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ABSTRACT

Normal marrow contains both hematopoietic/red and fatty/yellow marrow with a predictable pattern of conversion
and skeletal distribution on MRI. Many variations in normal bone marrow signal and appearances are apparent and the
reporting radiologist must differentiate these from other non-neoplastic, benign or neoplastic processes. The advent of
chemical shift imaging has helped in characterising and differentiating more focal heterogeneous areas of red marrow
from marrow infiltration. This review aims to cover the MRI appearances of normal marrow, its evolution with age,
marrow reconversion, variations of normal marrow signal, causes of oedema-like marrow signal, and some common

non-neoplastic entities, which may mimic marrow neoplasms.

INTRODUCTION

Bone marrow represents a huge space within which focal
and diffuse abnormalities that can mimic neoplastic disease
may be identified on magnetic resonance imaging (MRI).
To avoid misdiagnosing normal marrow, changes due to
physiological reconversion, and lesions associated with
oedema-like marrow signal intensity (OLMSI) as neoplastic
pathology, radiologists should be aware of normal changes
in the distribution of yellow and red marrow with age, the
appearances of marrow reconversion and the commoner
focal and multifocal non-neoplastic lesions that may be
seen incidentally on MRI.

MRI APPEARANCES OF NORMAL BONE
MARROW

The MRI appearances of normal bone marrow and its
changes with age have been extensively reviewed in the
literature,"* and will only be dealt with briefly. The signal
intensity (SI) of bone marrow is dependent upon the rela-
tive proportions of yellow (inactive, fatty) and red (active,
haematopoietic) marrow. The bone marrow of neonates
is uniformly hypointense on TIW turbo spin echo (T1W
TSE) images due to the predominance of red marrow, but
by 6 months of age the epiphyses and apophyses contain
yellow marrow.>* The presence of residual red marrow
in the infant skeleton can make the identification and/or
extent of pathological processes difficult to assess (Supple-
mentary Figure 1). Bracken et al’ studied the TIW marrow
SI in 19 children aged from 1day to 3 years 10 months,
finding that 69% of infant marrow sites and 24% in children
> 1 year were isointense, and could therefore mimic marrow

pathology. Waitches et al® demonstrated that heterogeneous
fatty marrow was routinely seen in the femoral diaphysis
by 12months of age, while after 5years of age the femoral
diaphysis showed homogeneous fatty marrow. Therefore,
the presence of TIW isointense metaphyseal marrow in
children > 1year should be viewed with suspicion (Supple-
mentary Figure 2). However, it should be noted that
although complete red-to-yellow marrow conversion typi-
cally finishes around 25 years of age, small areas of residual
red marrow can be seen in the axial skeleton and the prox-
imal metaphyses of major long bones.*

An important principle of bone marrow MRI assessment
is its appearance on non-fat suppressed, non-contrast
enhanced TIW TSE images,’” which can usually differ-
entiate areas of red marrow, areas of OLMSI and areas of
marrow replacement. This is a fundamental requirement
in musculoskeletal MRI. Residual red marrow shows vari-
able SI, which is hypointense to fat but hyperintense to
skeletal muscle since it still contains ~15% fat, with fairly
well-defined but irregular ‘geographic’ margins (Supple-
mentary Figure 3). OLMSI has similar SI characteristics
but poorly defined margins (Figure 1),* and appears much
more prominent on short tau inversion recovery (STIR) or
fat suppressed T2W FSE sequences (Figure 2). This differ-
ence between T1W and STIR SI is an important feature of
OLMSI (Supplementary Figure 4), which is not seen with
marrow replacement. OLMSI also shows enhancement
following contrast. Marrow replacement typically appears
isointense or hypointense to skeletal muscle, with relatively
sharp margins (Supplementary Figure 5)."* Within the
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Figure 1. A 13-year-old girl presenting with left knee pain.
(a) Sagittal TIW TSE and (b) coronal STIR MR images show
a bone marrow oedema pattern either side-of the proximal
tibial physis (arrows), the features being those of a focal peri-
physeal oedema zone (FOPE) lesion.

spine, a similar comparison can be made between marrow SI and
the intervertebral disc (IVD), with lesions that are hyperintense
to the IVD almost always representing red marrow (Figure 3),
while lesions which are iso- or hypointense to the IVD almost
invariably representing marrow infiltrative disorders.'’ However,
in the paediatric skeleton, TIW marrow SI is expected to be
hypointense to the IVD under 6 months of age and may still be
hypointense up to 2years of age. Marrow SI may also be lower
than that of the IVD in adults in the thoracic spine, due to the
relatively higher TIW SI of thoracic IVDs."!

MRI APPEARANCES OF BONE MARROW
VARIANTS

There may be variations in the distribution of yellow and red
marrow within the vertebral bodies.>'! In children and young
adults, it is relatively common to find prominent fatty marrow
around the basi-vertebral veins (Supplementary Figure 6).
Conversely, red marrow may be more prominent adjacent to the
vertebral endplates which represent a metaphyseal equivalent, or

Figure 2. A 19-year-old female who presented with medial
shin pain and swelling. (a) Coronal TIW TSE and (b) STIR MR
images show prominent oedema-like marrow signal inten-
sity (arrows) in the proximal tibial metaphysis and reactive
pes anserinus bursitis (arrowheads). (¢c) Coronal CT MPR
demonstrates the intracortical osteoid osteoma nidus (arrow)
with associated endosteal sclerosis and periosteal response
(arrowheads).

Saifuddin et a/

Figure 3. A 65-year-old female referred for investigation of
an incidental lesion in the L3 vertebral body. Sagittal TIW TSE
MR image of the lumbar spine shows an oval lesion (arrow)
which is hyperintense to both the intervertebral disc and skel-
etal muscle consistent with a focal area of red marrow.

in the central anterior aspect of the vertebral body (Supplemen-
tary Figure 7). In older patients, the spinal marrow may appear
generally heterogeneous with multiple islands of fatty marrow
due to osteoporosis, in which case it is important to correlate the
appearances on T1W, T2W and STIR sequences (Supplemen-
tary Figure 8). Conversely, marrow heterogeneity may be due
to the presence of multiple nodular or more diffuse areas of red
marrow, which are more difficult to differentiate from marrow
replacement. In such cases, the use of quantitative chemical shift
imaging (CSI) can be of value by demonstrating marked SI drop
on the out-of-phase (OOP) sequence (Supplementary Figure
9).12

Several marrow variations in the paediatric skeleton need to be
recognised and not mistaken for pathological processes. Pal et
al'® described either multiple discrete or more confluent areas
of reduced T1W and increased T2W/STIR SI in the marrow of
children’s feet, so-called ‘spotty feet’ (Supplementary Figure 10),
seen in 63% of symptomatic and 57% of asymptomatic individ-
uals and being symmetrical when both feet were imaged. Similar
changes were reported in 11% of the foot and ankle bones in
59% of children under the age of 16 years, most commonly in the
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calcaneus (54%), talus (35%) and navicular (35%), typically at the
endosteal surface and likely representing residual red marrow.'*

Zbojniewicz et al'® described areas of OLMSI adjacent to the
open physes around the knee in adolescents, calling these
FOPE (focal periphyseal edema zone) lesions (Figure 1). These
occurred in children from 11 years 9 months to 15 years eight
moths, measuring 2-27mm in dimension. FOPE is seen as a
flame-shaped pattern of OLMSI around the central portion of a
closing physis."” The OLMSI pattern is typically eccentric to the
central portion of the physis. Whilst normally asymptomatic, the
central portion of the physis may be susceptible to trauma/stress
during physeal closure due to decreased elasticity. Therefore,
FOPE should only be considered as a source of pain if no other
finding is seen on MRI and the corresponding area is clinically
symptomatic. Reassuringly, it is a self-limiting process and the
oedema usually resolves once/soon after physeal closure with no
active management required.'®

MRI APPEARANCES OF MARROW
RECONVERSION

Bone marrow reconversion occurs when red marrow replaces
yellow marrow in the reverse pattern to that seen in normal
yellow-to-red marrow conversion. It occurs under conditions
of increased haematopoietic demand, which may be physiolog-
ical due to conditions such as obesity, cigarette smoking, in high
endurance athletes and following treatment with granulocyte-
colony stimulating factor (GCSF). Alternatively, it may be patho-
logical such as in severe chronic anaemias, diabetes and chronic
respiratory disease.”!” Areas of marrow reconversion still have
the same SI characteristics of red marrow, being hypointense to
normal marrow fat on T1W but still mildly hyperintense to skel-
etal muscle, allowing differentiation from marrow infiltration
(Figure 4).

Figure 4. A 37-year-old male with known myelodysplastic
syndrome who presented with right shoulder pain. (a) Cor-
onal TIW TSE and (b) axial SPAIR MR images show diffuse
reduction of TIW marrow Sl in the proximal humeral meta-
physis and glenoid (arrows-a) with corresponding increased
marrow Sl on the SPAIR sequence (arrows). The marrow is
still hyperintense to skeletal muscle on T1 indicating marrow
reconversion as opposed to marrow replacement from a neo-
plastic process.

L/
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On MR, areas of red marrow reconversion in the appendicular
skeleton tend to be fairly homogeneous and symmetrical, and
if severe enough may extend into the epiphyses (Supplemen-
tary Figure 11). However, marrow reconversion in the spinal
column may appear much more heterogeneous with areas of red
marrow embedded in the underlying yellow marrow, potentially
mimicking metastases or myeloma. However, using the basic
principle of T1W SI being hyperintense to skeletal muscle or
the IVD helps make this differentiation. In cases of doubt, CSI
can be utilised, which demonstrates marked SI drop on the OOP
sequence due to the fat content of red marrow.

The prevalence and relevance of residual red marrow on knee
MRI have been investigated. Vo et al'® reported on 327 patients
aged 31-41 years and only identified residual red marrow
in 18.8% of females, more commonly in the femur than tibia.
This was associated with obesity. Gonzales et al'® studied 457
knee MRIs and identified a relationship between low haemo-
globin level and a greater degree of red marrow reconversion,
suggesting that females who show diffuse red marrow recon-
version in the distal femur (Supplementary Figure 12), prox-
imal tibia and proximal fibula should undergo investigation for
anaemia. Marrow reconversion has also been seen in association
with heavy smoking,?® endurance athletes,”' male professional
cyclist’ and in obstructive sleep apnoea.”®

Prominent red marrow reconversion occurs following treat-
ment with granulocyte-colony stimulating factors, which
are commonly used to manage neutropenia during chemo-
therapy.* Marrow reconversion may occur as soon as 16 days
following commencement of treatment, and may be either
patchy (Supplementary Figure 13) or more homogeneous
(Figure 5), potentially mimicking disease progression and/or
metastatic disease.

Diffuse marrow reconversion

Diffuse marrow reconversion manifesting as reduction of TIW SI
and variable T2W/STIR SI is commonly seen in various haema-
tological conditions such as severe chronic anaemias,”> myelop-
roliferative disorders®*?’” and myelodysplastic syndrome.?® In the
absence of a known prior clinical history, such marrow changes
may be mistaken for neoplastic infiltration.

Severe anaemia occurs in the haemoglobinopathies, including
beta-thalassaemia® and sickle cell disease (SCD).* The resulting
marrow hyperplasia produces marked reduction of TIW SI in
both conditions (Supplementary Figure 14), but considering that
the diagnosis is usually clinically evident from early childhood
there should be no concern that the changes represent infiltra-
tion. Additional features of beta-thalassaemia include reduction
of T2W marrow SI due to iron overload from repeat blood trans-
fusions, and para-osseous soft tissue masses due to extramedul-
lary haematopoiesis (Supplementary Figure 15). Similar marrow
changes occur in SCD, which can be complicated by osteone-
crosis (Supplementary Figure 16) and osteomyelitis. These latter
conditions may result in focal marrow lesions on a background of
diffuse marrow hyperplasia that could be mistaken for neoplastic
lesions (Figure 6).
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Figure 5. A 10-year-old boy with a Ewing sarcoma arising
from the right pubic bone. (a) Coronal TIW TSE MR image at
presentation shows the primary tumour (arrow) with normal
fatty marrow in the imaged portion of the pelvis and proxi-
mal femora. (b) Coronal TIW TSE MR image of the pelvis and
(c) Sagittal TIW TSE MR image of the spine following neoad-
juvant chemotherapy show widespread diffuse reduction of
marrow S| due to marrow hyperplasia following granulocyte-
colony stimulating factor treatment, but mimicking metastatic
disease.

Figure 6. A 20-year-old female with known sickle cell disease
imaged for right arm pain due to a possible bone tumour. (a)
Coronal TIW TSE and (b) STIR MR images show an expansile
lesion in the humeral diaphysis (arrows) with an associated
inflammatory soft tissue mass (arrowheads-b). The lesion
demonstrates a ‘penumbra sign’ on T1W, the overall features
being consistent with subacute osteomyelitis. Note the under-
lying red marrow hyperplasia (thin arrows).

Saifuddin et a/

Figure 7. A 93-year-old male with known bladder cancer who
presented with an undisplaced fracture of the right femo-
ral neck. Marrow changes were thought to be secondary to
metastases. (a) Coronal TIW TSE MR image of the pelvis
shows heterogeneous reduction of TITW marrow Sl (arrows).
(b) Coronal CT MPR of the abdomen and pelvis shows diffuse
medullary sclerosis throughout the spine (arrows) and moder-
ate splenomegaly (arrowhead), the combined features being
consistent with myelofibrosis.

The myeloproliferative disorders include polycythaemia vera
(PV), essential thrombocythaeima (ET), primary myelofibrosis
(PMF) and chronic myeloid leukaemia (CML).2**” Common
clinical features include splenomegaly, thrombosis, bleeding and
extramedullary haematopoiesis resulting in hepatosplenomegaly.
The bone marrow may show reduction of TIW marrow SI due
to unregulated cell proliferation (Supplementary Figure 17). Soft
tissue changes include extramedullary haematopoiesis and sple-
nomegaly. In primary myelofibrosis,”* marrow SI changes are a
manifestation of bone marrow fibrosis, which may also occur in
end-stage PV and ET (secondary myelofibrosis). On radiographs
and CT, diffuse marrow sclerosis may be seen (Figure 7). This
combination of marrow changes needs to be distinguished from
diffuse osteoblastic metastatic disease (Figure 8).

The myelodysplastic syndromes represent a group of clonal
haematological stem cell disorders which commonly present
with anaemia, bruising/bleeding, and recurrent/persistent infec-
tions due to deficiencies of various blood cells."** TIW marrow
SIis diffusely reduced due to increase in marrow cellularity, and
of variable SI on T2W and STIR sequences (Figure 4). Iron over-
load due to repeated transfusions may result in further reduction
of marrow SI, particularly on T2* gradient echo sequences.

Systemic mastocytosis (SM) is another haematological condi-
tion that may result in diffuse marrow changes,’” the condition
being subcategorised into indolent (ISM), smouldering (SSM)
and advanced (AdvSM). Abnormal marrow patterns are most
commonly seen in SSM and AdvSM.** Changes include an ‘acti-
vated pattern’ where there is diffuse reduction of TIW SI and
diffuse hyperintensity on STIR, a diffuse sclerotic pattern with
reduction of both T1W and STIR SI, a ‘small-spotted sclerotic
pattern’ with tiny focal areas of reduced T1W and STIR SI which
correspond to osteoblastic foci on radiography and CT, and the
presence of well-defined lytic lesions which are hypointense
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Figure 8. A 78-year-old female with known breast cancer. (a)
Sagittal TIW TSE and (b) coronal T2W FSE MR images of the
lumbar spine show diffuse profound reduction of marrow Sl,
shown on biopsy to be due to osteoblastic metastatic disease.

-

on T1W and hyperintense on STIR. Clearly, these changes can
mimic metastatic disease, in particular the ‘small-spotted pattern’
may be mistaken for osteoblastic metastases.

Figure 9. A 79-year-old male with an incidentally identified
left sacral alar marrow lesion. (a) Coronal TIW TSE, (b) sagit-
tal T2W FSE and (c) coronal STIR MR images show an irreg-
ular oval lesion (arrows-a,b) which is slightly hyperintense to
skeletal muscle on TTW and hypointense on T2W, but is occult
on STIR. There is no reactive marrow oedema. (d) In-phase
and (e) out-of-phase TIW GrE chemical shift imaging shows
very marked S| drop on the out-of-phase sequence calculated
at 85% indicating a significant fat content allowing a confident
diagnosis of FNMH.

BJR

Multiple myeloma (MM) presents with five distinct patterns of
marrow involvement on MRI; diffuse, focal, combined diffuse and
focal, variegated, and normal. Non-malignant marrow patterns
mimicking diffuse MM include haematopoietic marrow hyper-
plasia, while heterogeneous marrow in the elderly can mimic
the variegated pattern. Differentiation is aided by careful assess-
ment of fat and fluid sensitive MR images, as well as quantitative
techniques such as CSI and FDG-PET.** Whole body-diffusion-
weighted MRI (WB-DWTI) is now considered the gold standard
modality in imaging patients with asymptomatic myeloma and
solitary plasmacytoma.’® WB-DWT uses the apparent diffusion
coefficient (ADC) value to quantify disease burden, overtaking
FDG-PET CT for diagnosis of small marrow lesions, assessing
disease burden and response to therapy.*®

Incidental marrow lesions

Incidental marrow lesions are occasionally identified on MRL
Shah et al*® reviewed 110 patients with no previous history of
malignancy in whom MRI demonstrated an incidental marrow
lesion. Of these, 24 underwent further investigation and six were
subsequently diagnosed with a malignancy. Similarly, Carlson
et al’’ investigated the prevalence and clinical significance of
incidental vertebral marrow signal abnormalities (VMSAs)
on thoracolumbar spine MRI. Of 1503 patients, 65 (4%) had a
VMSA of which only one was diagnosed with a malignant lesion
(multiple myeloma).

Focal nodular marrow hyperplasia (FNMH) is a form of marrow
reconversion which appears as relatively well-defined round/
oval or irregular areas of marrow hyperplasia that may be soli-
tary (Figure 3) or multifocal. Rajakulasingam et al*® described
the detailed imaging features of FNMH. In a study of 53 patients
with a mean age of 58 years, MRI demonstrated a poorly defined
round/oval lesion which was isointense or mildly hyperintense to
skeletal muscle on T1W, had low ST on T2W FSE images and was
commonly occult on STIR (Figure 9a—c). There was no associated
marrow oedema. All patients had follow-up MRI, with all lesions
remaining stable or partially resolving. In-phase (IP) and OOP
CSI was obtained in 31 cases, with 28 (90.3%) showing >20%
SI drop on the OOP sequence (Figure 9d and e), while 3 (9.7%)
demonstrated <20% SI drop. CT was undertaken in 26 cases,
with 17 (65.4%) showing mild medullary sclerosis. SPECT-CT
was available in four and FDG PET-CT in 2, all showing mild
increased uptake. Focal uptake was noted in 3 of 8 patients on
bone scintigraphy. Approximately 60% of lesions were located in
the spine, with the femur, sacrum and ilium being other rela-
tively common sites. Many patients had a pre-existing history of
non-skeletal malignancy, with the identified lesions referred for
biopsy as potential metastases. This study highlighted the value of
quantitative CSI for establishing the diagnosis in cases where the
lesion was not particularly hyperintense on T1W. It is important
when performing CSI to make formal region of interest measure-
ments rather than a simple subjective assessment, which can be
misleading (Figure 10). FNMH mimicking vertebral metastasis
on FDG-PET has been previously reported.”

FNMH must be differentiated from bone metastases. Shigematsu
et al*® compared the MRI features of 8 patients with suspected
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Figure 10. A 51-year-old male being investigated for low
back pain. (a) Sagittal T2W FSE and (b) axial TIW TSE MR
images show an incidental area of reduced marrow Sl in the
left side-of T12 (arrows-a,b). (c) In-phase and (d) out-of-phase
TIW GrE chemical shift imaging shows apparent increased SI
on the out-of-phase sequence. However, following actual ROI
measurements, a Sl drop of 58% was calculated indicating a
significant fat content allowing a diagnosis of focal nodular
marrow hyperplasia.

vertebral metastases later proven to represent hyperplastic
red marrow/FNMH, with 24 patients who had proven spinal
metastases. All 8 cases of red marrow/FNMH were hypointense
on TIW and T2W, and the T2W SI was significantly different
between the two entities with all cases of red marrow/FNMH
being hypointense. FDG-PET showed mild increased uptake
in all cases of red marrow/FNMH, but the maximum standard
uptake value (SUVmax) was significantly lower than that of
metastases (2.72 vs 6.46). CT attenuation values of red marrow/
FNMH were equal to or slightly greater than that of adjacent
normal vertebral marrow (189.8 vs 93.7HU), being significantly
different from metastases. Bone scintigraphy showed normal
uptake for all cases of red marrow/FNMH, which was not the
case for metastases.

Quantitative CSI using IP and OOP Dixon sequences with a short
TE and low flip angle is highly accurate in the differentiation of

Figure 11. A 49-year-old female investigated for low back
pain. (a) Coronal TIW TSE and (b) axial T2W FSE MR images
of the lumbosacral junction show an area of reduced TIW and
T2W Sl in the left side-of L5 (arrows) which has a rim of T2W
hyperintensity (arrowhead-b) consistent with a ‘halo’ sign.
Biopsy revealed a diagnosis of breast metastasis.

Saifuddin et a/

benign and malignant marrow lesions,*! and both FDG-PET
and CSI are highly accurate in differentiating intertrabecular
metastases from hyperplastic marrow lesions.*? Other MRI tech-
niques that have been utilised for differentiating hyperplastic
red marrow/FNMH from metastases/malignant marrow lesions
include intravoxel incoherent motion diffusion-weighted (DWT)
MRL* proton density fat fraction, and simultaneous R2* and
DWI assessing apparent diffusion coefficient (ADC) values.**°
Our preference is to use low TE low flip angle TIW CSI with SI
drop >20% at 1.5T and >25% at 3T between the IP and OOP
sequences taken as representing FNMH (Figures 9 and 10),%
while a SI drop lower than these values indicates a marrow
replacing lesion which may be either non-neoplastic, benign or
malignant.*® A pitfall of low TE low flip angle TIW CSI is anom-
alous increase in SI seen on OOP sequences, which correlates
with marrow sclerosis or matrix mineralisation presumably due
to susceptibility artefact.*’” This may result in <20% SI drop in
cases of FNMH since mild marrow sclerosis is a feature of this
condition.”® In such situations, CSI using a T2W FSE Dixon
sequence may be of value, since this appears to be more reliable
for the assessment of sclerotic lesions.*®

Due to its low T2W SI, FNMH may be mistaken for osteo-
blastic metastases. Schweitzer et al*’ described the ‘bull’s-eye
and ‘halo’ signs as discriminators between these conditions.
A ‘bulls-eye’ represented an area of increased TIW SI in the
centre of a lesion, and was a very reliable indicator of FNMH
with sensitivity of 95% and specificity of 99.5%. Conversely, a
‘halo’ represented a rim of high T2W SI around a lesion with
sensitivity of 75% and specificity of 99.5% for a metastasis
(Figure 11). In patients with high-grade appendicular bone
sarcomas, skip metastases are identified on TIW TSE whole
bone MRI in 16.3% of cases.”® FNMH may mimic skip lesions
in this clinical setting, and can usually be differentiated based
on T1W TSE SI characteristics.”" In cases of doubt, quantitative
CSI can be used.

MRI OF NON-TRAUMATIC OEDEMA-LIKE
MARROW SIGNAL INTENSITY

Differentiation between OLMSI and marrow replacement
due to a neoplastic process is another basic requirement of
musculoskeletal MRI reporting. OLMSI may be mistaken for
neoplastic marrow infiltration, and vice versa (Figure 12).
The MRI features of OLMSI have already been described, but
additional features are its relatively poor identification on
PDW FSE and T2*W gradient echo sequences (Supplementary
Figure 18), which are unreliable for the assessment of marrow
pathology.

OLMSI can be divided into those with a known and unknown
aetiology, with well-recognised causes including trauma,
degenerative, inflammatory, vascular, infectious, neoplastic,
iatrogenic, metabolic and neurological diseases.”> OLMSI of
unknown aetiology includes conditions variously termed tran-
sient bone marrow oedema syndrome, transient regional osteo-
porosis, transient regional bone marrow oedema and migratory
osteoporosis.53
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Figure 12. A 46-year-old male who presented with non-
traumatic left hip pain. (a) Coronal PDW FSE, (b) axial SPAIR
and (c) axial oblique T2*W GrE MR images of the left acetab-
ulum demonstrate no obvious marrow lesion on the PDW FSE
image although there is mild increased Sl in the adjacent soft
tissues (arrows-a). Increased marrow Sl is seen on the SPAIR
image (arrow-b) which could be consistent with oedema-
like marrow Sl, but the increased S| on the T2*W GrE image
(arrow-c) is not consistent with OLMSI. No TIW TSE sequence
had been obtained, and a diagnosis of occult fracture was
made. A year later, the patient re-presented with progression
of the marrow abnormality and a large extraosseous soft issue
mass, diagnosed as high-grade chondrosarcoma.

Figure 13. A 66-year-old female who presented with acute
onset low back pain. (a) Sagittal TIW TSE and (b) sagittal
STIR MR images demonstrates oedema-like marrow signal
intensity in the L3 vertebra (arrows) with some residual mar-
row fat evident. A transverse hypointense fracture line (arrow-
head-b) is also present, and there is a healed benign-vertebral
compression fracture at the level below. The combined fea-
tures are consistent with an acute benign vertebral compres-
sion fracture.

BJR

Benign Vertebral Compression Fractures

Benign vertebral compression fractures (BVCFs) must be differenti-
ated from pathological collapse, since both can present with areas of
reduced T1W and increased T2W/STIR SI. MRI findings suggestive
of BVCFs include coexisting healed BVCFs, areas of residual marrow
fat, sparing of the pedicles, a band-like shape of abnormal SI possibly
containing a hypointense fracture line (Figure 13), the presence of a
‘fluid sign’ (Figure 14), and focal posterior vertebral border convexity
or retropulsion. Features indicative of pathological collapse include
the presence of other infiltrative vertebral lesions suggestive of metas-
tases, the presence of a para-spinal mass, involvement of the neural
arches, complete replacement of normal bone marrow, the presence
of an epidural mass, and diffuse convexity of the posterior vertebral
border.>* Several quantitative MRI techniques have demonstrated
reliability in differentiating BVCFs from pathological fractures,
including proton density fat fraction measurement, quantitative eval-
uation of T2* relaxation time,”>>° qualitative and quantitative analysis
of a single T2W FSE Dixon sequence,” and ADC values.”®

Stress and pathological fractures

Stress fractures can present with bone pain and a marrow abnormality
in the absence of a history of trauma,™ thus mimicking a neoplastic
process. MRI shows OLMSI and the diagnosis is indicated by the
demonstration of a fracture line, which is an extremely rare feature
in the setting of malignant marrow infiltration. Fracture lines may be
either cortically based and often associated with cortical thickening
and periosteal oedema, or within the cancellous bone appearing as
a hypointense line which commonly runs perpendicular to the bone
cortex (Supplementary Figure 19). Diagnostic difficulty may arise in
the differentiation of pelvic/sacral insufficiency fractures in patients
who have undergone previous radiotherapy for prostate or cervical
cancer. Again, the demonstration of a fracture line is key to the diag-
nosis (Figure 15), but in this situation the addition of DWI may be
of added benefit.®® When OLMSI is difficult to differentiate from
marrow infiltration, CSI may be of value by demonstrating >20% SI
drop on the OOP sequence. However, insufficiency fractures are a
recognised cause of anomalous increase in OOP SI due to trabecular
impaction and reparative sclerosis, which can result in diagnostic
difficulty.*”

Subchondral insufficiency fractures involve the articular surfaces,
most commonly in the femoral head and around the knee.®! They are
commonest in the setting of osteoporosis, typically presenting with
severe acute onset hip or knee pain with normal radiographs, possibly
apart from underlying osteoarthritis. MRI demonstrates excessive
OLMSI which commonly fills the femoral head or the involved
femoral condyle, and a subchondral hypointense fracture line which
runs parallel to the articular surface (Supplementary Figure 20). The
identification of the fracture line is of paramount importance in
distinguishing the condition from early avascular necrosis or tran-
sient migratory osteoporosis. If not recognised, they may result in
collapse of the articular surface.

Atypical femoral fractures (AFFs) are insufficiency fractures
commonly associated with bisphosphonate treatment. Typical
features of AFFs are location in the lateral subtrochanteric region/
diaphysis, and a transverse or short oblique fracture configura-
tion.””? In a setting of previous malignancy; the development of new
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Figure 14. An elderly patient who presented with low back
pain. Sagittal T2W FSE MR image shows a linear area of fluid
S| (arrow) at the anterosuperior aspect of the L2 vertebral
body where there is a compression fracture of the superior
endplate, the ‘fluid sign’ being significantly associated with
benign vertebral compression fractures.

bone pain and an imaging abnormality may be mistaken for meta-
static disease. Typical MRI features include focal cortical thickening
with adjacent endosteal OLMSI and periosteal oedema.®®

Pathological fractures occur in the setting of an underlying bone
lesion, most commonly a metastasis and less commonly a primary
bone tumour®* In the paediatric population, pathological frac-
tures are a strong indicator of benign bone lesions when taking into

Figure 15. A 77-year-old female who presented with left but-
tock pain. (a) Coronal oblique TIW TSE and (b) axial SPAIR
MR images demonstrate oedema-like marrow signal intensity
within the left sacral ala (arrows) together with a hypointense
fracture line (arrowhead-b) running perpendicular to the cor-
tex indicative of a sacral insufficiency fracture.

Saifuddin et a/

Figure 16. (a) A 26-year-old female who presented with acute
right hip pain. Coronal TIW TSE MR image shows a fracture
(arrows) through the inferior aspect of the femoral neck with
oedema-like marrow signal intensity in the adjacent bone
(arrowheads), indicative of a non-pathological fracture. (b) A
79-year-old male who presented with acute left hip pain. Cor-
onal TIW TSE MR image shows a displaced intertrochanteric
fracture (arrow) with a relatively well-defined area of marrow
replacement in the adjacent bone (arrowheads), indicative of
a pathological fracture.

65

account the radiographic appearances of the primary tumour.
Imaging plays an important role in the prediction of fracture risk,”
and also in the differentiation of pathological from non-pathological
fractures. The major discriminating factor is the TIW marrow
pattern at the fracture site, with non-pathological fractures showing
OLMSI (Figure 16a) while pathological fractures demonstrate a rela-
tively well-defined area of marrow replacement (Figure 16b). Differ-
entiation of stress fractures from pathological fractures is optimal on
MR], the typical features of a pathological fracture being well-defined
T1W marrow signal, endosteal scalloping, muscle signal abnormality,
and a soft-tissue mass.*’”

Tumour-Induced OLMSI

OLMSI secondary to a variety of primary bone tumours is a
relatively common finding, which may result in diagnostic
uncertainty.®*% Gao et al’”® reported the incidence of OLMSI
associated with benign tumours and tumour-like lesions as
35.7%, the commonest lesions being Langerhans cell histiocy-
tosis, osteoblastoma, osteoid osteoma, and chondroblastoma. Of
107 cases associated with OLMSI, 45.8% were misdiagnosed as
malignant tumours on MRI. In the case of osteoid osteoma, the
predominant abnormality on MRI is OLMSI and the nidus may
be difficult to identify or may be occult, in which case CT should
be undertaken (Figure 2).”! Peri-tumoural oedema also makes
assessment of intramedullary tumour extent difficult, particu-
larly in the paediatric skeleton. In such situations, OOP TIW
GrE Dixon sequences may be of value since they will demon-
strate marked SI drop in the peri-tumoural oedema.”

Bone infection
Acute and subacute osteomyelitis (Brodie’s abscess) typically
present in the paediatric and young adult age group.”>”* MRI
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Figure 17. A 3-year-old boy who presented with knee pain and
swelling. (a) Sagittal TIW TSE and (b) axial STIR MR images
show prominent oedema-like marrow signal intensity (arrows)
in the distal femoral metaphysis with focal residual marrow fat
(arrowhead-a), periosteal elevation and soft tissue oedema
(arrowheads-b) due to acute osteomyelitis.

demonstrates prominent OLMSI. The identification of persistent
focal or diffuse fat SI within the abnormal marrow is a frequent
finding in acute osteomyelitis (Figure 17),” while the ‘penumbra
sign’ on unenhanced T1W MRI is highly specific for Brodie’s
abscess (Figure 6).”%”7 Multifocal skeletal tuberculosis can also
mimic metastatic disease.”®

CRMO and SAPHO syndrome

Chronic recurrent multifocal osteomyelitis (CRMO) and syno-
vitis, acne, pustulosis, hyperostosis, and osteitis (SAPHO)
syndrome are chronic relapsing inflammatory musculoskeletal
conditions commonly associated with skin disorders such as
palmoplantar pustulosis and acne, with characteristic imaging
features in the form of synovitis, osteitis and hyperostosis. CRMO
predominantly occurs in children/adolescents and SAPHO in
adults.”’ Both conditions present with focal or multifocal OLMSI

Figure 18. A 12-year-old girl referred for the investigation of
multifocal skeletal lesions. (a) Sagittal TIW TSE and (b) axial
SPAIR MR images of the spine demonstrate oedema-like mar-
row signal intensity (arrows) within the T12 vertebra. (c) Cor-
onal STIR MR image of the knees shows further oedema-like
marrow signal intensity lesions around both knees, the com-
bined features being typical of CRMO.

BJR

Figure 19. A 36-year-old female being investigated for low
back pain. (a) Sagittal TIW TSE and (b) axial T2W FSE MR
images of the lumbar spine demonstrates oedema-like mar-
row signal intensity (arrows) within the L4 and L5 vertebrae.
(c) Sagittal CT MPR demonstrates diffuse sclerosis of L4
indicative of osteitis (arrow) and hyperostosis at the anteroin-
ferior margin of L4 (arrowhead), the combined features being
typical of SAPHO.

with the anterior chest wall and spine being common locations
of SAPHO,**"® and the medial clavicle, spine, pelvis and long
bone metaphyses being typical sites in CRMO.®* Multifocal skel-
etal involvement in both conditions can be assessed with whole-
body MRL¥# Medial clavicular involvement in CRMO can
result in marked bone expansion mimicking tumours such as
Ewing sarcoma, although malignant bone tumours in the medial
clavicle are very rare in the paediatric population.*®®” CRMO is
a relatively common cause of paediatric vertebral collapse,*® and
this together with the presence of widespread skeletal lesions can
mimic metastatic disease, LCH or leukaemia (Figure 18). Spinal
involvement in SAPHO is characterised by focal/multifocal areas
of OLMSI with corresponding marrow sclerosis on radiography
or CT indicative of active osteitis, cortical erosions and hyperos-
tosis which classically involves the anterolateral vertebral margin
(Figure 19). Progression to vertebral ankylosis is a recognised
complication.

Bone infarction

The appearances of healed marrow infarction are well-
recognised, the findings including the presence of normal medul-
lary fat surrounded by a serpiginous margin of low T1W SI and
a ‘double-line’ sign on T2W images. Acute marrow infarcts may
appear as an irregular area of OLMSI which contains central fat
SI, the latter being indicative of the diagnosis (Figure 20).*>% A
follow-up MRI study in 3-6 months will demonstrate the typical
appearances of healed medullary infarction. Cystic degener-
ation is also a rare complication of medullary bone infarction,
appearing as a predominantly fluid SI lesion with or without a
peripheral fat ST margin (Supplementary Figure 21).”!

Serous Atrophy of Bone Marrow

Serous atrophy of bone marrow (SABM), also termed gelati-
nous bone marrow transformation, is a potentially reversible
condition characterised by fatty marrow atrophy with deposi-
tion of gelatinous substances in the marrow space.”® Prolonged
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Figure 20. A 46-year-old female who was investigated for
knee pain. (a) Sagittal TIW TSE and (b) coronal STIR MR
images show an irregular area of oedema-like marrow sig-
nal intensity (arrows) in the fibular head with central fat SI
(arrowheads), consistent with an immature marrow infarct.

starvation or other conditions bringing about lipolysis including
anorexia nervosa, hypoalbuminaemia, alcohol toxicity, aplastic
anaemia among many others are common underlying causes’>*’

MRI typically shows reduced SI of bone marrow and subcuta-
neous fat on TIW TSE sequences, mimicking the appearances
of a fat saturated sequence even although fat saturation has not
been applied.”* Conversely, increased marrow and subcutaneous
SI on fluid sensitive sequences appears as failed fat suppression,

Saifuddin et a/

often deemed a technical error.”® The increased water-to-fat
ratio on fluid sensitive sequences increasing T1 and T2 relax-
ation times is termed the ‘flip-flop’ effect on MRI.?> However, the
somewhat confusing MRI findings can be confirmed using CSI
such as the Dixon technique, which should highlight fat deple-
tion and water predominance thus avoiding misinterpretation
and further unnecessary imaging. Marrow changes are seen to
be focal initially and then more diffuse in severe/chronic stages
of the underlying disease. It is important to note than in serous
atrophy, the marrow changes tend to first occur at the distal
extremities while malignant infiltrative processes typically affect
red marrow rich areas such as the axial skeleton.”>** Addition-
ally, serous marrow does not enhance following contrast, unlike
a malignant process.”>**

CONCLUSIONS

MRI appearances of normal marrow display variations not
only with age but also with a wide variety of benign processes,
as discussed above. Some of these may even cause diffuse alter-
ation in SI, providing a diagnostic dilemma for the radiologist.
Recalling the normal composition of bone marrow and the
process of conversion/re-conversion is a basic requirement in
the understanding of marrow imaging. Additionally, knowing
how this changes with variations in subjects health state, as well
as in a variety of benign pathologies is essential in not over-
calling normal/benign marrow patterns as malignant patholog-
ical states, leading to unnecessary further work-up and potential
patient harm.
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