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Magnetic resonance is a noninvasive, nonionizing modality used in the detection and evalu-
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ation of marrow lesions, as well as surgical planning and treatment follow-up. Since the dis-
tribution of red and yellow marrow occurs in a predictable sequence according to age,
understanding this sequence is essential in establishing an accurate and timely diagnosis.
This article provides an overview of the normal appearance of bone marrow in healthy chil-
dren as well as focal and diffuse marrow abnormalities. Imaging pitfalls unique to children
and solutions to use in difficult cases will be described.
Semin Ultrasound CT MRI 41:472-487 © 2020 Elsevier Inc. All rights reserved.
Introduction

Magnetic resonance (MR) imaging offers significant
insight into the dynamic process of growth and

maturation of the young skeleton. MR is an important
modality in the detection and characterization of bone
marrow lesions, evaluating marrow replacement pro-
cesses, planning for biopsy or surgery, as well as playing
an essential tool in treatment follow-up. As MR is compli-
mentary to histopathologic marrow assessment, there is
increased reliance on MR to evaluate certain bone marrow
diseases. The normal distribution of red and yellow mar-
row changes with age in a predictable sequence. Radiol-
ogists must be familiar with the MR appearance of
normal bone marrow and be able to differentiate the
expected age-related changes from pathology in order to
make accurate, timely diagnoses. This article describes
the appearance of normal bone marrow in the maturing
skeleton, imaging pitfalls unique to children, trouble-
shooting solutions to use in difficult cases, and the MR
characteristics of marrow lesions unique to growing
children.
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Normal BoneMarrow
Marrow Conversion and Appearance
Bone marrow is composed of hematopoietic, active “red”
marrow as well as inactive, fatty “yellow” marrow. Hemato-
poietic marrow is high in water content (40%) and relatively
low in fat content (40%) and contains approximately 20% of
protein. Fatty marrow contains a much higher proportion of
fat (80%) and less water (15%) and protein (5%).1 In utero,
hematopoiesis initially begins in the yolk sac and by the sec-
ond trimester, extends to the liver and, to a lesser degree, the
spleen. In the fourth fetal month, hematopoiesis appears
within the bone marrow space. At birth, the marrow is
entirely hematopoietic. During the first year of life, conver-
sion from red to yellow marrow begins and continues until
the adult pattern is reached by approximately 25 years of
age.2

The MR appearance of marrow depends upon the age of
the patient and the specific imaging sequence acquired. Con-
ventional T1-weighted and T2-weighted spin echo (SE) (or
other fluid-sensitive sequences) are the workhorse of MR
imaging because tissue variation in T1 and T2 relaxation
times allow for differentiation of normal red and yellow mar-
row. On T1-weighted imaging, the signal intensity of red
marrow is considerably less than fatty marrow but typically
higher than the adjacent muscles. The exception to this rule
is in the neonatal period when a high percentage of cellularity
causes normal marrow to appear isointense or hypointense
relative to the muscles on T1-weighted images (Fig. 1). How-
ever, after the neonatal period, T1-weighted marrow signal
that is lower than the adjacent normal muscle almost always

http://crossmark.crossref.org/dialog/?doi=10.1053/j.sult.2020.05.012&domain=pdf
mailto:nchauvin@pennstatehealth.psu.edu
https://dx.doi.org/10.1053/j.sult.2020.05.012


Figure 2 Age-related changes of normal marrow in the knee on sagittal T2-weighted fat-saturated MR images in a (A)
15-month-old boy and (B) 6-year-old boy. The metaphyseal red marrow (*) is more richly vascularized in the younger
child and therefore is of higher signal intensity compared with the older child. On fluid-sensitive images, red marrow
is isointense or slightly higher than that of adjacent normal muscle. Yellow marrow is isointense or slightly lower than
that of subcutaneous fat.

Figure 1 Physiologic red marrow to yellow marrow conversion on coronal T1-weighted MR imaging of the right hip in
3 separate children. (A) A 3-week-old neonate demonstrates low signal intensity within marrow that is lower in signal
intensity compared with the adjacent muscle (curved arrow). (B) A 9-month-old infant demonstrates early fatty mar-
row replacement with marrow signal intensity slightly higher than the adjacent muscle. (C) A 4-year-old child shows
continued fatty marrow replacement. As expected, the epiphyses should contain fatty marrow throughout (*) at this
age as the proximal femoral epiphyseal ossification is radiographically apparent at approximately 6 months. After neo-
natal period, T1-weighted marrow signal lower than normal muscle almost always indicates pathology.
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indicates pathology.2,3 On T2-weighted imaging, the signal
intensity of red marrow is slightly brighter than the adjacent
muscle and yellow marrow is isointense or slightly lower in
signal than that of subcutaneous fat (Fig. 2).
The MR assessment of pediatric marrow is challenging due

to age-related changes. Fortunately, red marrow to yellow
marrow conversion occurs in a predictable pattern within the
body as a whole as well as within each long bone. Marrow
transformation begins in the periphery appendicular skeleton
(fingers and toes) and progresses centrally (humeri and fem-
ora).3 In each bone, conversion occurs first in the epiphyses,
followed by the diaphysis and then the metaphyses, with the
proximal metaphysis being the last to convert. Fatty marrow
transformation in the epiphyses begins within 6 months of
the radiologic appearance of the secondary ossification center
(Fig. 3). Marrow reconversion (yellow to red), as seen in ane-
mias and certain treatment-related changes, follows the
reverse pattern. Thus, the epiphyses are the last to reconvert
to red marrow.3

Within the axial skeleton, the conversion of red to yellow
marrow is much more gradual and continues throughout
adulthood. With T1-weighted imaging of the spine, the sig-
nal intensity of the vertebral bodies is generally hypointense
relative to the disks in infants less than 1 year of age. In chil-
dren between the ages of 1 and 5 years, the vertebral bodies
are relatively isointense to the disks. After 5 years of age, the
bodies are hyperintense compared to the disks4 (Fig. 4).
Imaging Pitfalls Unique to Children
During the process of marrow conversion, the MR appear-
ance of marrow in the healthy child may be a source of con-
fusion.



Figure 3 Expected fatty marrow transformation of the epiphyses. (A) AP radiograph of a 3-month-old girl shows that
the proximal femoral epiphyses are not yet ossified. (B) Early ossification centers are seen in a 6-month-old girl. Coro-
nal T1-weighted MR images of the pelvis in a (C) 6-month-old girl and (D) 12-month-old girl demonstrate progressive
fatty marrow transformation in the proximal femoral epiphysis. Conversion to fatty marrow begins within 6 months of
the radiologic appearance of the secondary ossification center.

Figure 4 Fatty marrow transformation of the axial skeleton on T1-weighted imaging. Sagittal T1-weighted MR images of
the spine. (A) A 4-week-old boy. (B) A 3-year-old girl. (C) A 6-year-old girl. In infants less than 1 year of age, the verte-
bral bodies (*) are generally hypointense relative to the intervertebral disks (arrow). Between the ages of 1 and 5 years,
the vertebral bodies are isointense to the adjacent disk. In children older than 5 years, the vertebral bodies will appear
hyperintense relative to the adjacent disks.
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Foci of Residual Red Marrow
Healthy children may demonstrate isolated foci of residual
metaphyseal red marrow that have a “flame-shaped” appear-
ance. These foci typically have a base adjacent to the physis
and are characterized by straight margins. On T1-weighted
sequences, the intensity of these foci should not be lower
than the adjacent muscle (Fig. 5).3 Within the epiphyses and
apophyses, a hypointense rim can also be seen within the
periphery on T1-weighted imaging. This pattern is due to the
centrifugal pattern of marrow conversion in the secondary
ossification, which starts centrally and propagates toward the
periphery.5

Speckled Marrow of the Foot
Discrete foci of high signal intensity of fluid-sensitive sequen-
ces may be seen in the mid and hind foot bones of children
who have altered weight bearing or who have been immobi-
lized. These foci give rise to a “speckled” appearance of the
marrow (Fig. 6). The etiology is controversial, but is thought
to represent perivascular foci of red marrow. This finding



Figure 5 Residual focus of red marrow. Coronal T1-weighted MR
image of the proximal humerus in a 17-year-old boy demonstrates a
hypointense region within the proximal humeral metaphysis
(arrow). This focus is “flamed-shaped” with a base parallel to the
physis and vertical margins. On T1-weighted imaging, residual foci
of red marrow should not be lower in signal than the adjacent mus-
cle.

Figure 6 Speckled marrow appearance of the foot. Sagittal STIR MR
image of the mid and hindfoot in a 10-year-old boy shows multiple
rounded foci of increased signal intensity throughout the visualized
bones of the ankle and midfoot. The child had been immobilized
for toe fractures. These foci are thought to be related to perivascular
foci of red marrow and are not post-traumatic.
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should not be mistaken for post-traumatic edema or stress-
related changes.3,6
Preossification Center
An important imaging pitfall to recognize is the “preossifica-
tion center” of the developing epiphysis. The preossification
center reflects the hypertrophic change that occurs in the car-
tilaginous epiphysis prior to the development of the second-
ary ossification center.7 The preossification center occurs
during the stage of bone development in which there is focal
chondrocyte hypertrophy with breakdown of water-binding
Figure 7 Preossification center. A 1-year-old girl with foot swell
weighted fat-saturated short axis MR images of the mid foot. P
ter, there is an increase in free water and increased cellular vol
is seen in the medial cuneiform (arrow). This should not be m
has edema within the soft tissues of the foot, there is no osteom
macromolecules of the matrix. The result is a focus of water
signal which is typically globular in shape and well-circum-
scribed. On MR, the preossification center appears as a focal
region of high signal intensity on fluid-sensitive sequences
within the cartilaginous epiphysis and should not be mis-
taken for pathologic edema within the epiphyseal cartilage
(Fig. 7)7.
Focal Periphyseal Edema
In adolescents approaching skeletal maturity, focal bone mar-
row edema can be seen centered in the physis, termed focal
periphyseal edema (FOPE). On fluid sensitive MR sequences,
FOPEs appear as focal areas of increased signal extending
into the adjacent metaphysis and epiphysis (Fig. 8).8 FOPEs
are most commonly seen about the knee but may also be
ing and fever. (A) T1-weighted MR footprint and (B) T2-
rior to the appearance of the secondary ossification cen-
ume leading to T2 prolongation and T1 shortening. This
istaken for pathologic marrow edema. While the patient
yelitis.



Figure 8 Focal periphyseal edema (FOPE). A 13-year-old girl with
anterior knee pain. Coronal T2-weighted fat-saturated MR image of
the knee demonstrates abnormal bone marrow edema within both
the proximal tibial epiphysis and metaphysis, centered within the
central aspect of the physis (arrow). A FOPE is thought to be a mani-
festation of normal skeletal maturation at physiologic physeal fusion
and requires no invasive diagnostic procedure or imaging follow-up.
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seen near other joints. Given the location and patient age,
FOPEs are thought to represent signal changes related to the
early stages of physiologic physeal closure. Importantly, this
Figure 9 Chemical shift imaging in neoplastic marrow. A 17-y
(A) Axial in-phase and out-of-phase (B) MR imaging of the pe
pelvis on in-phase imaging (arrows). On out-of-phase imaging
lesion (*) in keeping with a marrow replacement process. The
was confirmed to be tumor on MIBG imaging (not shown).

Figure 10 Diffusion-weighted imaging in healthy marrow in a 5
hydronephrosis. (A) Axial diffusion-weighted image of the p
pelvis with corresponding low signal on (B) ADC map compat
lar, hematopoietic marrow in the healthy young child.
finding should not be mistaken for an abnormality. FOPEs
do not need to be confirmed with invasive diagnostic proce-
dures and do not need imaging follow-up.8
Imaging Techniques
Chemical-Shift Imaging
Chemical-shift imaging may be useful in differentiating
tumor vs normal marrow due to inherent difference in the
resonance frequencies between water and lipid protons.
With an appropriate echo time (eg, TE = 2.1ms for a 1.5T
scanner), cellular lipid and water content influences the mar-
row signal intensity on opposed-phase imaging, resulting in
a net cancellation of overall signal from voxels containing
both lipid and water.9 Red and fatty marrow both contain fat
and water. Therefore, both types of marrow demonstrate sig-
nal drop out on opposed phase imaging. Conversely, tumor
deposits in marrow do not demonstrate signal loss on
opposed phase imaging because the vast majority of tumors
do not contain fat10 (Fig. 9). The presence of macroscopic
regions of fat is also a reassuring finding indicating a benign
process.

Diffusion-Weighted Imaging
Diffusion-weighted imaging (DWI) quantitatively assesses
the mobility of water molecules by allowing calculation of
the apparent diffusion coefficient (ADC).10 Tissues with
higher cellular density with intact cell membranes; more
complex fluid with hindrances; and cytotoxic edema all have
ear-old girl with metastatic neuroblastoma, on therapy.
lvis demonstrating multiple lesions within the left hemi-
, there is loss of signal drop out within the left iliac wing
other lesions were not evident. The iliac wing lesion (*)

-year-old girl. Images obtained during MR urography for
elvis, b = 800, demonstrates high signal throughout the
ible with diffusion restriction. This is due to highly cellu-



Figure 11 Diffusion-weighted imaging in neoplastic marrow. A 17-year-old girl with metastatic neuroblastoma, on ther-
apy (same patient as Fig. 9). (A) Axial diffusion-weighted image of the pelvis, b = 600, demonstrates focal high signal
within the focal lesion within the left iliac wing (arrow) with corresponding low signal on (B) ADC map (arrow) com-
patible with diffusion restriction, compatible with active metastatic lesion which was confirmed to be tumor on MIBG
imaging (not shown).
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restricted water molecule mobility. Thus, highly cellular
tumors, cytotoxic edema, abscess, and fibrosis demonstrate
restricted diffusion.11 It is important to note that in children,
red marrow will restrict diffusion due to high percentage of
cellularity (Fig. 10).12 Ording Muller et al13 demonstrated
that restricted diffusion is a normal finding in the pelvic skel-
eton and lumbar spine in children as almost half of healthy
children demonstrated an asymmetric distribution of
restricted diffusion of the marrow. As such, the age of the
patient and extent of red marrow should be considered when
evaluating DWI in children.14

DWI imaging often provides little insight into further char-
acterization of primary bone tumors over conventional MR
imaging at the time of initial diagnosis. However, DWI may
be a useful addition when assessing bone tumor response to
therapy (Fig. 11). Changes in mean ADC values can be valu-
able in demonstrating necrosis and good response to treat-
ment. Hayashida et al showed that when ADC values
increased by approximately 95% in tumors, there was greater
than 90% necrosis, indicative of a good response.15

Whole Body MRI
Whole body MR imaging (WBMRI) is a useful modality to
evaluate the extent and distribution of systemic and multifo-
cal disease as well as for evaluating treatment response.
WBMRI is particularly useful in children with known cancer
predisposition syndromes who require repeated whole body
imaging as it can be performed without ionizing radiation.12

Technical developments such as the sliding table platform,
software to enable seamless composite imaging and multi-
channel coils have optimized imaging acquisition and qual-
ity. Radiologists use WBMRI to image both oncological and
nononcologic diseases in children.16 While there are no
widely accepted imaging protocols, short tau inversion-
recovery (STIR) imaging is widely used. Fast T2-weighted
sequences such as single-shot turbo spin echo or half-Fourier
acquisition single-shot turbo spine echo, and balanced
steady-state free precession sequences that have a mix of T1-
and T2-weighting are also commonly employed. For depic-
tion of marrow lesions, T1-weighted fast spin-echo and/or
gradient-echo imaging is often incorporated.12 Dixon-based
T1-weighted in and out of phase imaging has shown
improved bone lesion detection in older children17 and
provides for shorter scan times and higher signal to noise
ratio. Coronal image acquisition reduces imaging time and is
standard for most protocols. Axial and sagittal sequences are
added based upon the study indication.

Additionally, some authors advocate for the use of DWI to
enhance lesion depiction.16 DWI with background body sig-
nal suppression (DWIBS) is commonly used for whole-body
DWI. DWIBS using STIR achieves better fat suppression and
less image distortion throughout the entire body than DWI
using chemical shift selective pulse.16 DWIBS imaging is
often acquired in the axial plane during free-breathing and
later reconstructed in coronal and sagittal planes.

WBMRI has been shown to be useful in the pediatric skele-
ton when assessing Langerhans cell histiocytosis, primary
bone tumors (Ewing sarcoma), osseous metastases (small
round blue cell tumors), multifocal osteonecrosis, cancer pre-
disposition syndromes, chronic recurrent multifocal osteo-
myelitis, and multifocal osteomyelitis in very young
children.12,18-20
Intravenous Contrast
The use of intravenous gadolinium contrast should be judi-
cious in children as it increases study cost, prolongs scan
time (perhaps necessitating additional sedation medications)
and subjects the child to potential adverse reaction (rarely
allergic reaction, nephrogenic systemic fibrosis, possible
effects of gadolinium deposits within the body). The clinical
benefits of intravenous gadolinium should outweigh the the-
oretical risks if contrast is to be used in a pediatric patient.21
Malignancies
Aggressive Bone Lesions
Primary Osseous Sarcomas
Osteosarcoma and Ewing’s sarcoma are the first and second
most common primary bone tumor in childhood, respec-
tively.22 Both sarcomas have a male predominance and typi-
cally present in the second decade of life in children.23,24

Ewing’s sarcoma is a small round blue cell tumor with MR
features that demonstrate bone marrow replacement charac-
terized by a hypointense signal on T1-weighted imaging and



Figure 12 Primary osseous sarcoma. A 16-year-old boy with distal left femur pain and swelling. (A) Frontal radiograph
of the left knee demonstrates a mass within the lateral aspect of the distal femur with an osteoid matrix (*) and aggres-
sive periosteal reaction superiorly (arrow). On coronal T1-weighted (B), T2-weighted fat-saturated (C) and T1-
weighted fat-saturated postcontrast images, T1-weighted fat-saturated postcontrast images (D), the mass demonstrates
diffusely low signal due to the osteoid matrix (*). There is perilesional marrow edema with adjacent soft tissue edema
which enhances after contrast (arrows). T1-weighted imaging best demonstrates the borders of the sarcoma.
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hyperintense signal on T2-weighted imaging.25 Ewing’s sar-
coma lesions are often associated with cortical destruction
and a soft tissue mass.25,26 Osteosarcoma is the most com-
mon malignant bone tumor seen in children.22 It presents in
children between the ages of 10 and 15 years23 with a male
predominance.22,23 MR findings of osteosarcoma typically
demonstrate low T1 and T2 signals which vary based on the
degree of tumor mineralization (Fig. 12).1 In the work-up of
a primary osseous sarcoma, it is important to image the entire
affected bone as the tumor can present with skip
metastasis.27
Lymphoma
Primary osseous lymphoma is rare in the pediatric popula-
tion.28,29 Pain is the most common presenting feature.14

Bone marrow replacement in lymphoma is characterized by
hypointense marrow signal on T1-weighted imaging, hyper-
intense marrow signal on T2-weighted imaging, and
enhancement after contrast administration.1,30 Lymphoma-
tous involvement in the bone marrow is often focal and
patchy rather than diffuse, contributing to frequent false neg-
atives on bone marrow biopsy.9,14 In addition to osseous
involvement, lymphoma can be associated with a soft tissue
mass on MR.30
Metastatic Disease
Bone marrow metastases may be either focal or multifocal
and most commonly affect the vascularized red marrow.1,2

The most common primary tumors in the pediatric popula-
tion with bone marrow metastases are neuroblastoma and
rhabdomyosarcoma.2 At diagnosis, bone marrow involve-
ment is seen in 71% of neuroblastomas31 and 6% of rhabdo-
myosarcomas.32 Neuroblastomas and rhabdomyosarcomas
can have diffuse bone marrow involvement, appearing simi-
lar to leukemia on MR. MR of metastatic lesions typically
demonstrates a peripheral hyperintense rim (“halo sign”) on
fluid sensitive sequences, representing fluid replacement
from trabecular destruction.1

Langerhans Cell Histiocytosis
Langerhans cell histiocytosis (LCH) is a rare disorder that results
from an abnormal accumulation of a Langerhans cell within an
organ system. In children, the disease typically occurs between
the ages of 5 and 15 years, at an incidence rate of 4.6 cases per
million per year.33 LCH most commonly affects the skeletal sys-
tem. In approximately 70% of LCH cases, the disease is limited
to a single bone or a few bones. Long bone involvement is more
common in children than adults. The femur, humerus, and tibia
are often involved and lesions typically occur in the diaphysis or
metaphysis. On conventional radiographs, lesions often appear
lytic, expansile, and aggressive.34 The skull is the most common
flat bone involved, followed by the mandible, ribs, pelvis, and
spine. The typical presentation is pain which may be associated
with a soft tissue mass.14,35

MR of LCH demonstrates intramedullary lesions character-
ized by a hypointense signal on T1-weighted imaging with
postcontrast enhancement and a hyperintense signal on
fluid-sensitive sequences, with or without an extramedullary
soft tissue component.1,14,35 Early lesions can present with
features of bone marrow edema, periosteal reaction, and end-
osteal scalloping, appearing similar to malignancy and osteo-
myelitis.35,36 Therefore, diagnosis is confirmed with
biopsy.14 Treatment with chemotherapy will show an inter-
val decrease in signal intensity on STIR imaging and decrease
in contrast enhancement on T1 weighted imaging.37 As
lesions become chronic, they will appear more sclerotic from
periosteal new bone formation.34
Liquid Tumors
Acute leukemia is the most common pediatric malignancy
with the acute lymphoblastic leukemia representing the most
common subtype. There are 3 types of bone marrow patterns



Figure 13 Leukemia. A 3-year-old boy with bilateral leg pain. (A)
Sagittal T1-weighted and (B) coronal STIR MR images of the right
tibia demonstrate the marrow “flip-flop” sign. There is infiltration of
the marrow as demonstrated by diffuse loss of the expected fatty
marrow signal intensity on the T1-weighted image. On STIR, there
is abnormal, increased signal intensity throughout the bones
(reverse of what is expected). Of note, the distal femoral and proxi-
mal tibial epiphyses should be radiographically apparent by 3
months of age and therefore normal fatty conversion should occur
before the age of 1 year.
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in leukemia: diffuse, patchy, and focal.2,38 Of these patterns,
the diffuse type is the most common. The leukemic cells will
replace the normal fatty marrow, resulting in a characteristic
loss of bright T1-weighted fatty marrow signal and an
Figure 14 Acute bone infarction in setting of newly diagnosed
and toe pain. MR obtained to evaluate for osteomyelitis. (A) F
strates diffusely decreased marrow signal intensity with diffuse
tent with a marrow replacement process. There is soft tissue
(arrow). (C) Footprint T1-weighted fat-saturated postcontrast
tarsal epiphysis, in keeping with bone infarction in the setting
increase in the fluid sensitive signal intensity known as the
“flip flop sign” (Fig. 13).1

Bone marrow necrosis and bone marrow infarction (osteo-
necrosis) can occur with acute lymphoblastic leukemia. In
early disease, these 2 entities are indistinguishable on MR.39

Postcontrast imaging of bone marrow necrosis will demon-
strate peripheral enhancement of the affected marrow
(Fig. 14).39 Bone marrow infarction may demonstrate the
classic “double line” sign on fluid sensitive imaging due to a
combination of edema and necrosis.40
Treatment-Related Marrow Changes
Radiation Therapy
Radiation therapy and granulocyte colony stimulating factor are
used in the treatment of pediatric skeletal neoplasms. Radiation
is localized to the area of diseased bone to prevent the spread of
tumor. Radiation therapy disrupts the normal distribution of red
and yellow bone marrow. It destroys the vasculature structures,
resulting in replacement of red marrow by yellow marrow.41

Within the first 3 weeks of radiation therapy, the bone marrow
demonstrates no change or a subtle increase in T2 signal inten-
sity due to edema and necrosis.42 Around 3 weeks post-therapy,
bone marrow demonstrates a heterogeneous T1 signal intensity
as red marrow is replaced by fatty marrow. As there is more fatty
conversion, over time the T1 signal intensity appears homoge-
neous (Fig. 15).42 Fatty conversion appears in the irradiated
bone marrow as well as the adjacent bone marrow.43

The bone marrow can regenerate, depending upon the
patient's age and radiation dose.43,44 Fatty conversion has
been shown to be reversible with radiation dosing of less
than 30-40 Gy, but is irreversible with doses greater than 40
Gy.43,44 Furthermore, the pediatric population is more likely
to regenerate to normal bone marrow compared to older
patients.44 One complication of radiation therapy unique to
the pediatric population is that radiation can impair growth
at the physes (Fig. 16).45 Childhood cancer survivors treated
with pelvic radiation are at risk for development of slipped
B-cell leukemia. A 14-year-old girl with fatigue, pallor,
ootprint T1-weighted MR image of the forefoot demon-
ly increased marrow signal on STIR (B) imaging consis-
edema seen along the mid to distal second metatarsal
MR image shows nonenhancement of the second meta-
of leukemia. Her pain improved without antibiotics.



Figure 15 Radiation therapy changes. A 12-year-old girl with myxopa-
pillary ependymoma. (A) Sagittal T2-weighted MR image of the lum-
bosacral spine demonstrates a mass within the distal spinal canal
(arrows). There is normal marrow signal of the vertebral bodies. (B)
Follow-up sagittal T2-weighted MR image (1 year later) obtained after
tumor resection, chemotherapy, and external beam radiation shows
fatty marrow replacement of the lumbar and sacral spine vertebral
bodies with a discrete transition between normal and abnormal, fatty
marrow in the region of the radiation portal (bracket).

Figure 16 Radiation therapy changes. A 13-year-old boy with history
stage IV neuroblastoma (at age 4 years) which was treated with che-
motherapy and total body irradiation. Sagittal T2-weighted fat-satu-
rated MR image of the knee shows irregularity of the distal femoral
and proximal tibial physes with high signal intensity metaphyseal
tongues of cartilage (arrows) related to enchondral ossification dis-
ruption resulting from prior radiation induced damage of the nor-
mal metaphyseal vascularity.
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capital femoral epiphysis. This risk is increased with the use
of recombinant growth hormone.46
Marrow Stimulating Agents
Granulocyte colony-stimulating factor (G-CSF) is given as an
adjunct to chemotherapy and radiation in order to enhance
the bone marrow reconversion. C-GSF decreases aplasia and
activates the hematopoietic bone marrow by stimulating cell
production.43 MR characteristics of G-CSF-induced recon-
version occur in a diffuse pattern that can be difficult to dif-
ferentiate from malignancy. On T1-weighted imaging, G-
CSF-induced reconversion demonstrates a low T1 signal
intensity, which is nonspecific and can also occur with malig-
nancy. However, the T1 signal should not be lower than the
adjacent muscle. On T2-weighted imaging, hematopoietic
reconversion manifests as a low T2 signal intensity relative to
fat (Fig. 17).47 This process peaks approximately 2 weeks
after the administration of the agent. In-phase/out-of-phase
imaging is often used to assess fatty infiltrate that is present
in marrow hyperplasia but rare in metastasis.
Figure 17 Chemotherapy-related marrow change. A 17-year-old girl
with history of lower extremity osteosarcoma, on chemotherapy
and bone marrow stimulating agents. Reported right shoulder pain.
Coronal T1-weighted image of the shoulder demonstrates changes
of marrow reconversion/stimulation with low T1-weighted signal
within the proximal humeral shaft (*). In addition, there is a halo of
low signal within the peripheral aspect of the epiphysis (arrow). In
Blood Dyscrasias
Hemoglobinopathies
Anemia is a prevalent pediatric condition with a variety of eti-
ologies.48 Sickle cell anemia and beta thalassemia are
marrow reconversion, the epiphyses are the last to reconvert.



Figure 18 Red marrow hyperplasia. A 17-year-old boy with sickle
cell disease. Sagittal T1-weighted MR image of the knee demon-
strates diffuse, homogeneous hematopoietic marrow within the
metaphyses (*) with a halo of hematopoietic marrow within the
periphery of the epiphyses (arrows). Marrow reconversion occurs in
the reverse pattern of normal fatty marrow conversion. The epiphy-
ses are the last to reconvert.
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congenital forms of anemia caused by genetic defects of the
beta globin gene on chromosome 11. Both conditions result
in severe anemia, either as the result of shortened red blood
cell life span (sickle cell anemia) or ineffective hemoglobin
Figure 19 Sickle cell disease. A 17-year-old girl with sickle cel
head in bone windows and (B) T1-weighted MR images of the
varial diploic spaces due to red marrow hyperplasia (*). Note
hyperintense adjacent subcutaneous fat.
synthesis (beta thalassemia). The severity of clinical presenta-
tion varies depending on the nature of the chromosomal
abnormality.49,50 Patients afflicted by these hemoglobinopa-
thies often require imaging as part of their treatment and
care.

The profound anemia of sickle cell disease and beta thalas-
semia stimulates the intramedullary bone marrow to produce
red blood cells. This lifelong chronic hematopoietic stress
can lead to an arrest of the normal conversion of yellow mar-
row or a persistence of red marrow.51,52 As previously
described, the reconversion of yellow marrow to red marrow
follow the reverse order of the typical marrow conversion.
Reconversion occurs first in the vertebra and pelvis followed
by the long bones. Long bone marrow reconversion occurs
initially in the proximal metaphyses, then the distal metaphy-
ses and finally the diaphyses. Epiphyseal and/or apophyseal
reconversion is rarely seen in the setting of severe anemia
(Fig. 18).53 Similarly, patients experiencing lifelong hemato-
poietic stress will demonstrate persistence of red marrow in
the vertebra and flat bones of the axial skeleton as well as the
metaphyses and diaphyses of their larger long bones.51 With
MR, the appearance of nonconverted and reconverted red
bone marrow can mimic neoplastic replacement bone mar-
row. In distinguishing between the two entities, it is helpful
to note that red marrow will follow the aforementioned sym-
metric orderly pattern and will not demonstrate cortical
breakthrough, soft tissue extension, or the degree of
enhancement expected with infiltrative neoplastic lesions.
Also, hematopoietic marrow also does not have the same
amount of increased T2 signal expected from invasive bone
lesions.2

Hyperplasia of red marrow can also result in expansion of
the marrow cavity, a finding that can be seen on plain
l disease and headache. Axial (A) noncontrast CT of the
brain show marrow expansion with widening of the cal-
the low T1-weighted signal of red marrow relative to the
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radiographs as well as CT and MR. The typical example of
marrow expansion is the widening of the calvarial diploic
space seen on cross sectional head imaging (Fig. 19).54
Myelofibrosis
In children, myelofibrosis is rare and may be idiopathic,
related to malignancy, or secondary to treatment with radia-
tion or chemotherapeutic agents.55,56 Fibrous replacement of
marrow will result in low signal intensity on T1- and T2-
weighted images. Variability in MR signal can result from
residual marrow cellularity or fat.2
Nutritional andMetabolic
Conditions
Scurvy
Scurvy is a nutritional deficiency that results from an inade-
quate intake of a vitamin C (ascorbic acid). Although rare in
the United States, scurvy occurs in patients with severely
unbalanced diets. In the pediatric population, scurvy is
diagnosed most commonly in children with food avoidant
disorders (such in autism)57 and patients with overall poor
oral intake.58 On MR, scurvy initially affects the metaphyses
(sites of greatest bone turnover) and demonstrates
decreased T1 and increased T2 signal intensities within the
marrow that may be associated with large subperiosteal
fluid collections57-59 (Fig. 20). These nonspecific findings
Figure 20 Scurvy. A 9-year-old boy with knee pain, no fever
image of the knee shows distal femoral metaphyseal edema wit
tion and marrow signal in the epiphysis is normal. Given the
STIR large field of view was obtained of the femurs which sho
distal femurs, proximal tibiae, and proximal femurs. A diagno
min C levels and was found to have a very restricted diet.
can also be seen with osteomyelitis, subperiosteal abscess,
anemia or leukemia, so correlation with laboratory values
and clinical scenario is critical. Scurvy is confirmed with a
low vitamin C level. MR findings will resolve with treatment
with ascorbic acid.59
Anorexia Nervosa
Anorexia nervosa is a condition that is characterized by an
intense fear of gaining weight and a disturbance with one’s
body image, resulting in restriction in food intake and a low
body mass index. Anorexia nervosa has a prevalence rate of
0.3% in young females and there are approximately 8 cases
per 100,000 per year.60 Complications arising from anorexia
nervosa affect every organ system, including the musculo-
skeletal system. Patients with anorexia are at an increased
risk of osteoporosis, insufficiency fractures, and skeletal
immaturity.

While body fat reserves are depleted in anorexia, the bone
marrow fat increases when compared to healthy control sub-
jects, suggesting adipogenesis and premature conversion of
red marrow to yellow marrow.61 Marrow fat correlates
inversely to bone mineral density, leading to early osteoporo-
sis and increased risk of insufficiency fractures.38,61 MR find-
ings of the bone marrow in patients with anorexia nervosa
include increased signal intensity on T1-weighted imaging,
reflective of the increased bone marrow fat content. These
findings, in combination with the patient’s age and demo-
graphics should raise suspicion of an underlying eating
disorder.38,61
and normal inflammatory markers. (A) Coronal STIR
h adjacent soft tissue edema. There is no cortical disrup-
appearance of the knee and clinical scenario, a coronal
wed symmetric metaphyseal abnormalities involving the
sis of scurvy was made. The child had undetectable vita-
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Infectious and Inflammatory
Conditions
Acute Hematogenous Osteomyelitis
Acute hematogenous osteomyelitis is an infection that pri-
marily affects the most vascularized structures of the growing
skeleton. The most common organism is Staphylococcus
aureus, followed by the respiratory pathogens Kingella kingae,
Streptococcus pyogenes, and Steptococcus pneumoniae. Methicil-
lin-resistant S. aureus accounts for 30%-40% of osteoarticular
infections in the United States.62 Because of its rich vascular-
ity, the metaphyses and metaphyseal equivalents are the
most common sites for osteomyelitis. Transphyseal spread of
infection is very common in children63 and may lead to
destruction of the epiphyseal cartilage and secondary ossifi-
cation center. The inflammation may affect the germinal
zone of the physis, leading to permanent growth
disturbance.62

MR is the modality of choice to evaluate osteomyelitis and
includes a combination of T1-weighted and fluid-sensitive
sequences. Infection within the bone typically manifests as
decreased signal intensity on T1-weighted images with
increased signal on fluid-sensitive sequences. After intrave-
nous gadolinium, the affected bone usually shows increased
enhancement; however, in areas of infected, ischemic mar-
row, there may be heterogeneous or diffusely decreased
enhancement. Marrow ischemia is thought to be due to
increased intramedullary pressure, vascular thrombosis and
destruction of the periosteal blood supply.62 The use of intra-
venous gadolinium is important to consider when evaluating
for soft tissue abscesses, bone or subperiosteal abscesses,
associated deep venous thrombosis (particularly in methicil-
lin-resistant S. aureus infection) and infectious chondritis in
infants and very young children. The presence of these find-
ings may affect surgical management (Fig. 21).62 Of note, in
older children with subperiosteal abscesses, it is not
Figure 21 Infectious chondritis. A 3-week-old boy with abrup
T1-weighted of the knee demonstrates very subtle hypointens
sis (arrow). (B) Coronal T2-weighted fat-saturated image sho
there is a large amount of soft tissue edema seen along the med
fat-saturated postcontrast image shows nonenhancement of t
arrow) compatible with infectious chondritis with an adjacen
abnormality in this neonate is conspicuous only after the adm
Group A streptococcus.
uncommon to see high signal intensity foci on T1-weighted
images. These foci reflect fat globules and are formed by the
lytic effect of the bacterial enzymes, resulting in lysis of mar-
row adipocytes. The presence of these subperiosteal fat glob-
ules may help to differentiate osteomyelitis from other
processes such as tumor (Fig. 22).62
Chronic Nonbacterial Osteomyelitis
Chronic nonbacterial osteomyelitis (CNO) is an aseptic,
autoimmune inflammatory disorder of bone that primarily
occurs in children. Patients typically present with bone pain
with a relapsing and remitting course.64 The disease is
known by many names and was first described as a symmet-
ric multifocal osteomyelitis, known as chronic recurrent mul-
tifocal osteomyelitis. However, because the disease may be
unifocal and not relapsing, the umbrella term CNO is more
suitable.65 Clinically, patients with CNO typically present
with nonspecific complaints such as bone pain, tenderness,
swelling or limited range of motion at one or more sites. Sys-
temic symptoms such as fever and weight loss are usually
not present. The duration of symptoms can vary significantly
from several days to years due to the insidious onset and
vague symptoms. Laboratory results are usually normal with
the most common finding being mildly elevated inflamma-
tory markers (sedimentation rate and C-reactive protein). A
personal history or family history of autoimmune disease is
common.64

CNO lesions occur at typical sites: metaphyses of the tubu-
lar long bones, medial aspect of the clavicle, spine, pelvis
(metaphyseal equivalents), sacroiliac joint, ribs, and mandi-
ble. Lower extremity involvement is much more common
than the upper extremity.64 At presentation, 30% of cases
will present as unifocal lesions. However, most children will
develop multifocal lesions within 4 years. When multifocal
t onset of left knee swelling and high fever. (A) Coronal
ity within the medial aspect of the distal femoral epiphy-
ws no focal abnormality within the epiphysis; however,
ial aspect of the knee (arrows). (C) Coronal T1-weighted
he medial aspect of the distal femoral epiphyses (solid
t subcutaneous abscess (dashed arrow). The epiphyseal
inistration of IV gadolinium contrast. Cultures yielded



Figure 22 Acute hematogenous osteomyelitis of the distal fibula. A 10-year-old boy with ankle pain, swelling, and fever.
(A) Axial T1-weighted fat-saturated postcontrast image of the ankle demonstrates abnormal enhancement of the distal
fibular metaphysis (*) with a subperiosteal abscess (arrows). (B) Coronal T1-weighted image shows the subperiosteal
abscess with numerous hyperintense foci (arrows) compatible with fat globules. These globules are formed by lysis of
marrow adipocytes due to bacterial enzymes.
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lesions are present, the disease is symmetric in 40% of
cases.65

Conventional radiography is the typical first line imaging
modality, followed by MR. On radiography, most lesions are
lytic during the early phase, followed by sclerosis with or
without periosteal reaction. MR is useful for determining the
extent of disease as well as surveillance. On MR, lesions are
hyperintense on fluid-sensitive sequences and hypointense
on T1-weighted images (Fig. 23). Lesions may also demon-
strate periostitis, osseous remodeling or hyperostosis, soft tis-
sue inflammation and transphyseal disease which may result
in growth arrest. Clinically occult joint effusions are present
in up to 30% of patients. The presence of a large fluid collec-
tion or abscess, fistulous tract or sequestrum makes the diag-
nosis of bacterial osteomyelitis more likely than CNO.64 In
indeterminate cases, bone biopsy is suggested to exclude
Figure 23 Chronic nonbacterial osteomyelitis. A 10-year-old g
weighted fat-saturated image of the sacrum demonstrates diffu
loss of the normal disk space and bone remodeling. The cort
and dorsal aspect of the sacrum. (B) Axial noncontrast CT of S
anterior aspect of the sacrum (arrow) with adjacent sclerosis.
Biopsy showed acute on chronic inflammation.
infection or malignancy. Zhao et al65 recommend that a
whole body MR protocol should consist of coronal STIR, sag-
ittal STIR of the entire spine, sagittal STIR feet, and axial STIR
of pelvis and knees.
Marrow Edema Syndrome
Bone marrow edema syndrome comprises several clinical
conditions including transient osteoporosis of the hip,
regional migratory osteoporosis and complex regional pain
syndrome.66 Of these, only complex regional pain syndrome,
specifically the type 1 variant (previously called reflex sympa-
thetic dystrophy), is commonly seen in children.1 The cause
of pediatric complex regional pain syndrome is not well
understood but likely represents a dysfunctional neurologic,
irl with lower back pain for 6 months. (A) Sagittal T2-
se marrow edema within the mid to distal sacrum with
ex is intact. There is soft tissue edema along the ventral
3 obtained during biopsy shows a lytic region within the
There is no cortical destruction or fistulous tract seen.



Figure 24 Bone marrow edema syndrome. A 16-year-old boy with
gradually increasing right knee pain over a 10-month period, now
unable to bear weight. Coronal T2-weighted fat-saturated image of
the knee demonstrates patchy marrow edema within the distal
femur and proximal tibia.

Pearls and Pitfalls in Imaging Bone Marrow in Pediatric Patients 485
inflammatory, or immune response to injury or insult that
manifests as hypersensitivity, swelling, atrophy, and stiffness
of the affected extremity.67 Complex regional pain syndrome
is more commonly seen in the lower extremities in children,
and girls are affected more often than boys.68 On conven-
tional radiography and CT, complex regional pain syndrome
appears as subchondral or subperiosteal osteopenia. MR
demonstrates areas of patchy and subcortical bone marrow
edema (Fig. 24). There may be evidence of erosive changes
to articular surfaces. MR evidence of associated soft tissue
trophic changes may be present. Chronically, the marrow
imaging appearance of complex regional pain syndrome is
difficult to distinguish from disuse osteopenia.1 The diagno-
sis of complex regional pain syndrome is clinical and the role
of imaging is often limited to the exclusion of other potential
etiologies for the patient’s condition.
Conclusion
MR imaging is a very useful modality to evaluate the bone
marrow in children, characterize various types of lesions and
infiltrative diseases, identify complications, and guide treat-
ment. Many marrow lesions and infiltrative processes have
unique features seen on MRI; however, there are similar fea-
tures among pathologic processes, as well as with normal
age-related bone marrow changes that often make diagnosis
difficult. Therefore, as a radiologist, it is essential to under-
stand the age-related bone marrow changes and distinguish
them from the various pathologic conditions in order to
make an accurate diagnosis.
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