proto-
cols in MSK and Marrow radiology very often consists
of fat-saturated T2-weighted or STIR sequences, in
which these areas of high signal will be depicted
instantly and interpreted as active disease/complica-
tion by the reading radiologist and intensification of
treatment may erroneously be advised in the reading
report.

Both homogeneous and heterogeneous patterns of
involvement can be detected in GD (Hermann et al.
1993). For instance, the infiltration in the axial
skeleton may show absence or persistence of fat in
basivertebral vein region (Fig. 3). Bone marrow
involvement progress from axial to peripheral and in
long bones from proximal to distal, however, the
epiphysis and apophysis remain relatively unaffected
except in the most severe cases (Rosenthal et al.
1986, 1992; Hermann et al. 1993). Whole-body MRI
is feasible as means of assessing the entire skeletal
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Fig. 2 T1 and T2 weighted
images of an adult type I GD
patient. Pathological features
in both femurs are seen, most
likely caused by earlier
ischemic events. These
features will not respond on
therapy, are irreversible.
BMB scoring is therefore
limited

system and could be a valuable diagnostic and
monitoring tool in the management of patients with
type 1 GD (Poll et al. 2011), but the most practical
approach for MRI of Gaucher bone disease is to
evaluate the lumbar spine and/or the lower extremity
with conventional T1- and T2-or T2*-weighted spin-
echo sequences. However, a fat-suppressed sequence,
for example STIR or fat-suppressed T2-/T2*-
weighted images, might provide additional informa-
tion regarding the evaluation of complications (Maas
et al. 2002, 2003). In order to differentiate the
described chronic abnormalities from an active or
complicated bone marrow process such as acute bone
crisis, occult fracture, infection, or bone infarction,
close correlation with clinical status is absolutely
mandatory.

Due to the complex situation of the bone marrow
changes in GD, it is recommended that MRI studies
take place at centers with experienced radiologists
both in acquisition as well as interpretation (Rosenthal
et al. 1986; Hermann et al. 1993; Roca et al. 2007).

Although conventional MRI evaluation is sensitive
in the evaluation of the extent of disease in GD
patients, a quantitative measurement tool is lacking.
An objective quantification of bone marrow changes
in GD is important in the assessment of disease status
and response to therapy.

2.3.2 Quantitative Chemical Shift Imaging

Since very expensive enzyme supplementation ther-
apy for the treatment of GD has become available,
adequate monitoring of response to treatment is
important in order to facilitate dose adjustments

(Hollak et al. 1995; Barton et al. 1992; Rosenthal
et al. 1995). In order to quantitatively analyze bone
marrow involvement and response to therapy in GD,
quantitative chemical shift imaging (QCSI) was
explored by a modification of a technique introduced
by Dixon (Dixon 1984; Johnson et al. 1992). The MR-
signal for a normal MR image originates from two
types of hydrogen nuclei: nuclei in water molecules
and nuclei in fat molecules (Dixon 1984). These two
types of nuclei have a slightly different precession
frequency due to the so-called “chemical shift” effect.
The Dixon method uses this difference in frequency to
separate the signals from water and fat, which makes
it possible to quantify the fat signal fraction, hence,
the Dixon quantitative chemical shift imaging (Dixon
QCSI) (Dixon 1984). This technique was evaluated as
early as 1992 in differentiating various hematological
bone marrow disorders (Rosen et al. 1988). QCSI was
evaluated in healthy volunteers, patients with leuke-
mia, or aplastic anemia on a 0.6 T magnet. It was
shown that the fat fraction, measured by this QCSI
technique, was the single best discriminator between
the groups. The same research group explored the use
of this technique to quantify longitudinal changes in
bone marrow that occur during induction of chemo-
therapy in patients with acute leukemia (Gerard et al.
1992). Results were correlated with bone marrow
biopsy results. QCSI data showed sequential increase
in fat fractions among responding patients, consistent
with biopsy-confirmed clinical remission. It was
concluded that QCSI proved useful in assessing
treatment response in acute leukemia during early
bone marrow regeneration and later in ascertaining
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Fig. 3 Sagittal T1 weighted images of an adult type I GD
patient. Mark the sparing of the fat surrounding the basiver-
tebral veins in the vertebral bodies. Compare with Fig. 1

remission or relapse. Furthermore, an additional
described benefit of QCSI was the ability to sample a
large portion of marrow.

The same research group tested the QCSI tech-
nique in vertebral bone marrow patients with GD
(Johnson et al. 1992). The measured fat fractions
were correlated with quantitative analysis of marrow
triglycerides and glucocerebrosides. An MR Spec-
troscopy performed in these surgical marrow speci-
mens showed a single fat and water peak, thus
validating the use of QCSI. Glucocerebroside con-
centrations were higher in bone marrow of GD
patients and inversely correlated with triglyceride
concentrations. It was concluded that QCSI is a sen-
sitive, noninvasive technique for evaluating bone
marrow infiltration in GD, showing great promise as a

noninvasive method to monitor bone marrow
response to treatment. In order to validate bone
marrow response, quantitative lipid profiles of bone
marrow specimens obtained from normal individuals
and patients with Gaucher’s disease were obtained
and analyzed by QCSI (Miller et al. 1996). In normal
marrow, triglycerides were by far the most abundant
lipid (278 £ 70 mg/gm wet weight); the concentra-
tion of glucocerebroside in normal marrow was
0.061 4+ 0.06 mg/gm wet weight. Gaucher marrow
had dramatically lower triglyceride levels of 82 %
(51 £ 53 mg/gm wet weight) and as expected marked
elevation of glucocerebroside (7.1 + 3.4 mg/gm wet
weight) (Akkerman and Maas 1995). It was con-
cluded that these data support a model of bone mar-
row alteration in GD in which triglyceride-rich
adipocytes are progressively replaced by Gaucher
cells, leading to an overall reduction in total lipid
content. This phenomenon provides an explanation
for the changes found in QCSI measurements in
Gaucher patients (Miller et al. 1996).

In the Academic Medical Center in Amsterdam,
this QCSI technique has been explored in greater
detail (Akkerman and Maas 1995; Hollak et al. 2001;
Maas et al. 2001). Important issues that were
addressed were the reproducibility of the protocol and
the normal mean fat fraction within a healthy adult
population (Maas et al. 2001). The measured mean
value in the lumbar spine in the healthy population
was 0.37 (SD 0.08). The SD is due to repeating
measurement, slice positioning and contour drawing
were very small. It was concluded that that repro-
ducibility was excellent.

The important use of this technique is the ability to
detect response of the bone marrow compartment to
enzyme replacement therapy. It is now a standard
modality at the Academic Medical Center in
Amsterdam for the assessment of BMB, and all
patients receiving treatment are evaluated annually
(Fig. 4). The limitations of QCSI are that the tech-
nology is not widely available, it does not use a
standard MRI sequence (although the sequences are
easy to implement), and a dedicated physicist and
radiologist are needed to gain reliable results.
Therefore, semi-quantitative scoring systems are
developed on several sites (Poll et al. 2001; Rosenthal
et al. 1986; Hermann et al. 1993; Terk et al. 2000;
Maas et al. 2003; Cremin et al. 1990; Vlieger et al.
2002).
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Fig. 4 Color coded display of the fat fraction measured annually in an adult type I GD patient

2.3.3 Semi-Quantitative MRI Methods

Numerous semi-quantitative scoring systems have
been developed for the evaluation of bone marrow
infiltration in adult Gaucher patients, including the
Rosenthal scoring system, the Diisseldorf Gaucher
score, the Terk classification, the vertebra disc ratio
(VDR), and the BMB score (vom Dahl et al. 2006).

2.3.3.1 Rosenthal Scoring System

A semi-quantitative staging system was developed by
Rosenthal et al. (1986, 1995), in which 11 sites of
Gaucher cell infiltration in the lower extremities are
scored in coronal view. These sites are numbered based
on centrifugal disease spread, with the epiphysis and
apophysis affected in more severe disease. The score is
the highest numbered site at which MRI demonstrates
involvement. This scoring system demonstrated
improvement in bone marrow during enzyme
replacement therapy, but was less sensitive than other
measures that assess lumbar spine bone marrow
(Rosenthal et al. 1995).

2.3.3.2 Diisseldorf Gaucher Score

The Diisseldorf 0—8 point scoring system is similar to
the Rosenthal system but is based on eight anatomical
sites in the lower extremities. Sites of altered marrow
(based on MRI) are given a score and the highest
numbered site of involvement is taken as a measure of
disease severity. The Diisseldorf system identifies
homogeneous and nonhomogeneous patterns of bone
marrow infiltration (Poll et al. 2001).

2.3.3.3 Terk Classification

The Terk classification system consists of four groups
based on the appearance of T1- and T2*-weighted
MRI signals with or without avascular necrosis (eight
classifications in total). A significant correlation has
been demonstrated between bone marrow response
(from the T1-weighted image) and reduction in the
volume of the liver (p < 0.005) or spleen (p < 0.005)
(Terk et al. 2000).

2.3.3.4 Vertebra Disc Ratio

The VDR measures pathological changes in the lum-
bar spine. It is defined as the ratio of the average T1-
weighted MRI signal intensity of the L3 vertebra and a
healthy L3/L4 disc (Vlieger et al. 2002). A normal
VDR was measured as 1.90 £+ 0.30; the VDR of an
untreated Gaucher was 1.29 £ 0.31; and a long-term
treated Gaucher patient was 1.70 £ 0.33. VDR mea-
surements correlate with fat fraction as an internal
control standard measured by QCSI—the most sensi-
tive measure of marrow fat content. Currently, the
VDR technique is not widely available. Different time
of repetition and time of echo intervals could influence
the appearance of signal intensities. Red marrow
content could also interfere with signal intensities.

2.3.3.5 Spanish S-MRI Score

This method evaluates bone marrow infiltration with
MRI using low field imaging. The new item of this
method is the inclusion of the pelvic marrow next
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Fig. 5 a Coronal images of
an adult type I GD patient.
Mark the low signal intensity
on both sequences in the
diaphysis of both femurs.
BMB score = 5 (hypointense
on T1, hypointense on T2,
located in diaphysis).

b Sagittal T1 and T2 weighted
images of the same adult type
1 GD patient. BMB = 6
(isointense on T1,
hypointense on T2, diffuse,
absence of fat in basivertebral
vein region). Combined
BMB =11

to lumbar spine and femur MRI. In 46 patients
(85.2 %), bone involvement was observed. A total
of 39 (72.3 %) had their spine affected, 35 (64.8 %)
pelvis, and 33 (61.2 %) femora. Correlation analysis
between S-MRI and the later mentioned Bone
Marrow Burden score (BMB) was (12 = 0.675;
p = 0.0001). This technique is used in 0.5 T MRI
and in the Spanish population only. No comparison
with other centers or populations is done. Also, no
correlation with state-of-the-art QCSI has been
done.

2.3.3.6 Bone Marrow Burden Score

This method, developed in the Academic Medical
Center in Amsterdam, takes into account the pro-
gressive patterns of bone marrow infiltration in the
lumbar spine (axial marrow) and the femur. A
scoring system assigns up to 8 points for femoral
involvement and 8 points for lumbar spine involve-
ment to give a maximum score of 16 points. An
example is shown in Fig. 5. This method has been
tested for inter- and intra-observer variability (dem-
onstrating high inter-observer reliability), correlates
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Table 1 Evaluation of BMB in the Femora

A: MR imaging signal intensity

Relaxation Signal intensity® BMB score
time

T1 Slightly hyperintense or isointense 0

T1 Slightly hypointense 1

Tl Hypointense 2

T2 Hyperintense 2

T2 Slightly hyperintense 1

T2 Isointense 0

T2 Slightly hypointense 1

T2 Hypointense 2

T2 Mixed type 3

B: Sites of involvement

Bone site involved BMB score
Diaphysis 1

Proximal epiphysis/apophysis 2

Distal epiphysis 3
Note A higher BMB score signifies more severe bone marrow involvement

 Determined in relation to signal intensity of nondiseased intervertebral disk

Table 2 Evaluation of BMB in the lumbar spine

A: MR imaging signal intensity

Relaxation time Signal intensity® BMB score
T1 Slightly hyperintense 0

T1 Isointense 1

T1 Slightly hypointense 2

T1 Hypointense 3

T2 Hyperintense 2

T2 Slightly hyperintense 1

T2 Isointense 0

T2 Slightly hypointense 1

T2 Hypointense 2

B: Infiltration pattern

Pattern BMB score
Patchy 1

Diffuse 2

Absence of fat in basivertebral vein region 1

Note A higher BMB score signifies more severe bone marrow involvement
% Determined in relation to signal intensity of nondiseased intervertebral disk

significantly with QCSI, and correlates with bone
complications (Maas et al. 2003). The technique has
the advantage that it provides a sensitive means of
monitoring bone marrow changes in response to

therapy. It can be carried out retrospectively and
enables central reading of MRIs from various centers.
Its use outside the Dutch patient group has been
published in an American cohort as well as an
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Australian cohort (Robertson et al. 2007; DeMayo
et al. 2008 ). Both mentioned studies slightly modified
BMB scoring system, to be used when STIR or
fat-saturated T2 sequences are performed instead of
plain T2 weighted sequences (Tables 1, 2).

According to the GD Working Group of interna-
tional experts, the BMB scoring method is preferred
over the other available scoring systems as it includes
measurements of both lumbar spine and femur, key
anatomical sites of Gaucher cell infiltration, and has
been validated against other methods, and applied in
multiple studies (Robertson et al. 2007). The most
recent validated disease severity scoring system for
adults with type 1 GD holds BMB score as the assessor
of the marrow infiltration in GD (Maas et al. 2008;
Weinreb et al. 2010).

The aforementioned successful quest for a nonin-
vasive surrogate biomarker in GD is an example of
real translational radiology. One might consider this a
novel specialty of radiology, metabolic radiology
(Maas et al. 2011).

24 Alternative Marrow Imaging
in Gaucher Disease
2.4.1 Plain Radiography

Although MRI is the preferred imaging technique in
the assessment of disease activity and response to
therapy, in many centers worldwide it is not possible
to have regular bone marrow evaluation with MRI.
Therefore, it is often thought that conventional plain
radiography is an acceptable alternative, being
widely available and relatively inexpensive. Though,
its sensitivity for defining the pattern of skeletal
disease is only 3040 % (Colbert 1972). Plain radi-
ography is therefore not useful for diagnosing GD or
monitoring the response of the skeleton to therapy
(Rosenthal et al. 1986; Farahati et al. 1996; Maas
et al. 2002; Terk et al. 2000; Rosenthal et al. 1992).
A substantial Gaucher cell burde