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SA-CME LEARNING OBJECTIVES

After completing this journal-based SA-CME
activiry, participants will be able to:

m Describe the normal sequences of mar-
row conversion and reconversion.

m Distinguish heterogeneous red marrow
from neoplastic marrow replacement.

m Recognize the more common nonneo-
plastic pediatric edema-like processes.

See www. rsna.orgleducation/search/RG.

The bone marrow is one of the largest organs in the body and

is visible in every magnetic resonance (MR) imaging study. It is
composed of a combination of hematopoietic red marrow and
fatty yellow marrow, and its composition changes throughout life
in response to normal maturation (red to yellow conversion) and
stress (yellow to red reconversion). MR imaging is highly sensi-
tive for detection of altered marrow signal intensity, and the T'1-
weighted spin-echo sequence provides the most robust contrast
between yellow marrow and disease. Heterogeneous red marrow
and red marrow hyperplasia can mimic marrow disease, but should
be distinguished from neoplastic replacement (leukemia, lym-
phoma, primary bone sarcomas, hematogenous metastases) and
expected posttreatment changes (radiation therapy, chemotherapy,
colony-stimulating factor, bone marrow transplant). Nonneoplastic
edema-like processes can also alter marrow signal intensity, includ-
ing trauma, infection, inflammation (chronic recurrent multifocal
osteomyelitis, juvenile inflammatory arthritis), altered biomechan-
ics, and chronic regional pain syndrome. Unfortunately, MR imag-
ing findings are often nonspecific and overlap among many of these
vastly different causes. Therefore, a definitive diagnosis is reliant on
a combination of imaging findings, clinical evaluation, laboratory
assessment, and occasionally tissue analysis.

©RSNA, 2016 » radiographics.rsna.org

Introduction

The bone marrow is one of the largest organs in the body after
bone, skin, and fat (1), and its composition changes throughout life
in response to normal maturation (red to yellow conversion) and
stress (yellow to red reconversion). The greatest physiologic marrow
composition change occurs during infancy and childhood. Although
this maturation process continues throughout adulthood, it occurs at
a much slower pace.

With continued improvement in faster image acquisition times
and the advantage of lack of radiation exposure, there is growing
use of magnetic resonance (MR) imaging in evaluation of pediatric
patients. The bone marrow is visible in every MR imaging study,
often in exquisite detail. Therefore, the radiologist may be the first to
detect unsuspected marrow disease, resulting in changes in patient
management and outcome. At times, accurate and confident identifi-
cation of marrow disease can be challenging, particularly in the pedi-
atric population, where altered marrow signal intensity can represent
normal marrow conversion, heterogeneous residual red marrow,
physiologic response to stress, or true disease.

In this article, we first review the normal bone marrow: (a) its
histologic composition and how it contributes to the MR imag-
ing appearance, (b) normal red to yellow marrow conversion and
its distribution based on age and location, and (¢) pathognomonic
locations and appearances of heterogeneous residual red marrow.
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TEACHING POINTS

B Red to yellow marrow conversion occurs throughout child-
hood and into early adulthood. An adult pattern is finally
reached at approximately 25 years of age, characterized by
the distribution of the red marrow limited to the axial skeleton
(skull, vertebrae, ribs, sternum, and pelvis) and proximal as-
pects of the appendicular skeleton (femora and humeri). This
normal physiologic marrow conversion follows a predictable
pattern throughout the body and within individual bones.

B Yellow to red marrow reconversion occurs in the exact reverse
order, centripetally from the axial to the appendicular skel-
eton and within the long bones, starting in the proximal me-
taphysis, followed by the distal metaphysis, and finally within
the diaphysis. In times of severe stress, epiphyseal marrow
reconversion, marrow cavity expansion, and/or extramedul-
lary hematopoiesis can occur. Deviation from this pattern sug-
gests an alternative diagnosis.

B Tumors occur more commonly in the region of red marrow
due to its richer vascularity and more active mitotic rates. In
contrast to red marrow, which is mildly hyperintense relative to
muscle on T1-weighted images, hypointensity relative to mus-
cle has 81% accuracy for identifying an infiltrative process and
hypointensity relative to intervertebral disks has 78% accuracy.

B A diverse group of nonmalignant processes can produce low
T1-weighted and high fluid-sensitive signal intensity within
the marrow, including trauma, infection, inflammation, al-
tered biomechanics, and chronic regional pain syndrome.
Although this imaging pattern is loosely termed bone marrow
edema, histopathologic examination demonstrates a variable
amount of hemorrhage, fibrosis, and/or necrosis in addition
to fluid; therefore, it is better termed edema-like lesion.

B Repetitive strenuous activity can cause microtrauma to the
physis due to disruption of the metaphyseal vascular supply,
resulting in extension of hypertrophic chondrocytes into the
metaphysis. This is most common in the shoulder of pitch-
ers (Little League shoulder), the wrist of gymnasts (gymnast
wrist), and the knees of high-level athletes. This pattern of in-
jury is unique to children, as the physes are two to five times
weaker than the surrounding ligaments and capsular struc-
tures and therefore more prone to injury.

Then, we review the causes and appearances of
stress-induced red marrow hyperplasia, which
can mimic disease. Finally, common causes of
marrow disease, including neoplastic marrow
replacement and nonneoplastic edema-like mar-
row alterations, are discussed.

Normal Bone Marrow

Histologic Composition

The medullary space contains trabecular bone
and bone marrow. The trabecular bone provides
mineral storage and scaffolding. It has minimal
signal intensity with MR imaging sequences due
to lack of mobile protons. The bone marrow is
composed of a combination of red (active, he-
matopoietic) and yellow (inactive, fatty) marrow.
It supplies the basic functional units for oxygen-
ation (red blood cells), cellular immunity (white
blood cells), and coagulation (platelets).
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The red marrow appears red due to the pres-
ence of hemoglobin. It represents the hemato-
poietic portion of the bone marrow, with roughly
60% hematopoietic cells and 40% adipocytes. Its
fat fraction increases with age, from 40% in in-
fants to 60% by age 70 years (1). Owing to its fat
fraction, on T 1-weighted images the red marrow
is mildly hyperintense relative to skeletal muscle
and intervertebral disks (2). The red marrow is
also vascularized and therefore demonstrates
mild gadolinium enhancement (3). This enhance-
ment decreases with increasing age, correlating
with the progressive conversion of red marrow to
less vascular yellow marrow (4).

The yellow marrow appears yellow due to the
carotenoids within the adipocytes. The function
of yellow marrow is uncertain, and it is postulated
to provide surface and/or nutritional support for
the red marrow. It is composed of approximately
80% fat (1).Yellow marrow follows the MR signal
intensity of subcutaneous fat and demonstrates no
significant contrast enhancement (2).

MR Imaging Considerations

Although red marrow and yellow marrow are
described as discrete elements for convenience,
they are actually intermixed within the medullary
space. Their proportions determine the overall
distribution of fat and water (red marrow, 40%
fat and 40% water; yellow marrow, 80% fat and
15% water), which ultimately determines the MR
imaging signal intensity. Marrow disease often
replaces the residential marrow fat with water.
Therefore, the most useful sequences are the
ones that can best display this difference between
fat and water.

Because fat is the major component of both red
and yellow marrow, the T'1-weighted spin-echo
sequence provides the most robust signal inten-
sity (5), which provides optimal tissue contrast
between yellow and red marrow as well as between
yellow marrow and disease (6). On fluid-sensitive
images, the signal intensity difference between red
and yellow marrow is less apparent (yellow mar-
row has low signal intensity and red marrow has
minimally high signal intensity relative to muscle).
In contrast, most marrow diseases are hyper-
intense on fluid-sensitive images due to locally
increased intracellular and extracellular water.

Contrast enhancement is less useful, as both
normal red marrow and various diseases (infec-
tion, inflammation, and tumor) can enhance. The
degree of normal marrow enhancement depends
on the distribution and volume of red marrow.
Therefore, in infants and young children with
almost entirely hematopoietic marrow, contrast-
enhanced images are even less sensitive in detec-
tion of subtle marrow disease.
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The less routinely used MR imaging sequences
include chemical shift imaging, diffusion-weighted
imaging, and MR spectroscopy (7,8). Chemi-
cal shift imaging uses the difference in resonance
frequency between fat and water photons to cancel
their signal on out-of-phase images. Since fat is
present in both red and yellow marrow but not
in neoplastic lesions, these neoplastic lesions will
not demonstrate the normal loss of signal on out-
of-phase images. Signal drop of more than 20%
has an odds ratio of 164 in predicting malignant
pathologic vertebral body fractures (9). Pre-
liminary data suggest that chemical shift imaging
allows detection of replaced marrow in a back-
ground of abundant red marrow, which is particu-
larly advantageous in evaluation of children (10).

Diffusion-weighted imaging is based on the
Brownian motion of free water molecules in
interstitial tissue. The calculated apparent diffu-
sion coefficient (ADC) maps correlate inversely
with tissue cellularity and cellular integrity, where
lower ADC values reflect higher cellularity and
allow detection of malignant lesions (11). A
higher ADC value reflects areas of necrosis and
can suggest a favorable response to cytotoxic
therapy (12). However, preliminary studies in
pediatric tumors suggest overlap in ADC values
between benign and malignant lesions (13). In
addition, diffusion-weighted imaging must be
used with caution in infants and young children,
as red marrow also restricts diffusion (14).

MR spectroscopy interrogates the metabolic
profile of a lesion and is more commonly used in
the brain. The relative paucity of literature on its
use in the musculoskeletal system is due to signal
dropout from cortical bone and spectral peak
contamination from adipose tissue. Nevertheless,
preliminary data suggest that an elevated choline
signal may be used to discriminate malignant from
benign lesions (15,16). The results from all three
techniques—chemical shift imaging, diffusion-
weighted imaging, and MR spectroscopy—are
heavily based on adult studies. More studies are
required to validate these results in children.

Less widely available imaging agents and pro-
tocols include ultrasmall superparamagnetic iron
oxide (USPIO) particles and whole-body MR
imaging. USPIO has the potential to distinguish
between hypercellular red marrow and neoplastic
marrow. Normal bone marrow contains macro-
phages, which phagocytose USPIO particles, and
appears hyperintense on T2- and T2*-weighted
images, while marrow replaced by neoplastic cells
lacks these macrophages and appears hypointense
(17). However, USPIO has not yet been ap-
proved for clinical use in the United States.

There is increased interest in use of whole-
body MR imaging in recent years, mainly due
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to advances in faster image acquisition and
free-breathing protocols (18,19). The goal of
whole-body MR imaging is maximum coverage
of the body within the shortest possible imaging
time. It typically uses the coronal imaging plane
and T2-weighted fat-saturated sequences. The
addition of diffusion-weighted imaging can be
helpful in the setting of high-cellularity tumors,
which restrict diffusion (20,21). In patients with
multifocal disease, additional imaging planes
and sequences with contrast material may be
required. Whole-body MR imaging has been
shown to be comparable to positron emission
tomography/computed tomography (PET/CT)
and better than bone scintigraphy in detection
of neoplastic marrow, with sensitivities of 98%,
90%, and 30%, respectively (22). However, lack
of a standardized protocol, possible long imaging
time, and variable reimbursement are the main
factors that hinder its more widespread use.

Red to Yellow Marrow Conversion

In the fetus, hematopoiesis begins in the yolk sac
before transferring to the liver and spleen dur-
ing the second trimester. As the medullary cavity
forms within the developing long bones, hema-
topoiesis shifts into this space so that it is the
primary site of red blood cell formation at term
(4). Initially, the medullary cavity contains en-
tirely red marrow with minimal fat; therefore, the
marrow is isointense to muscle on T'1-weighted
images and hyperintense on fluid-sensitive images
(23,24). During the postnatal period, the T'1-
weighted signal intensity rapidly increases, which
reflects a progressive increase in the amount of
marrow fat. In the perinatal period, the second-
ary ossification centers appear within the carti-
laginous epiphyses and apophyses. They initially
contain red marrow but are quickly replaced by
yellow marrow within 6 months (25).

Red to yellow marrow conversion occurs
throughout childhood and into early adulthood.
An adult pattern is finally reached at approxi-
mately 25 years of age, characterized by the
distribution of the red marrow limited to the
axial skeleton (skull, vertebrae, ribs, sternum, and
pelvis) and proximal aspects of the appendicular
skeleton (femora and humeri) (2). This normal
physiologic marrow conversion follows a predict-
able pattern throughout the body and within
individual bones. Yellow marrow first appears
peripherally in the terminal phalanges before
birth and progresses centrally during the first 2
decades of life (26). Within long bones, such as
the femora and humeri, this conversion starts
in the epiphysis and apophysis, followed by the
diaphysis, distal metaphysis, and finally proximal
metaphysis (27,28) (Fig 1).
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Figure 1. Red to yellow marrow conver-
sion in the femur. At birth, the medullary
cavity contains entirely hematopoietic
red marrow. Secondary ossification cen-

ters appear within the perinatal period [l Red Marrow

and quickly convert from red to yellow
marrow within 6 months. Within the re-
mainder of the bone, marrow conversion
first starts in the diaphysis and progresses
bidirectionally toward the metaphyses,
faster distally than proximally, so that re-
sidual red marrow is mainly found only
within the proximal metaphysis during
adulthood.

Within the axial skeleton, the rate of marrow
conversion is more gradual and continues into
and throughout adulthood. The relative propor-
tion of red marrow decreases by nearly half be-
tween the 1st and 8th decades, from 58% to 29%
(29). From 0 to 4 months of age, the vertebral
body ossification centers are dark on T 1-weighted
images when compared with the cartilage, due to
the higher concentration of trabecular bone and
hematopoietic marrow (30). By 6 months, the
ossification centers become isointense relative to
the cartilage. A T1-weighted bright mid horizon-
tal band is often visible within these early ossifi-
cation centers and corresponds to the sinusoidal
blood space at the site of fusion between two
contiguous somites (31).

Sebag et al (32) describe the vertebral marrow
remaining predominantly iso- to hypointense to
the disk before 1 year of age and hyperintense
after 5 years of age, due to progressive red to yel-
low marrow conversion. However, this conversion
may occur more rapidly (24). Marrow conversion
often begins centrally around the basivertebral
venous plexus, then extends peripherally toward
the subchondral marrow adjacent to the end-
plates. It is normal to see persistent red marrow
in the vertebral body with only isolated fatty mar-
row surrounding the basivertebral plexus as late
as mid adulthood (33) (Fig 2). Although contrast
enhancement of the basivertebral venous plexus
persists throughout life, vertebral body enhance-
ment is present only before 7 years of age due to
its rich vascular supply, permeability of the capil-
laries, and the relative abundance of extravascular
space (34).

In the pelvis, marrow signal intensity be-
comes heterogeneous during the 1st decade in
the anterior ilium and acetabulum, due to non-
uniform marrow conversion. This process con-
tinues into the 2nd decade in a heterogeneous
but relatively symmetric fashion (35). During
adulthood, residual red marrow is present in a

[ cartilage

[ Yellow Marrow
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Infancy Childhood Adolescence  Early Adulthood

>25 years

periarticular distribution, predominantly around
the sacroiliac joints, followed by the hip joints
and pubic symphysis (36).

Heterogeneous Red Marrow
Heterogeneous residual red marrow is a common
finding in the pediatric population. Its stereotypi-
cal appearance and location help distinguish red
marrow from pathologic marrow replacement.
Areas of red marrow can be small and focal or
large and geographic. Small islands of red mar-
row are common. A “bull’s-eye” appearance
refers to a red marrow island with a central focus
of yellow marrow, which is 95% sensitive and
99.5% specific for a benign process (37).

The larger geographic areas are typically
within the femoral and humeral metaphyses.
These large “flame-shaped” areas often abut the
growth plate, extend into the metaphysis, and
have sharply defined margins (38,39). Other
common sites of red marrow include areas adja-
cent to the endplates of the vertebral bodies and
the endosteum of the diaphyses of long bones.
Occasionally, red marrow can be seen within the
subchondral region of proximal epiphyses of the
humeri and femora (40) (Fig 3).

Helpful features in distinguishing heteroge-
neous red marrow from a pathologic process
include higher signal intensity relative to skeletal
muscle on T1-weighted images, feathery mar-
gins representing red marrow elements inter-
digitating with the adjacent yellow marrow, rela-
tive bilaterality, and the absence of mass effect.

Red Marrow Hyperplasia
Red marrow may persist or proliferate in times
of increased hematopoietic demand created by
relative hypoxemic states, such as decreased
oxygen-carrying capacity (chronic anemia, sickle
cell disease, thalassemia), impaired oxygen deliv-
ery (smoking, high altitude, cyanotic congenital
heart disease), and increased oxygen demand
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Figure 2. Vertebral body maturation and marrow conversion during early development. Sagittal T1-
weighted images of the lumbar spine from 1 day of age to 10 years of age. At term, the vertebral body
ossification centers (7r) are dark relative to the cartilaginous endplates (arrowhead) and disks (<) due to
the high concentration of trabecular bone and hematopoietic marrow. Note the more oval configuration
of the ossification center and the bright mid horizontal band, which corresponds to the site of fusion
between two contiguous somites. At 2 years of age, the ossification centers (5) increase in size and the
surrounding cartilage markedly thins (arrowhead). Vertebral body marrow conversion is a continuous
process, which starts shortly after birth, first around the basivertebral venous plexus (arrow), then extends
peripherally toward the subchondral marrow adjacent to the endplates. Typically, by 5 years of age, ver-
tebral signal intensity is higher than in the adjacent disks.

Figure 3. Normal heterogeneous red marrow. Left: T1-weighted image shows a large flame-shaped
area of red marrow within the distal femoral metaphysis (7). Center: T1-weighted image shows sub-
chondral red marrow (arrowheads) within the proximal humeral epiphysis. There is diffuse red marrow
hyperplasia within the proximal metaphysis ((J) due to uncontrolled asthma. Right: T1-weighted image
shows subendosteal red marrow within the mid shaft of the femur (arrowhead). Note that the red mar-

Chan et al
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row is mildly hyperintense to muscle in all these examples.

(athletes). In severe cases, superimposed bone
infarction can occur; in its acute phase, it is often
indistinguishable from osteomyelitis based on
imaging findings alone (41) (Fig 4).

During these times of systemic stress, the
body shifts marrow distribution toward hema-
topoietic marrow (Fig 5). Yellow to red marrow
reconversion occurs in the exact reverse order,
centripetally from the axial to the appendicular
skeleton and within the long bones, starting in
the proximal metaphysis, followed by the distal
metaphysis, and finally within the diaphysis
(42). In times of severe stress, epiphyseal mar-
row reconversion, marrow cavity expansion,
and/or extramedullary hematopoiesis can occur
(43). Deviation from this pattern suggests an
alternative diagnosis.

Nutritional disorders are another type of
systemic stress that can induce nonspecific mar-
row changes. Scurvy is the result of vitamin C
deficiency, which leads to impairment of the
coagulation cascade. Case reports on the mus-
culoskeletal manifestations of scurvy describe
subperiosteal hemorrhage and nonspecific mul-
tifocal dark T'1- and bright T2-weighted marrow
changes (44) (Fig 6). Anorexia nervosa or severe
cachexia causes hormonal alterations that can
paradoxically lead to an increase in adipocytes
within the medullary space, resulting in increased
T1-weighted signal intensity (45). Rarely, serous
atrophy occurs due to replacement of both yellow
and red marrow with a gelatinous material, which
is bright on both T'1-weighted and fluid-sensitive
images (46).
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Figure 4. Bone infarctions due to sickle
cell disease. (a—c) A 6-year-old boy pre-
sented during an acute veno-occlusive
crisis. Sagittal T1-weighted (a), fluid-
sensitive (b), and postcontrast (c) images
of the humerus show heterogeneously
enhancing medullary signal (OJ). This
finding is nonspecific and mimics osteo-
myelitis. There is incomplete fat saturation
of the proximal humerus (<). (d) Coro-
nal T1-weighted image of the pelvis in a
19-year-old man shows advanced avascu-
lar necrosis of the left femoral head with
collapse (arrow). The mildly hyperintense
signal within the right femoral metaphy-
sis and pelvis () is due to red marrow
hyperplasia.

Neoplastic Replacement
Pediatric bone marrow tumors can arise from
myeloid elements (leukemia and lymphoma),
from mesenchymal elements (osteosarcoma,
Ewing sarcoma), or represent hematogenous
metastases. Tumors occur more commonly in the
region of red marrow due to its richer vascular-
ity and more active mitotic rates. In contrast to
red marrow, which is mildly hyperintense relative
to muscle on T'1-weighted images, hypointensity
relative to muscle has 81% accuracy for iden-
tifying an infiltrative process and hypointensity
relative to intervertebral disks has 78% accu-
racy (47). Additional less sensitive and specific
imaging clues include sharp transition between
normal and abnormal marrow, mass effect, bone
destruction, and an associated extraosseous soft-
tissue mass.

Acute Leukemia

Acute leukemia is the most common pediat-

ric malignancy (46), and acute lymphoblastic
leukemia (ALL) is the most prevalent subtype.
Three patterns of bone marrow replacement have
been described: diffuse, patchy, and focal (4).
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The diffuse pattern is most common and occa-
sionally can be overlooked during routine image
interpretation, leading to delayed diagnosis. This
pattern results in homogeneous loss of normal
bright T'1-weighted fatty marrow signal inten-
sity with corresponding abnormally increased
signal intensity on fluid-sensitive images, known
as the “flip-flop” sign (Fig 7). However, this is a
nonspecific pattern, which can also be seen with
diffuse metastatic neuroblastoma and rhabdo-
myosarcoma (48). Although MR imaging is not
part of either treatment or monitoring for acute
leukemia, the abnormal marrow replacement can
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Figure 5. Red marrow hyperplasia. (a, b) A 3-year-old girl with aplastic anemia. Coronal T1-weighted images of the knee at
initial presentation when the patient was transfusion-dependent (a) and during recovery (b) show expected stress-induced
interval increase in the mildly hyperintense red marrow within the metaphyses. (c) A 23-year-old man with iron-deficiency
anemia due to a bleeding gastric ulcer. Left: Coronal T1-weighted image of the pelvis shows heterogeneous increase in the vol-
ume of red marrow ([J) within the spine, pelvis, and proximal femoral metaphyses. Right: Normal age- and gender-matched
comparison. (d) A 20-year-old man with sickle cell disease. Left: Sagittal T1-weighted image of the lumbar spine shows diffuse
heterogeneous low signal intensity of the vertebral bodies relative to the disk due to reconversion back to hematopoietic mar-
row. Multilevel central square endplate depressions are due to microvascular endplate occlusion and vertebral ischemia with
subsequent relative overgrowth of the anterior and posterior corners, producing the characteristic “Lincoln log” or “H-shaped”

vertebrae. Right: Normal age- and gender-matched comparison.

occasionally be detected in studies performed for
other indications (Fig 8).

Bone infarction (avascular necrosis, osteone-
Crosis) or marrow necrosis is present in 6.5%-—
15% of patients with ALL, typically manifesting
as nonspecific bone pain (49,50) (Fig 9). Imaging
findings overlap between these two processes.
Bone infarction is associated with impaired per-
fusion and typically occurs in the region of yellow
marrow. Acutely, this results in marrow hemor-
rhage, edema, and liquefactive necrosis, which
evolve into marrow fibrosis, trabecular disrup-
tion, and sclerosis. The classic “double-line” sign
on fluid-sensitive images is apparent only during
the subacute and chronic phases, consisting of an
outer low-signal-intensity rim from sclerotic bone

and an inner higher-signal-intensity rim from
inflammation and vascularized granulation tissue
(51). Superimposed fracture and bone collapse
during the advanced stages can lead to acute
marrow edema (52).

In contrast, marrow necrosis is marrow
infarction due to microvascular occlusion with
preservation of the intervening trabecular bone.
Although the exact mechanism is unknown, it is
postulated that it may represent a combination of
mechanical obstruction and inflammatory dam-
age (53).This is best diagnosed on postcontrast
images, where a geographic area of the marrow
enhances peripherally but not centrally, which
is similar to acute bone infarction. However, the
evolution of the abnormality allows differentiation
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Figure 6. Scurvy in a 3-year-old autistic boy.
(a) Parasagittal T1-weighted image of the lum-
bosacral spine shows multifocal patchy areas
of isointense marrow signal ((J) relative to the
disk. (b) Coronal postcontrast fat-suppressed T1-
weighted image shows enhancement of these
vertebral areas as well as additional metaphyseal-
equivalent areas within the pelvis (arrowheads).
The patient’s serum vitamin C level was less than
5 wmol/L (normal, 23-114 pwmol/L).

Figure 7. Diffuse marrow replacement
due to ALL in an 8-year-old boy. Sagit-
tal T1-weighted (a), fluid-sensitive (b),
and postcontrast (c) images through the
lumbar spine show diffuse homogeneous
replacement of the normal fatty marrow
with leukemic cells, resulting in low T1-
weighted and high fluid-sensitive signal
intensity, which is recognized as the flip-
flop sign. Note the diffuse avid enhance-
ment of the abnormal marrow and super-
imposed compression fractures (C] in a).

between the two entities: necrotic marrow can
heal and repopulate without progression to bone
collapse (54). Although bone marrow necrosis

is associated with malignancy in 80%—-90% of
cases, it is not specific to ALL and has been
reported with neuroblastoma (55,56). Nonmalig-
nant causes include infection, sickle cell disease,
sepsis, and drug ingestion (55,57).

Lymphoma
Osseous involvement is more common with non-
Hodgkin lymphoma than Hodgkin lymphoma

radiographics.rsna.org

(25%—-40% vs 5%—-15%, respectively) and indi-
cates advanced (stage IV) disease (59). Marrow
replacement is often focal or patchy and less often
diffuse, leading to high rates of false-negative bone
marrow biopsies (Fig 10). Extraosseous tumor
extension can occur, often causing minimal or
absent underlying cortical destruction due to its
infiltrative nature.

Primary Osseous Sarcomas
The most common primary malignant bone
tumors of children and young adults are osteo-
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a. b. C.

Figure 8. Pathologic fracture due to ALL in a 2-year-old girl. (a) Lateral knee radiograph shows a
pathologic fracture through an aggressive lytic lesion in the proximal tibial metaphysis. Note the pos-
terior periosteal elevation (arrow). (b, c) Sagittal T1-weighted image of the knee (b) and axial post-
contrast image through the tibial metaphysis (c) show a diffuse marrow replacement process within
the proximal tibia (CJ in b) with cortical breakthrough (arrowheads) and periosteal elevation (arrows).
The surrounding soft-tissue enhancement represents a combination of fracture-induced inflammation
and neoplastic infiltration.

Figure9. Abnormal perfusion due to ALLin a 3-year-
old girl with left hip pain. Coronal T1-weighted (a),
fluid-sensitive (b), and postcontrast (c) images
through the pelvis show the classic flip-flop sign of
marrow replacement. There is superimposed asym-
metric loss of perfusion to the left femoral epiphysis
(3¢ in ¢), concerning for avascular necrosis.

sarcoma and Ewing sarcoma. Osteosarcoma,
commonly diagnosed during the 2nd decade

of life, classically contains osteoid matrix and
favors the metaphysis in 90% of cases. Its MR
imaging appearance depends on the degree of
mineralization, which is low on T'1-weighted and
fluid-sensitive images. Imaging of the entire af-
fected bone at diagnosis is crucial for detection
of skip lesions and subsequent surgical planning.
Micrometastatic disease is presumed present at
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Figure 10. Hodgkin lymphoma in a 9-year-old boy. Sagittal T1-weighted (a) and fluid-sensitive (b) images
of the thoracic spine show minimally heterogeneous, global replacement of the normal fatty marrow with lym-
phoma cells. Note the extraosseous soft-tissue mass in the spinal canal (O) with focal mass effect on the proximal
thoracic cord and the relatively intact adjacent vertebral cortices. (c) T1-weighted image showing a normal

age- and gender-matched comparison.

the time of diagnosis, which necessitates neoad-
juvant chemotherapy.

Ewing sarcoma affects a younger age group
but is rare under the age of 5 years. It favors the
diaphysis, often with a large associated extraosse-
ous soft-tissue mass (Fig 11). Ewing sarcoma is
extremely radiosensitive; for cases of unresectable
disease, radiation therapy is often used for local
control.

Hematogenous Metastases

In the pediatric population, metastatic disease is
most often secondary to neuroblastoma, fol-
lowed by primary bone or soft-tissue sarcomas
(ie, Ewing sarcoma and rhabdomyosarcoma).
Since the spread of hematogenous metastases
is dependent on blood flow, sites of red mar-
row are more frequently involved due to their
increased vascularity (4,60). Metastases are
commonly multifocal, although neuroblastoma
and rhabdomyosarcoma can appear diffuse and
mimic leukemia (48) (Fig 12).

On fluid-sensitive images, the “halo sign” is
characterized by a peripheral rim of hyperinten-
sity, which is hypothesized to represent focal tra-
becular destruction and replacement with fluid.
This sign is 75% sensitive and 99.5% specific
for metastases (37). Overall, MR imaging allows
detection of more metastases than skeletal scin-

tigraphy, as it does not rely on cortical involve-
ment (22,61).

Treatment-related Changes
Radiation, chemotherapy, granulocyte colony-
stimulating factor, and bone marrow transplant
are routinely used in treatment of neoplasms
and lead to temporary or permanent changes
in marrow composition and MR imaging signal
intensity. Understanding the expected posttreat-
ment changes is crucial for identifying residual or
recurrent neoplastic marrow involvement.

Radiation therapy is often limited to the
region of disease, with the goal of establishing
local disease control (Fig 12). During the first
2 weeks after irradiation, bone marrow may
show no change, edema, or hemorrhage, lead-
ing to a variable imaging appearance (62). A
mild transient increase in contrast enhancement
may be seen due to increased vascular perme-
ability. After 3—6 weeks, there is preferential
disappearance of the red marrow, leading to
heterogeneously increased signal intensity on
T1-weighted images. After 6 weeks, the fatty
marrow transformation becomes more homoge-
neous (63) (Fig 13).

Recovery of normal marrow signal intensity
is largely dependent on the patient’s age and the
radiation dose. Younger patients and patients
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receiving less than 30—40 Gy are more likely to
recover with full marrow regeneration. At doses
greater than 40-50 Gy, little to no regeneration
occurs due to sinusoidal destruction (64).

Early signs of marrow regeneration include
either a diffuse mottled appearance or a periph-
eral band of mildly increased T'1-weighted signal
intensity relative to muscle, reflecting hematopoi-
etic marrow (65). Marrow changes are classically
restricted to the region covered by the radiation
port, but altered marrow signal intensity can
occur in adjacent structures due to a combina-
tion of indirect effects and/or scattered radiation
(66,67). Complications after radiation therapy
include growth disturbance in the skeletally im-
mature, osteonecrosis, insufficiency fractures, and
secondary radiation-induced benign and ma-
lignant neoplasms, most commonly osteochon-
droma and osteosarcoma (68,69).

Chemotherapy changes are often diffuse.
During the 1st week, the marrow is character-
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Figure 11. Ewing sarcoma in an 11-year-old
boy. (a) Longitudinal gray-scale ultrasono-
graphic image of the calf shows a heterogeneous
mass (O) with underlying cortical irregularity
(arrowheads). (b—d) Coronal T1-weighted (b),
fluid-sensitive (c), and postcontrast (d) images
show an aggressive, heterogeneously enhancing
lesion with extensive tibial marrow replacement
(O in b). Note the associated circumferential
soft-tissue mass (O in b).

ized by edema secondary to dilatation and
hyperpermeability of the sinusoids. In the fol-
lowing weeks, the cytotoxic effect decreases the
number of myeloid precursors, leading to fatty
marrow transformation. Within 3—-4 weeks, red
marrow regeneration begins, typically in a mul-
tifocal pattern with numerous small foci of red
marrow (70). After successful chemotherapy, the
marrow appearance may or may not completely
normalize. Complications of chemotherapy in-
clude methotrexate-induced osteopathy (osteo-
penia, insufficiency fractures, multifocal involve-
ment) (71,72), hypophosphatemic rickets from
ifosfamide-induced nephrotoxicity, isotretinoin-
induced cortical hyperostoses, and bone infarc-
tion (73).

Granulocyte colony-stimulating factor is often
administered in conjunction with chemotherapy
to stimulate myeloid cell production and limit
aplasia. Stimulation of red marrow proliferation
typically occurs in a diffuse, patchy pattern and
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a.

Figure 12. Diffuse metastatic neuroblastoma in a 4-year-old boy. (a) Posterior projection iodine 131 metaiodoben-
zylguanidine scan shows the midabdominal primary tumor (arrow) and extensive metastases throughout the axial and
proximal appendicular skeleton. (b) Sagittal T1-weighted image of the lumbosacral spine before treatment shows dif-
fuse fatty marrow replacement by neuroblastoma with the vertebral bodies isointense to the disks. (c) Left: Post-radia-
tion therapy image shows fatty marrow conversion of the vertebrae within the radiation field (L1-L4). Right: Normal
age- and gender-matched comparison.

Figure 13. Metastatic medul-
loblastoma treated with radiation
therapy in a 6-year-old girl. Sag-
ittal T1-weighted images of the
craniocervical junction before (a)
and 6 months after (b) radiation
therapy show radiation-induced
difftuse homogeneous fatty mar-
row conversion.
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can mimic disease (74). The effect occurs rapidly, a new marrow free of neoplastic cells. Two to 4
maximizes at 2 weeks, and normalizes 6 weeks weeks after stem cell infusion, a peripheral band-
after discontinuation of the growth factor (74). like pattern of mildly increased T 1-weighted

Bone marrow transplant involves ablation of signal intensity relative to muscle appears, which
the patient’s native marrow and infusion of either reflects regenerating hematopoietic cells re-

autologous or allogenic stem cells to reconstitute populating along the subendosteal sinusoids. In
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other areas, a multifocal pattern with numerous
small foci of red marrow can be present (Fig 14).
Posttransplant changes typically stabilize by 3
months. In patients with successfully reconsti-
tuted marrow, T'1-weighted signal intensity often
remains increased compared with that of age-
matched controls (75).

Nonneoplastic Infiltration
A diverse group of nonmalignant processes can
produce low T'1-weighted and high fluid-sensitive
signal intensity within the marrow, including
trauma, infection, inflammation, altered biome-
chanics, and chronic regional pain syndrome.
Although this imaging pattern is loosely termed
bone marrow edema, histopathologic examination
demonstrates a variable amount of hemorrhage,
fibrosis, and/or necrosis in addition to fluid;
therefore, it is better termed edema-like lesion
(76). As imaging findings often overlap, the clini-
cal history, laboratory assessment, and potentially

Figure 14. Treatment-induced red marrow hyperplasia in an 11-year-
old girl with Ewing sarcoma. (a) Pretreatment coronal T1-weighted im-
age of the pelvis shows the right iliac wing primary tumor ((J) and a large
extraosseous soft-tissue mass (O). Note the left femoral head metastasis
(arrow). Subsequent chemoradiation therapy and stem cell transplant
were complicated by an infusion reaction resulting in prolonged anemia.
(b, ¢) Two months posttreatment coronal T1-weighted images of the
pelvis (b) and knee (c) show innumerable foci isointense to mildly hy-
perintense to skeletal muscle throughout the metaphyses and spine (5%),
consistent with red marrow hyperplasia. Note the significant interval de-
crease in size of the primary sarcoma (CJ and O in b).

tissue evaluation may be required to establish the
definitive diagnosis. This section highlights some
of the more important pathophysiologic and im-
aging features of the common edema-like marrow
processes encountered in children.

Osseous Injury

Low T1- and high T2-weighted signal intensity
at the site of osseous injury reflects a combina-
tion of edema and hemorrhage. The spectrum
of injury ranges from fracture and bone contu-
sion to chronic microtrauma from overuse. In
skeletally immature patients, 18% of fractures
involve the physis. There is a subsequent risk
of growth arrest, which is most common in

the distal femur and tibia, accounting for 35%
and 30% of cases, respectively (77,78). A bone
contusion (also known as a bone bruise) is the
result of low-impact trauma to the cancellous
bone leading to trabecular microfracture. In
athletes, asymptomatic bone marrow edema is
often present (79), which is thought to rep-
resent a combination of contusion (80) and
stress-induced hyperperfusion leading to bone
remodeling (81).

Overuse injuries include both stress fractures
and physeal injuries. The most common sites for
stress fractures in children are the tibia, fibula,
and pars interarticularis (78). Repetitive strenu-
ous activity can cause microtrauma to the physis
due to disruption of the metaphyseal vascular
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Figure 15. Little League
shoulderin a 14-year-old
male baseball pitcher.
Oblique coronal T1-
weighted (a) and fluid-
sensitive (b) images of
the right shoulder show
subtle asymmetric pe-
ripheral physeal widen-
ing (arrow), with dark
T1-weighted and bright
fluid-sensitive reactive
signal intensity in the ad-
jacent metaphysis ().

supply, resulting in extension of hypertrophic
chondrocytes into the metaphysis. This is most
common in the shoulder of pitchers (Little
League shoulder) (82), the wrist of gymnasts
(gymnast wrist) (83), and the knees of high-level
athletes (84) (Fig 15). This pattern of injury is
unique to children, as the physes are two to five
times weaker than the surrounding ligaments and
capsular structures and therefore more prone to
injury (85). The resulting physeal widening and
irregularity can progress to transphyseal bony
bridging (78,84).

In adolescents, focal periphyseal edema can
be present along the central portion of a closing
physis and extend into both the metaphysis and
epiphysis. This is postulated to represent focal
stress and microtrauma due to decreased flex-
ibility at this initial site of normal physiologic
physeal closure (86).

Osteomyelitis
Osteomyelitis has a prevalence of two to 13 per
100000 children in developed countries, and
40% of cases occur in preschool children. The
most common sites of infection are the femur,
followed by the pelvis, tibia, and humerus
(87). Staphylococcus aureus is the most com-
mon pathogen (Fig 16). In more recent years,
Kingella kingae has become the leading Gram-
negative organism among children under 4 years
of age and manifests as a more indolent infec-
tion (88).

Acute osteomyelitis is often secondary to
hematogenous spread. Metaphyseal seeding is
common due to sluggish flow within the meta-
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physeal venules. In infants under 18 months

of age, transphyseal vessels permit epiphyseal
involvement. Infectious exudate can decompress
into the subperiosteal space (subperiosteal ab-
scess) or surrounding structures (pyomyositis and
septic arthritis) and/or elicit local inflammatory
reaction and deep venous thrombosis (89).

Radiographs are insensitive in the first 2
weeks. MR imaging is the comprehensive imag-
ing modality of choice, which allows assessment
of both the bone marrow and surrounding soft
tissues. The abnormal marrow signal intensity
(low on T'1-weighted images and high on fluid-
sensitive images) arises from a combination
of infiltrated inflammatory cells and reactive
inflammatory response (Fig 16). Imaging find-
ings that favor infection over neoplasm include
poorly defined transition between normal and
abnormal marrow, intramedullary fat lobules,
and extraosseous fat-fluid level. The latter two
are due to necrosis of medullary lipocytes (90).
If the marrow is normal on precontrast images,
additional gadolinium-enhanced images add no
additional value (91). Exceptions to this rule
include suspected epiphyseal cartilage infection
and epidural abscess (90,92).

Chronic osteomyelitis is defined by persis-
tent infection after 1 month of treatment. This
may manifest as a small focus of disease such
as a Brodie abscess, more pervasive disease
with sequestrum and involucrum, or uniformly
dense sclerosis. In contrast to acute osteomy-
elitis, chronic osteomyelitis has a better-defined
interface between normal and diseased marrow
(93) (Fig 17).
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Chronic Recurrent
Multifocal Osteomyelitis
Chronic recurrent multifocal osteomyelitis
(CRMO) is postulated to represent an autoin-
flammatory process. It is a diagnosis of exclu-
sion, reliant on a combination of factors includ-
ing prolonged and/or recurrent clinical course,
typical imaging appearance, laboratory findings
that mimic osteomyelitis (but without a causative
organism), no response to antibiotics, and posi-
tive response to nonsteroidal anti-inflammatory
drugs (NSAIDs). Primary differential diagnoses
include acute bacterial osteomyelitis, metastases,
and Langerhans cell histiocytosis (94).

CRMO commonly involves the metaphyses
of long bones and the pelvis, spine, and medial
clavicle. The metaphyseal lesions are more com-
mon in the lower extremities and juxtaphyseal in
location, with widely variable radiographic ap-
pearances ranging from normal to lytic, sclerotic,
or mixed (94,95) (Fig 18). Bilateral, symmetric,
synchronous involvement is insensitive but specific
for CRMO (95). Medial clavicle involvement is
characterized by significant hyperostosis and lack
of extension to the sternoclavicular joint (94).
Spine involvement is often multifocal and vertebra
plana can occur, which mimics Langerhans cell
histiocytosis or metastatic disease (lymphoma,
leukemia, and neuroblastoma).

Chan etal 1925

Figure 16. Acute S aureus os-
teomyelitis in a 3-year-old girl.
Coronal T1-weighted (a), fluid-
sensitive (b), and postcontrast (c)
images show heterogeneously
enhancing tibial intramedullary
inflammatory changes (CJ) and
extensive surrounding soft-tissue
inflammation.

With the exception of the spine, MR imaging
is highly sensitive in detection of active disease,
which appears as bone marrow edema and con-
trast enhancement, while quiescent sites appear
dark on both T'1- and T2-weighted images due to
sclerosis (96). Given the often multifocal nature
of the disease, whole-body imaging helps iden-
tify additional asymptomatic lesions. Although
whole-body imaging has traditionally been
performed with skeletal survey or technetium
99m bone scintigraphy, there is increased use of
whole-body MR imaging given its advantage of
avoiding radiation (94).

Complications can include growth distur-
bances secondary to premature physeal closure
and cord compression or kyphoscoliosis from spi-
nal involvement. Although most cases spontane-
ously resolve, some can last up to 25 years (97).

Juvenile Inflammatory Arthritis

Juvenile inflammatory arthritis (JIA) is a hetero-
geneous group of arthritides with onset before
16 years of age and symptoms persisting for over
6 weeks. The most common sites of involvement
are the knee, followed by the ankle, wrist, hand,
elbow, and hip (98). Seven distinct subtypes

are recognized by the International League of
Associations for Rheumatology, and all involve
chronic inflammation of the synovium and
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Figure 17. Chronic osteomyelitis in a
10-year-old girl. (a) Sagittal T1-weighted
image of the distal radius shows a well-
demarcated area of marrow replacement
(3%). (b—d) Axial T1-weighted (b), fluid-
sensitive (c), and postcontrast (d) images
show the marrow replacement (arrow),
which is bright on the fluid-sensitive im-
age and demonstrates mild enhancement,
compared with the normal marrow in the
adjacent ulna. Targeted biopsy revealed
chronic inflammation.

periarticular tissues. In contrast to the adult pat-
tern of periarticular destruction in rheumatoid
arthritis, inflammation in JIA begins at the sur-
face of the epiphyseal cartilage and spreads to the
underlying ossification center, leading to skeletal
undergrowth or overgrowth and joint malalign-
ment. Joint space narrowing develops early with
progression to erosions and ankylosis (99).

MR imaging is not routinely used in diagnosis
of JIA. However, in ambiguous cases or when
it involves deep or complex joints, MR imaging
remains the most comprehensive imaging modal-
ity, as it can simultaneously exclude alternative
diagnoses and assess for the presence of osteoar-
ticular inflammation.

Altered Biomechanics

Nonspecific marrow change from immobilization
is often encountered in routine practice and is re-
producible in experimental settings. For example,
temporary overpronation of the lateral foot for 2
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weeks induced multifocal marrow edema in 92%
of volunteers (100). These often asymptomatic,
patchy areas of marrow edema favor the hindfoot
and are often subcortical, subchondral, and sub-
enthesial in location (101). These findings may
represent disuse osteopenia and/or microfractures
in the setting of decreased bone integrity (Fig
19). However, bilateral, symmetric, patchy to
confluent marrow changes are also seen in the
feet of asymptomatic active children (102,103),
postulated to represent residual red marrow or
physiologic stress from increased bone remodel-
ing, as they are absent in children after 15 years
of age (103). Therefore, the clinical history and
the patient’s symptoms are invaluable during im-
age interpretation.

Bone Marrow Edema Syndromes

Bone marrow edema syndromes include transient
osteoporosis of the hip (TOH), regional migra-
tory osteoporosis (RMO), and chronic regional
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Figure 18. CRMO in a 7-year-old girl. Anteroposterior ankle radiograph (a) and coronal T1-weighted (b),
fluid-sensitive (c), and postcontrast (d) images show a distal tibial metaphyseal lytic lesion with peripheral
enhancement and a hypointense sclerotic rim (arrow). Note the transphyseal extension into the epiphysis
and surrounding reactive marrow changes. (e, f) Lateral knee radiograph (e) and sagittal T1-weighted
image (f) of the contralateral knee show a similar metaphyseal lesion (arrow). Bone biopsy excluded
infection, and the patient improved with anti-inflammatory medication.

Figure 19. Nonspecific hindfoot
patchy marrow signal intensity in a
12-year-old boy 1 year after a right
ankle sprain. He presented with bi-
lateral diffuse ankle pain with sports
activity but not with daily activity.
Sagittal fluid-sensitive images of the
right (a) and left (b) hindfoot show
bilateral scattered foci of hyperin-
tensity in the talus and calcaneus
(arrowheads). This imaging finding
is nonspecific, with the most com-
mon causes being immobilization,
residual red marrow, or physiologic
stress. The patient improved with
physical therapy.

pain syndrome (CRPS). TOH and RMO are accounting for up to 40% of cases, followed by
more common in adults and rare in children blunt trauma and surgery (Fig 20). The patho-
(104). Therefore, the remainder of this discussion physiology is hypothesized to be secondary to
will be limited to CRPS. an increased inflammatory or immune response,
CRPS affects children 5-17 years of age but leading to sensitization of nociceptive receptors
has a predilection for adolescent girls (105). and subsequent hyperalgesia (106). Sympathetic

Fracture is the most common inciting event, dysfunction results in abnormal vasomotor and
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Figure 20. CRPS in an 11-year-old girl with persistent pain, temperature change, and hypersensitivity after blunt trauma. (a, b) Short-
axis T1-weighted (a) and fluid-sensitive (b) images through the distal midfoot show heterogeneous marrow signal intensity and
surrounding deep soft-tissue edema. These imaging findings are nonspecific and are indistinguishable from changes due to altered
biomechanics. (c) T1-weighted image immediately after the initial trauma 3 months earlier shows normal homogeneous fatty mar-
row signal intensity.

sudomotor function, which includes skin discol-
oration, hyperhidrosis, temperature changes, and
edema. In the late stages, loss of function and
muscle contractures occur (107).

Within 2—-8 weeks, patchy subchondral or
subperiosteal osteopenia can be radiographically
visible, which progresses to severe diffuse periar-
ticular osteopenia (107). Unlike in adults, where
upper extremity involvement is more common,
the lower extremity is five times more likely to
be affected in children. In the acute setting, MR
imaging demonstrates extensive patchy and sub-
cortical marrow edema with occasional articular
erosions. Extraosseous manifestations include
skin thickening, periarticular soft-tissue edema,
muscle atrophy, and joint effusion (Fig 20). In
some cases, the abnormal findings may be limited
only to the soft tissues (106).

In the chronic stages, there is periarticular
soft-tissue atrophy. The imaging appearance
is nonspecific and often overlaps with those of
altered biomechanics and disuse. Treatment
is complex, with a favorable outcome seen in
1%-43% of patients (105).

Conclusion
The bone marrow is a dynamic organ, and its
composition changes throughout life in response
to normal maturation (red to yellow conver-
sion) and stress (yellow to red reconversion).
Any deviation from the predictable pattern of
conversion and reconversion can suggest under-
lying disease and should be investigated. Since
MR imaging is increasingly used in imaging of
pediatric patients and the bone marrow is visible
in every MR imaging study, the radiologist may
be the first to detect unsuspected marrow dis-
ease, triggering further evaluation and changes
in patient management. MR imaging is highly
sensitive in detection of altered marrow signal
intensity, which can represent benign (heteroge-

neous red marrow and red marrow hyperplasia)
or pathologic (neoplastic replacement and non-
neoplastic edema-like infiltration) processes. As
imaging findings in vastly different diseases of-
ten overlap, a definitive diagnosis is often reliant
on a combination of imaging findings, clinical
evaluation, laboratory assessment, and occasion-
ally tissue analysis.
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