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Preface
Pediatric Oncology Imaging
Eric N. Faerber, MD

Guest Editor
“Children are the world’s best resource, and
its best hope for the future.”

—President John F. Kennedy,
UNICEF address, 1963

The imaging of pediatric oncology forms an impor-
tant part of the duties of pediatric radiologists.
When faced with the array of available imaging
modalities, radiologists need to select the most
appropriate imaging studies that are both time-
and cost-effective and that deliver the least radia-
tion to the patient. The ALARA and Imaging Gently
Principles must be borne in mind.

This issue of Radiologic Clinics of North America
devoted to pediatric oncology imaging is an
update of a similar volume published many years
ago. It covers the imaging of tumors in each organ
Radiol Clin N Am 49 (2011) xi xii
doi:10.1016/j.rcl.2011.05.012
0033 8389/11/$ see front matter � 2011 Elsevier Inc. All
system. It is once again intended to serve as
a stand-alone volume for those physicians caring
for children with tumors.

I am indebted to all the distinguished authors for
their valued articles and to Barton Dudlick at
Elsevier for his considerable assistance and
patience during the preparation of this issue.
Eric N. Faerber, MD
Department of Radiology

St Christopher’s Hospital for Children
3601 A Street

Philadelphia, PA 19134-1095, USA

E-mail address:
Eric.Faerber@tenethealth.com
rights reserved. ra
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children everywhere.
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Imaging Modalit ies in
Pediatric Oncology

Lisa J. States, MD*, James S. Meyer, MD
KEYWORDS

� Pediatric oncology � Imaging � Malignancy
.c
om
The incidence of childhood malignancy has re-
mained relatively stable over the last 30 years.
Fortunately, survival rates have improved.1 Diag-
nostic imaging plays a central role in the evaluation
of malignancy in children. This article reviews the
roles of specific imaging modalities in the diag-
nosis and management of noncentral nervous sys-
tem childhood cancer. Imaging modalities to be
discussed include conventional radiography, ultra-
sound, computed tomography (CT), magnetic res-
onance imaging (MRI), and nuclear medicine,
including positron emission tomography (PET).
Emerging imaging techniques will also be dis-
cussed. Current literature will be referenced for
more in-depth review.

RADIOGRAPHY

Conventional radiography plays an important role
in the evaluation of cancer in children, not only
as an initial screening tool, but also in the assess-
ment of tumor response and recurrence. Conven-
tional radiographs are fast, inexpensive, widely
available, and often the initial imaging examination
performed in a child with cancer. Conventional
radiographs are useful in determining the aggres-
siveness of bone tumors, and they may identify
calcifications in the soft tissues in the abdomen
or pelvis or detect pathology in the chest and
bones. Conventional radiographs, however, only
provide a 1-dimensional representation of 3-dim-
ensional structures, have relatively poor soft tissue
contrast, and are often less sensitive and specific
than more advanced imaging modalities.

Although conventional film-screen technology is
still common, thedigitalmodalitiesofcomputedradi-
ography (CR) using a cassette-based system and
direct radiography (DR) using a flat-panel based
Department of Radiology, Children’s Hospital of Phila
Philadelphia, PA 19104, USA
* Corresponding author.
E mail address: states@email.chop.edu

Radiol Clin N Am 49 (2011) 579 588
doi:10.1016/j.rcl.2011.05.008
0033 8389/11/$ see front matter � 2011 Elsevier Inc. All
system are widely used. These technologies will
likely gain further acceptance as a result of improve-
ments in resolution and decreased radiation expo-
sure in conjunction with more wide-spread use of
picture archiving and communication systems
(PACS).2,3

Chest

Conventional radiographs remain a necessary part
of the imaging assessment for many tumors.
Although chest CT is often performed due to the
need for greater imaging detail and sensitivity,
radiographs are often indicated for the detection
of metastatic disease and the assessment of medi-
astinal tumors. In patients with known metastatic
lung disease, chest radiographs can be used
during therapy to assess response and may be
preferred to CT due to the lower radiation dose
during post-treatment surveillance. In lymphoproli-
ferative disorders such as leukemia, Hodgkin dis-
ease and non-Hodgkin lymphoma, a 2-view chest
radiograph is used to monitor treatment. In addi-
tion, for children with Hodgkin disease, posteroan-
terior and lateral chest radiographs are used for the
determination of bulky mediastinal adenopathy,
which is defined by the ratio of the transverse diam-
eter of the mediastinal lymph node mass to the
maximalmeasurement diameter of the chest cavity
on an upright chest radiograph. A mediastinal-to-
thoracic ratio of greater than or equal to 0.35meets
the criterion for bulky tumor and typically places the
patient on a more aggressive treatment protocol
(Fig. 1).4

Abdomen

Conventional radiography may reveal displace-
ment of bowel gas, obliteration of fat planes,
delphia, 34th Street and Civic Center Boulevard,
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Fig. 1. Mediastinal mass in a patient with Hodgkin
disease. An erect AP view of the chest reveals a right
paratracheal mediastinal mass causing displacement
of the trachea to the left. The mediastinal to
thoracic ratio is 0.36.

Fig. 2. Osteogenic sarcoma. An AP radiograph of the
right femur demonstrates a poorly defined, destruc
tive lesion in the medial distal femoral metaphysis
consistent with an aggressive process.
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distortion of muscle planes, or the presence of
calcifications, suggesting the presence of a tumor.
The identification of calcification in the abdomen
raises the possibility of neuroblastoma, the most
common tumor in children under the age of 5
years.1 Although radiographically visible calcifica-
tions can occur in hepatoblastoma and Wilm tu-
mor, the detection of calcification on radiograph
in these tumors is much less common. Calcifica-
tion in the form of a tooth can be diagnostic of
a benign ovarian teratoma. Conventional radio-
graphs of the abdomen, however, are relatively
insensitive and are not useful for monitoring of
therapy, surveillance, or recurrence.

Bones

Conventional radiographs are valuable tools to
characterize and determine the aggressiveness of
bone lesions. Specific plain radiographic features
allow the identification of a classic benign cyst,
fibrous or cartilaginous lesion, an osteoblastic pro-
cess, or an aggressive destructive process. Radio-
graphic signs of aggressive disease include:
lamellated, interrupted, and sunburst periosteal re-
action and poorly defined tumor margins (Fig. 2).
The location of a lesion in the axial or appendicular
skeleton or specific portions in the long bones
(epiphysis, metaphysis, or diaphysis) and vertebra
(body or posterior elements) further assists in
providing diagnostic considerations and guiding
the imaging required for treatment and staging.
Conventional radiographs may also be used to
further assess abnormalities discovered on other
imaging studies such as bone scintigraphy and
MRI. In addition, conventional radiography may
be used to assess complications and disease
response or progression, especially in a patient
with ametallic prosthesis, which can limit the accu-
racy of MRI.
Although conventional film-screen technology is

still common, the digital modalities of CR using
a cassette-based system andDR using a flat-panel
based system arewidely used. These technologies
will likely gain further acceptance as a result of
improvements in resolution and decreased radia-
tion exposure in conjunctionwithmorewidespread
use of PACS.2,3
ULTRASOUND

Ultrasound is an ideal imaging modality to screen
for cancer in the abdomen and pelvis of neonates,
children, and adolescents. Benefits include wide
availability, lack of ionizing radiation, and the rare
need for sedation. Tissue characterization is
excellent. Ultrasound can detect lesions of varying
etiology in the abdominal viscera, retroperito-
neum, and pelvis. Ultrasound imaging characteris-
tics can determine if a mass is cystic or solid,
contains fat or calcification. Additionally, it can
suggest a specific diagnosis such as in ovarian
dermoid, teratoma, or neuroblastoma. Ultrasound
can identify tissue planes by taking advantage of
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respiratory motion and organ movement. This is
especially helpful in the evaluation of large abdom-
inal tumors where organ of origin can be difficult to
determine. Color Doppler imaging is helpful in dis-
tinguishing solid from cystic components of
a mass (Fig. 3), and assessing tumor vascularity
(Fig. 4), necrosis, and vascular thrombosis.

Ultrasound, with its lack of ionizing radiation and
need for sedation, can be performed at short inter-
vals, which is particularly useful when screening
children with syndromes such as aniridia, hemihy-
pertrophy, and Beckwith-Wiedemann syndrome.
Children with these syndromes are at increased
risk to develop Wilms tumor and typically undergo
scanning every 3 months until the age of 8, after
which time the Wilms tumor risk is considered
low.ChildrenwithBeckwith-Wiedemannsyndrome
are also at risk for the development of pancreatico-
blastoma, neuroblastoma, and hepatoblastoma
and undergo total abdominal screening.

Ultrasound may also be used to guide tumor
localization for percutaneous biopsy. Real-time
imaging is used for needle placement, biopsy track
embolization, and evaluation of postprocedural
hemorrhage. The portability of ultrasound allows
its use in combination with fluoroscopy, a clear
benefit.

There is a limited role for ultrasound in abdom-
inal imaging in the assessment of response to
therapy primarily because it is highly operator
dependent and has poor reproducibility for tumor
measurements. Other limitations include inade-
quate evaluation of retroperitoneal tumors due to
bowel gas and inability to assess spinal canal
involvement in neuroblastoma.
CT

CT remains a keystone in the imaging of children
with cancer. Multidetector CT technology (MDCT)
Fig. 3. Undifferentiated retroperitoneal sarcoma. (A) A c
scan reveals a large central mass with low attenuation. Th
sound shows central blood flow, confirming a solid mass.
has allowed shorter scanning timeswhilemaintain-
ing spatial and contrast resolution. Using the most
advanced MDCT scanners, the abdomen and
pelvis of many children can be obtained in less
than 10 seconds. Images obtained using spiral
technique provide a 3-dimensional volumetric da-
taset that allows for 2-dimensional reformatted
images in the coronal and sagittal planes, providing
more accurate measurements in the cephalocau-
dad dimension and often increasing the radiolo-
gist’s confidence in the interpretation (Fig. 5). The
shorter scan time has decreased the need for
sedation, particularly in young children. Distraction
techniques can also be very effective in helping
a child participate in a CT scan without sedation.
Some centers use projection systems to display
a serene scene of moving images onto the walls,
ceilings, or gantry of the CT imaging suite as a me-
thod of distraction.5 In general, the combination of
technologists, nurses, and child life specialists who
are skilled in the care of children will not only
decrease the need for sedation, but also improve
the experience for the child and the parents of
a child with cancer.

From 1980 to 2005, there was a 20-fold in-
crease in the use of CT. As a result, there has
been increasing concern for the development of
radiation-induced cancers. It is accepted that the
effects of ionizing radiation are greater in children
than adults due to increased sensitivity of tissues
secondary to increased growth and turnover, and
the greater life span over which the child has to
develop cancer. Infants and children are up to 10
times more susceptible to carcinogenesis from
radiation exposure than adults.6 When adult proto-
cols are used on children, the radiation exposure is
up to 6 times greater than is necessary to provide
quality images.7,8 CT scanning techniques in chil-
dren should be modified by using a combination
of factors (kVP, mA, scan time, pitch, table speed,
ontrast enhanced abdominal computed tomography
e Hounsfield units ranged from 35 to 50. (B) An ultra



Fig. 4. Prostatic rhabdomyosarcoma. A sagittal ultra
sound examination performed in a 4 year old boy
with gross hematuria reveals an intravesicle mass at
the bladder base. Color Doppler examination shows
increased blood flow within a mass, excluding an in
travesical blood clot.
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and rotation time) tomaintain an acceptable level of
image quality and diagnostic accuracy at the
lowest possible radiation exposure. Furthermore,
there are now vendor-specific techniques such as
automatic exposure control that should be used
to optimize dose reduction and preserve image
quality.1,9

Optimizing theseparameters for chest, abdomen,
andpelvic imaging using aweight-based approach,
theBroselow-Lutencolor scalehasbeendeveloped
to allow easy use while adhering to the ALARA (as
low as reasonably achievable) principles.10 Al-
though the work by Frush and colleagues10 is
Fig. 5. Wilms tumor with inferior vena cava (IVC)
tumor thrombus. A coronal reformatted image shows
a heterogeneously enhancing, large right renal mass.
Heterogeneous soft tissue representing tumor
thrombus is seen within the IVC lumen (arrow).
vendor specific, it can be used as a guide to de-
velop pediatric protocols. Breast shields made of
bismuth provide an additional method to decrease
radiation dose to breast tissue from both chest
and abdominal scans without visibly compromising
image quality.11 Using proper protocols with breast
shields, there is up to a 35% decrease in radiation
exposure to breast tissue.7,12

Another simple way to decrease radiation expo-
sure is to eliminate the routine practice of multi-
phase imaging. Multiphase imaging should be
used on a case-by-case basis, as it can be helpful
in the initial imaging assessment of a liver mass or
in the evaluation of an atypical renal cyst. In addi-
tion, imaging of the chest and abdomen should be
performed as a single run to avoid imaging breast
tissue twice. The bismuth shields can also be used
to decrease dose to the thyroid gland in head and
neck imaging.13

Intravenous contrast is required for the CT evalua-
tion of most tumors. Typically, pediatric imaging can
be adequately performed by hand injection in young
children. Rigsby and colleagues14 found that hand
injection provided adequate diagnostic quality in
patients weighing less than 30 kg. Unfortunately,
this approach leads to variability in enhancement
and can confound the comparison of studies. It
should alsobe remembered that appropriate training
forhand injection isnecessary,sincecatheter rupture
can occur with hand injection.15 Use of a power
injector has become routine in many centers. Most
published pediatric protocols using an antecubital
peripheral line suggest an 18 G to 23 G intravenous
catheter, with a volumeof 2 cc/kg nonionic iodinated
contrast and a power injector rate of 2 cc/s. The
authors usually hand inject if the intravenous line is
in the hand or foot, as these are typically 24 G or
smaller. A uniformly common issue in this patient
population is the presence of indwelling central
venous access. As a general rule, the authors hand
inject tunneled central venous catheters and im-
planted subcutaneous injection ports. The US Food
and Drug Administration (FDA) has approved use of
a power injector with specific peripherally inserted
central catheters (PICCs) to assure that the catheter
is designed towithstandhighpressure. ThesePICCs
have vendor-specific injection rates based on cath-
eter lumen size, and the vendor’s information should
be consulted before injection.
In the chest, CT is superior to radiographs for the

diagnosis of metastatic pulmonary disease. Current
recommendations for most pediatric tumors in-
cludingWilms tumor, neuroblastoma, hepatoblasto-
ma, Ewing sarcoma, and osteogenic sarcoma
require CT for evaluation of pulmonary metastatic
disease at diagnosis and during therapy (Fig. 6). CT
of the chest generally does not require intravenous



Fig. 6. Metastatic Ewing sarcoma. (A) An axial chest computed tomography (CT) scan at diagnosis shows multiple,
peripheral metastatic nodules. (B) A repeat chest CT scan after therapy at 3 months shows a significant response
to therapy.
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contrast unless a palpable rib mass, mediastinal
mass, or adenopathy is suspected or known to be
present.

When imaging the abdomen and pelvis, oral
contrast is extremely helpful at initial diagnosis,
particularly in the evaluation of a retroperitioneal
mass or lymphadenopathy. The useof oral contrast
during follow-up imaging may vary depending on
tumor type, patterns of disease spread, and local
preference. Some institutions have eliminated oral
contrast from abdominal/pelvic imaging protocols
to decrease the risk of aspiration if emesis occurs
in a sedated patient.

An emerging CT technology includes 3-dimen-
sional imaging to assist in radiation planning with
intensity-modulated radiotherapy and proton
therapy.16
MRI

The role of magnetic resonance in oncologic
imaging continues to evolve with the development
of faster scanning technique, improvements in
coils, moving table platforms, and development
of advanced post-processing techniques. MRI
strengths are high soft tissue contrast and spatial
resolution, lack of ionizing radiation, multiplanar
capability, and excellent soft tissue characteriza-
tion. MRI weaknesses include limited availability
in some settings, relatively long examination time,
physiologic motion artifact, suboptimal evaluation
of the lungs, and high cost. Techniques used to
assist in reduction of artifacts from physiologic
bowel motion include keeping the patient from in-
gesting any food or liquids for at least 4 hours
before an examination and the use of glucagon.
Respiratory gating, navigator echo gating, and
periodically rotated overlapping parallel lines with
enhanced reconstruction (PROPELLER) imaging
can reduce respiratory motion (Fig. 7). Breath
held sequences can be used in older children and
adolescents. Distraction techniques such as video
goggles used with a digital DVD system and MP3
audio systems can be used to decrease patient
motion and avoid sedation in MRI. An additional
concern when performing MRI is the recently
recognized risk of nephrogenic systemic fibrosis
(NSF) in patients receiving gadolinium-based con-
trast. NSF causes hardened skin with fibrotic
nodules and plaques. Risk factors for the develop-
ment of NSF include renal insufficiency, renal
failure, and liver transplant.17

MRI is the primary advanced imaging modality
used in the initial evaluation of musculoskeletal
tumors. Children’s Oncology Group (COG) Clinical
Trials for Ewing sarcoma, osteogenic sarcoma,
and soft tissue sarcomas use MRI for diagnosis,
response to therapy, surveillance, and recurrence.
MRI is used to define the tumor extent and its rela-
tionship to the neurovascular bundle. MRI is partic-
ularly useful in determining whether a tumor is
amenable to limb salvage surgery and in planning
the appropriate surgical procedure.18,19

MRI musculoskeletal tumor protocols should
include short tau inversion recovery (STIR) and
T1 weighted imaging in the sagittal or coronal
planes that include the entire bone from joint to
joint. The T1 sequence is used to estimate the
length of involvement for prosthesis planning and
to detect skip lesions or metastatic foci. The
STIR sequence can be used to confirm T1 abnor-
malities but can overestimate tumor extent due
to its high sensitivity in detection of water, which
may represent peritumoral reactive edema rather
than tumor. The rest of the MRI examination is
focused on the tumor and the adjacent joint. The
coil may be changed to improve signal character-
istics. Axial T1, gradient echo, and T2 with fat
saturation sequences will provide local detail.
The gradient echo sequence is most useful for



Fig. 7. Hepatoblastoma in a 1 week old infant. Axial T1 (A) and axial T2 (B) magnetic resonance images of the
abdomen were both performed using periodically rotated overlapping parallel lines with enhanced reconstruc
tion (PROPELLER) technique. Note the mass in the right lobe of the liver. Artifact from multiple bowel loops is
eliminated.

Fig. 8. Neuroblastoma with spinal involvement. An
axial T2 weighted magnetic resonance image shows
a large right retroperitoneal tumor invading the adja
cent lumbar musculature and extending through the
neural foramen into the spinal canal. There is signifi
cant displacement of the spinal cord (arrow) and
thecal sac.

States & Meyer584
evaluating neurovascular bundle involvement. A
sagittal or coronal T2 fat-saturated sequence at
the joint adjacent to the tumor can help assess
epiphyseal and joint involvement. Contrast-
enhanced imaging can be performed with a
dynamic sequence followed by axial and coronal
or sagittal T1 sequence with fat saturation. A T1
sequence with fat saturation performed before
contrast injection can be subtracted from the
postcontrast-enhanced sequence T1 fat-saturated
sequence to increase the conspicuity of contrast
enhancement in a necrotic or hypovascular tumor
and improve diagnostic confidence.
MRI is also very helpful is assessing the extent of

intraspinal disease in children with neuroblastoma.
Spinal canal involvement by neuroblastoma can
present as a surgical emergency. MRI is used to
assess mass effect on the spinal cord and roots,
invasion in the paraspinal muscles, and marrow
involvement in the spine (Fig. 8). In addition, MRI
can be particularly useful in the evaluation of ova-
rian tumors to characterize the tumor, evaluate the
contralateral ovary, and identify liver metastases
and peritoneal seeding.20 Preoperative assess-
ment of liver tumors for determination of anatomic
involvement and vascular invasion is another
application of MRI. In these patients, a power in-
jection can be helpful when performing dynamic
vascular imaging.
A developing indication is the use of whole-body

MRI (WBMRI) for tumor staging, response to
therapy, and surveillance. The development of
multichannel coils, a movable table, and parallel
imaging have made this possible. This technology
is available with both 1.5 and 3.0 Tesla magnets.
Whole-body imaging is most useful in the evalua-
tion of skeletal metastases, especially the bone
marrow. Protocols are based on coronal whole
body imaging using fast T1 weighted and STIR
sequences. Used together with axial fat-saturated
fast spin echo T2 sequences that improve the visu-
alization of rib lesions, the average MRI scan time
for a total body MRI is in the range of 45 minutes.
In a comparison of WBMRI with bone scintigraphy
(BS) and 18fluorodeoxyglucose (FDG) PET for the
evaluation of skeletal metastases, WBMRI had
a sensitivity of 97.5% and specificity of 99.4; BS
had a sensitivity of 30% and specificity of 99.4%,
andFDGPET/CThadasensitivity 90.0%andspec-
ificity 100%. Both WBMRI and FDG PET/CT
showed excellent agreement with the final diag-
nosis (Fig. 9).21 Additional MRI techniques that
are not inwidespread use but have shownpotential



Fig. 9. Metastatic Ewing sarcoma. (A) Anterior view of
a whole body bone scan shows abnormal increased
activity and photopenia in the right iliac wing corre
sponding to primary tumor. Faint, poorly defined
activity is seen in the right proximal intertrochanteric
region of the femur. (B) A whole body magnetic reso
nance image demonstrates the primary tumor in the
right iliac bone. Additional focal bull’s eye lesions
seen in the right proximal femur and left femoral
neck are consistent with metastatic disease.
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for application in children with cancer include:
diffusion-weighted and dynamic contrast-enhan-
ced MRI for the assessment of tumor response,
and new intravenous contrast agents using iron
particles to distinguish inflammatory from can-
cerous lymph nodes.22–24
Fig. 10. Metastatic neuroblastoma. (A) Anterior and
posterior views of a whole body 123iodine labeled
metaiodobenzylguanidine (I123 MIBG) scan reveal
metastatic marrow disease in the spine, right pelvis,
bilateral shoulders, and proximal and distal femurs.
(B) Surveillance scan at 2 years after initial diagnosis
and subsequent treatment demonstrates a normal
physiologic distribution of 123 IMIBG activity and no
evidence for recurrence.
NUCLEAR MEDICINE

Nuclear medicine techniques use targeted radio-
tracers to image specific organ system physiology
or cellular processes and provide unique functional
information. Technetium 99m- labeled- disphospho-
nateBS, 123Iodine-labeledmetaiodobenzylguanidine
(123 IMIBG) scintigraphy and 18Fluorodeoxyglucose
positron emission tomography (FDG PET) are the
most common nuclear medicine radiotracers used
in the evaluation of children with cancer.

BS is currently the most cost effective and
widely available whole-body imaging technique
for the detection and monitoring of skeletal metas-
tases. A positive study shows increased activity at
sites of osteoblastic bone response. BS is highly
sensitive for the detection of osteoblastic lesions
but not specific for metastatic disease. Plain radio-
graphs of abnormal or questionable scintigraphic
findings increase the specificity of the bone scan,
are used to confirm lesions, and are particularly
helpful in evaluating response to therapy. False-
negative bone scans can occur before the devel-
opment of an osteoblastic response in early stages
of marrowmetastases. In children, this occurrence
is most common in metastatic neuroblastoma,
with metastatic disease picked up by 123 IMIBG.
In Ewing sarcoma, early marrow metastases may
not be visible on BS but can be diagnosed with
WBMRI or PET/CT. Scintigraphic findings of dif-
fuse intense bone uptake associated with little or
no renal activity, known as a super scan can be
seen in patients with diffuse skeletal metastases.
In addition, a false-positive bone scan can occur
in a patient with known bone metastases that app-
ear falsely increased in activity on follow-up. This
flare phenomenon is seen after chemotherapy
and can be misinterpreted as progression of dis-
ease. Plain radiographs can be helpful to confirm
healing rather than progression in these patients.25

The 123 IMIBG scan is used extensively in
the staging and assessment of tumor response
and recurrence in children with neuroblastoma
(NBL).26,27 It is also the test of choice in the diag-
nostic evaluation of pheochromocytoma. The func-
tional properties of MIBG, a norepinephrine analog,
make it highly specific (Fig. 10). The main limitation
of 123 IMIBG, however, is long examination perfor-
mance time with delayed 24-hour imaging and high
radiation dose. In addition, disease in the liver can
be difficult to evaluate, since the background liver
activity is high. Suspicious or nonuniform liver
activity is best evaluated by MRI.



Fig. 11. Nodular sclerosing Hodgkin disease. (A) An
FDG positron emission tomography scan at diagnosis
reveals a large area of uptake in the mediastinal
mass depicted on the CXR in Fig. 1. Increased activity
in the spleen and bone marrow may be related to
anemia or metastatic disease. (B) 3 weeks after
therapy there is a complete metabolic response to
therapy. Bone marrow and splenic activity have
increased, likely in response to therapy. (C) The axial
computed tomography low dose noncontrast locali
zation image demonstrates a large residual mass.
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Single photon emission tomography with CT
(SPECT /CT) is an emerging hybrid technique that
should increase the use of SPECT imaging as
SPECT/CT scanners become more available The
most promising application in pediatric oncology
is the use of 123 IMIBG SPECT/CT.28 In the evalu-
ation of NBL, SPECT/CT can be particularly useful
in distinguishing stasis of radiotracer in the renal
pelvis from perirenal disease, adrenal activity
from residual disease, nodal disease in the pelvis
from marrow disease, and to identify low-grade
activity in residual disease.
FDG PET is a molecular imaging tool used to

identify hypermetabolic malignancy. The strengths
of PET include imaging of the whole body and high
sensitivity. The specificity of PET in lymph node
staging is limited by the presence of uptake in
inflammatory cells and macrophages in reactive
or infected lymph nodes, which can be indistin-
guishable from malignancy. The clinical use of
PET is best established in Hodgkin disease and
includes staging, response to therapy, planning
radiation therapy, restaging, and monitoring
relapse.29 PET has made a significant contribution
in the assessment of tumors that have an increased
fibrous stroma, suchasnodular sclerosingHodgkin
diesease, which comprises 70% of Hodgkin
disease in children. These tumors may respond
completely to therapy as evidenced by loss of
18FDG uptake while still showing a residual soft
tissue mass on CT (Fig. 11). The role of PET in the
evaluation of sarcomas such as rhabdomyosar-
coma , Ewing sarcoma, and osteosarcoma is being
studied. In addition, there may be a role for PET in
the evaluation of neuroblastoma when the tumor
is weakly or non-MIBG avid.30

When interpreting PET images, a metabolic
response to therapy is considered to be present
when theactivity is equal toor less thanbackground
activity. Standardized uptake values (SUV), a semi-
quantitative analytical tool that is a measure of
activity of radiotracer, can be used to confirm
a visual metabolic response to therapy when
comparing initial pretherapy scans to posttherapy
scans. SUV cannot be used to reliably distinguish
between malignant and benign lesions. A pitfall of
18FDG uptake is the presence of activated brown
fat, which is most common in the cervical region,
supraclavicular region, and base of neck and can
be confused with lymph node activity. The simplest
method to diminish brown fat uptake is to keep the
patient warm before and during the uptake phase,
which is the time period between injection and
scanning. Having the patient wear warm clothing
and keeping the uptake room temperature over
75�Falso may be helpful. CT localization is also
extremely helpful in distinguishing brown fat from
lymph nodes.31 Another pitfall is the use of marrow
stimulating agents, such as granulocyte colony-
stimulating factor, which causes a hyperplastic
marrow response that results in diffuse increased
skeletal activity and increased splenic activity that
can obscure metastatic disease. The effect wears
off with time and resolves by 4weeks after adminis-
tration. Increased FDG activity can also be seen in
infection, postsurgical granulation tissue, and post-
radiation inflammatory changes.
In the evaluation of residual or recurrent disease

in a patient with bone tumor treated surgically with
a limb salvage procedure, PET/CT can be espe-
cially useful in the detection of recurrence at the
site of a metallic prosthesis, which cannot be
adequately evaluated byMRI or CT alone. If neces-
sary, PET/CT can serve as a problem-solving tool
in patients with suspected residual or recurrent
disease. In patients requiring biopsy, identification



Imaging Modalities in Pediatric Oncology 587
of the hypermetabolic regions in a tumor mass
can be used to guide biopsy. PET/CT is also used
in the mapping and planning of radiation therapy
fields for both intensity-modulated radiotherapy
(IMRT) and proton therapy.16 Currently, pediatric
PET/CT protocols have not been standardized;
however, Alessio and colleagues32 offer a practical
protocol using 11 weight categories, based on the
Broselow-Luten color scale, which adheres to the
ALARA principle.
Radiation and Cancer Risk

Medical radiation is very low dose, and statistical
estimates have been used to predict the risk of
developing a solid tumor from cumulative expo-
sures. Using data from high-dose exposure from
Nagasaki, Japan, one approach has been to use
a linear fit extrapolating cancer incidence occur-
ring at high-dose levels to estimate cancer inci-
dence at low levels.

The “Image Gently” campaign was conceived in
2006 in theSociety for Pediatric Radiology (SPR) by
a committee designed to address radiation dose in
children. This committee agreed itwas important to
include medical technologists, medical physicists,
pediatricians, and CT vendors in this discussion
ondose reduction and formed theAlliance forRadi-
ation Safety in Pediatric Imaging. This was la-
unched in 2008 and initially consisted of the SPR,
the American College of Radiology, the American
Society ofRadiologic Technologists, and theAmer-
ican Association of Physicists in Medicine. This
group has since expanded enormously and has
gained support from other organizations through-
out the world. The group has developed educa-
tional activities including conferences discussing
updates and issues, a volume of Pediatric Radi-
ology containing publications from conference
presentations33 and a Web site, www.image-
gently.org. ThisWeb site is expansive and includes
material for parents, pediatricians, technologists,
and radiologists. Educational modules are avail-
able for technologists and radiologists to update
their training. Anyone desiring more information
on methods to decrease radiation exposure from
imaging should visit this site.

The approach currently approved by the Image
Gently Alliance is

1. Current estimates of radiation risk are predicted
based on the linear no threshold model, which
assumes that there is a risk of solid cancer inci-
dence at low radiation levels.

2. It is difficult to accurately estimate radiation
dosimetry from PET and CT due to varying
morphology, site, and tissue kinetics.
3. At present, it is accepted that radiation dose
and risk are additive.

4. The goal with current protocols is to decrease
effective dose.
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Primary tumors of the central nervous system
(CNS) are the second most common neoplasms
of childhood, exceeded in incidence only by lym-
phoproliferative disorders.1 These tumors occur
with an annual incidence of 3 per 100,000 and
are a leading cause of death in children.2 Although
supratentorial and infratentorial tumors occur with
nearly equal incidence when the pediatric popula-
tion is considered as a whole, the relative fre-
quency by location varies with the age of the
patient.3 Supratentorial tumors are more common
in infants and children up to the age of 3 years and
after the age of 10 years; from 4 to 10 years of age,
infratentorial tumors predominate.4

Although there is some overlap with pathologic
entities in adults, pediatric brain tumors have
a higher degree of pathologic heterogeneity.5 Fur-
thermore, treatment strategies and outcomes
vary widely with the specific tumor pathology and
histologic grade. Although a specific pathologic
diagnosis is not possible in many cases, thorough
noninvasive characterization of pediatric brain
tumors is of potential value to optimal patient
management.6 The goal of this article is not to
provide an exhaustive description of all pediatric
tumors occurring in the CNS. For such purposes,
the reader is referred to other outstanding
sources.7 Rather, this review is intended to provide
an overview of the typical imaging appearance of
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the most common childhood tumors and tumorlike
conditions, with a focus on suggestive or differen-
tial features.Whereappropriate, relevant advanced
imaging techniques (eg,magnetic resonancespec-
troscopy [MRS], diffusion-weighted imaging [DWI],
and perfusion techniques) are discussed. Despite
the superb and diverse tissue contrasts now
available with state-of-the-art MR imaging, tumor
location remains critical to the generation of an
appropriate differential diagnosis. Location forms
the organizational basis of this article.
INFRATENTORIAL TUMORS

Cerebellar astrocytoma is one of themost common
posterior fossa tumors of childhood, (second only
to medulloblastoma), accounting for 40% of all
astrocytomas in the pediatric population.4,7 These
tumors occur throughout childhood, with a peak
incidence from birth to 9 years of age.8 Astrocy-
tomas throughout the brain occur with increased
frequency in neurofibromatosis type 1 (NF-1), and
the posterior fossa is no exception.4,9,10 Pathology
shows juvenile pilocytic astrocytoma (JPA) in most
cases.11–13 These tumors have an excellent prog-
nosis, with a 95%25-year survival rate.13 However,
diffuse astrocytomas, including glioblastoma mul-
tiforme (GBM), do occur, with a tendency toward
older patients; survival is of significantly shorter
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duration.11,14 Although cerebellar astrocytomas
frequently originate near the midline, lateral exten-
sion tends to result in a mass centered in the cere-
bellar hemisphere.10

Approximately50%ofposterior fossaJPAsshow
a classic cyst and mural nodule appearance.15 In
these cases, the mural nodule shows intense,
Fig. 1. Cerebellar astrocytoma. Axial T2 weighted (A) and
solid mass centered in the left cerebellar hemisphere. As is
tumor is hyperintense to brain parenchyma on the T2 weig
paramagnetic contrast agent. Increased diffusion on the a
tent with the low cellularity of these tumors.
diffuse enhancement; the cyst approximates cere-
brospinal fluid (CSF) on all imaging sequences
(Fig. 1). The remaining tumors tend tohaveahetero-
geneous, cystic, and solid appearance.15 Less than
10% are completely solid.16 Solid portions of these
tumors tend to show low density on computed
tomography (CT) and high signal on T2-weighted
postcontrast T1 weighted (B) images show a cystic and
typical for pilocytic tumors, the solid component of the
hted images and enhances after the administration of
pparent diffusion coefficient (ADC) map (C) is consis
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images relative to brain parenchyma.17,18 These
characteristics are believed to relate to the relatively
low cell density or nuclear/cytoplasm ratio of these
tumors. These same histologic features likely
account for the increased apparent diffusion coeffi-
cient (ADC) in these tumors.19 Solid components
tend to enhance, most frequently in a heteroge-
neous fashion, after the administration of contrast
agent.17 Mineralization may be seen in up to 20%
of cases.20 Theuseof advanced imagingmodalities
in astrocytomas isdiscussed in the sectiononhemi-
spheric astrocytoma.
Medulloblastoma

Medulloblastoma is a primitive neuroectodermal
tumor (PNET) arising from the fetal granular layer
of the cerebellum or the posterior medullary
velum.21–24 Signaling pathways implicated in tu-
morigenesis include the sonic hedgehog pathway,
WNT/WG pathway, receptor kinase family ErbB. It
is the most common infratentorial tumor of child-
hood and accounts for approximately 25% of
CNS tumors in the pediatric population.4,25 The
peak age range is 6 to 11 years, although these
tumors may also occur in young adults.26–28

Medulloblastomas occur with increased frequency
in patients with basal cell nevus (Gorlin) syndrome,
Turcot syndrome, Li-Fraumeni syndrome, ataxia-
telangiectasia, xeroderma pigmentosum, and
blue rubber bleb syndrome,5,29 These tumors typi-
cally originate in the midline from the roof of the
fourth ventricle, with encroachment on and growth
into the ventricle. Later in life, origin from the cere-
bellar hemisphere is more common; tumors in this
location tend to be desmoplastic and are associ-
ated with a better prognosis.30

On CT, medulloblastoma appears as a midline
vermian mass, typically hyperdense to cerebellar
white matter.31,32 This hyperdensity is a reliable
discriminator from cerebellar astrocytoma, whose
solid portions tend to show low attenuation relative
to the cerebellar parenchyma. Calcification is rare,
but may be detected in up to 10% of cases.33 The
MR imaging appearance of medulloblastoma is
variable. T2-weighted images tend to show a
heterogeneous appearance. A vermian tumor the
solid components of which show hypointensity or
isointensity to gray matter on T2-weighted images
is suggestive of the diagnosis in the appropriate
age group (Fig. 2).5,32,34–37 Relatively short T2 is
believed to relate to high cell density or nuclear/
cytoplasm ratio; these histologic features also
account for relatively restricted diffusion in these
tumors.19,38 In most cases, medulloblastomas
show enhancement, which may be heterogeneous
or diffuse, after the administration of iodinated (CT)
or paramagnetic (MR imaging) contrast agents.34

Leptomeningeal dissemination, within the brain
or spine, is relatively common and may be found
at diagnosis or as a manifestation of tumor recur-
rence (see Fig. 2).35,36 Distant metastases are
uncommon, but have been reported, most com-
monly to bone or lymph nodes.39

Recent work by several groups has shown the
usefulness of MR spectroscopy in the differentia-
tion of posterior fossa tumors. Medulloblastoma
tends toward a more exaggerated increase of
choline level than either ependymoma or astrocy-
toma, although there is a high degree of overlap
between different pathologic entities.40,41 Medul-
loblastoma may also show an abnormal taurine
peak, a finding which has been reported to allow
for accurate differentiation from other infratentorial
tumors.42,43 Other groups have used pattern anal-
yses (quantifying multiple molecular peaks) to
provide the most robust prediction of pathologic
diagnosis of infratentorial tumors.6

Diffusion tensor imaging hasbeenused to assess
the effects of radiation therapy in children with
medulloblastoma. A reduction in fractional anisot-
ropy (FA) was found in the white matter of medullo-
blastoma survivors, even in white matter with
a normal appearance on T2-weighted images.44,45

Moreover, the degree of decreased FA correlated
with the age at which radiation was administered
as well as with deterioration in school perfor-
mance.44,45 This work was then corroborated in an
animal model, confirming the parallel between
tissue anisotropy and the histologic changes of
radiation-induced white matter injury.46 Together,
these data support the use of FA as a noninvasive
biomarker tomonitor the deleterious effects of radi-
ation therapy.
Ependymoma

Ependymoma is a tumor of glial origin accounting
for approximately 15% of posterior fossa tumors in
the pediatric age group.47 Although they may
occur at any age, peak incidence is from 0 to
5 years of age.48,49 Ependymoma originates from
the ependymal cells lining the ventricular system,
most commonly from the floor of the fourth
ventricle, with growth into the fourth ventricle.50

Extension of tumor through the outlet foramina of
the fourth ventricle is common and represents an
important differential feature. Although medullo-
blastoma may also protrude into these foramina,
thin, fingerlike projections of tumor are highly
suggestive of ependymoma.4,51

At imaging, ependymoma typically presents
as a fourth ventricular mass, the solid compo-
nents of which tend to show, at least in part,



Fig. 2. Medulloblastoma. (A) Axial T2 weighted image shows a mildly heterogeneous mass centered in the fourth
ventricle. Signal intensity within the tumor approximates that of gray matter. (B) ADC map shows decreased
diffusion within the same regions of tumor, consistent with high cell density. MRS (C) shows decreased
N acetyl aspartate and a marked increase of choline level. Sagittal (D) and axial (E) postcontrast T1 weighted
images through the spine show nodular enhancement along the surface of the cord, consistent with leptomenin
geal dissemination of tumor.
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isointensity or hypointensity to gray matter on T2-
weighted images (Fig. 3).5,47,52,53 Mineralization,
necrosis, and hemorrhage are relatively common,
accounting for the characteristic heterogeneity
observed on cross-sectional imaging.29,47,54 These
tumors typically enhance in a heterogeneous
fashion.4,47,55 Leptomeningeal dissemination of
ependymoma is rare at presentation (in contradis-
tinction to medulloblastoma), but may occur as
a manifestation of recurrence. Tumor seeding at
the time of diagnosis of an ependymal cell
neoplasm suggests anaplastic ependymoma or
ependymoblastoma.4 In most cases, the major
differential consideration is medulloblastoma; in
addition to the aforementioned suggestive fea-
tures, ependymoma tends to occur in a younger
age group (0–5 years, as noted earlier). The clinical
and imaging presentations of these tumors have
significant overlap, and differentiation may not be
possible before pathologic evaluation. Increased
myoinositol (MI) levels at MRS may have some
usefulness in differentiating ependymoma from
other posterior fossa tumors, although care must
be taken to distinguishMI fromglycine, which reso-
nates nearby (3.56 ppm) and may be present in
medulloblastoma.5,6
Atypical Teratoid Rhabdoid Tumor

Although these tumors have historically been diag-
nosed as medulloblastoma, newer pathologic
techniques have allowed distinction of atypical ter-
atoid rhabdoid tumor (ATRT) from other PNETs56

These tumors commonly showmutation or deletion



Fig. 3. Ependymoma. (A) Axial T2 weighted image shows a heterogeneous fourth ventricular tumor. Much of the
tumor has signal characteristics that approximate that of gray matter. In this case, there is extension of tumor
through the foramina of Luschka. (B) Axial postcontrast T1 weighted image shows heterogeneous enhancement
of this ependymoma.
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of both copies of the hSNF5/INI1 gene thatmaps to
chromosome band 22q11.2, observed in approxi-
mately 70% of cerebral ATRT.57

The imaging appearance of ATRT is similar to that
of medulloblastoma, with solid portions showing
attenuation (CT) and signal intensity (MR imaging)
similar to that of gray matter (Fig. 4).58,59 This rare
tumor should be considered in the differential diag-
nosis of medulloblastoma and ependymoma; in
particular, marked heterogeneity resulting from
frequent necrosis and sometimes hemorrhage,
cerebellar hemispheric centricity, and young age
(median age at diagnosis <2 years) should raise
thepossibility of anATRT.58MRSmayhelp todiffer-
entiate ATRT frommedulloblastoma: ATRT is char-
acterizedby lower choline levels and theabsenceof
a taurine peak.60
Brainstem Tumors

Brainstem glioma is a relatively common tumor of
childhood, accounting for approximately 25% of
posterior fossa neoplasms.51 These tumors typi-
cally present in the first decade of life, but can
occur into adulthood.15 Brainstem tumors can be
further divided based on their site of origin, with
pontine tumors being the most common, and
whether they are focal or diffuse. In general terms,
pontine gliomas tend to be diffuse (ie, involve
�75% of the cross-sectional area of the pons)
and show fibrillary histology. These tumors have
an extremely poor prognosis, with median survival
of approximately 1 year.61,62 On CT, diffuse
intrinsic pontine glioma (DIPG) appears as an infil-
trative, poorly marginated low-density mass
centered in the pons.4 Mineralization is uncommon
and correlates with less aggressive disease.63

Despite narrowing of the fourth ventricle, hydro-
cephalus is rare at presentation. MR imaging is
the modality of choice, in part because of the
absence of beam-hardening artifact, showing an
infiltrative mass with long T1 and T2 associated
with marked expansion of the pons (Fig. 5).64–66

Anterior growth narrows the pontine cistern and
characteristically engulfs the basilar artery. Diffuse
tumors rarely enhance significantly after the admin-
istration of contrast.51 Overall, the appearance is
characteristic, and therapy is initiated at many
institutions without a tissue diagnosis. However,
this practice limits therapeutic stratification in
these patients. The relative rarity of pathologic
samples from these tumors has also contributed
to a paucity of knowledge regarding potential
molecular targets in this disease. Although at diag-
nosis DIPG tends to show low choline, high citrate,
low cerebral blood volume (CBV), and high ADC (ie,
low cellularity), transformation to more biologically
aggressive tumors is paralleled by increasing
choline, increasing perfusion, and decreasing
ADC.5,60,67

Medullary and midbrain gliomas are more
commonly focal in nature, and may be at least
partly exophytic.68,69 These tumors tend to show
pilocytic histology, with a substantially better
prognosis than DIPG.63 Like JPAs elsewhere in
the posterior fossa, focal brainstem gliomas



Fig. 4. ATRT. (A) Axial T2 weighted image shows a heterogeneous, solid, and cystic mass centered in the fourth
ventricle. Solid components of tumor are isointense and hypointense to gray matter. (B) ADC map shows
decreased diffusion within solid components, consistent with high cell density. Although medulloblastoma often
has a similar appearance, the heterogeneity combined with the age of the patient (11 months) suggest that this
may be an ATRT. (C) Postcontrast images show low level, heterogeneous enhancement throughout the solid
portion of the tumor.
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show low attenuation on CT and hyperintensity
on T2-weighted images when compared with
normal brain parenchyma. Contrast enhancement,
typically heterogeneous in nature, is identified in
most such tumors.70

Tectal or quadrigeminal plate glioma is a specific
midbrain tumor that presents with signs and
symptoms of increased intracranial pressure re-
sulting from obstruction at the cerebral aque-
duct.71 The imaging appearance is the same as
that described for pilocytic astrocytomas in other
locations.72 Differentiation from other brainstem
tumors is warranted based on its benign course
and specific therapeutic options (ie, CSF diversion
to relieve hydrocephalus and nothing else). There
is good evidence to suggest that MR imaging
can be used to identify those tectal tumors that
are likely to require further treatment. In 1 study,
tumor size greater than 2.5 cm in diameter or
enhancement on MR imaging were significant
radiologic predictors of those patients needing
treatment beyond CSF diversion.73 In another
study of 40 children with tectal tumors, tumor
volume at presentation was the only factor predic-
tive of tumor enlargement (P 5 .002).74 Lesions
with a volume less than 4 cm3 were likely to follow



Fig. 5. Diffuse intrinsic brainstem glioma. (A) Axial T2 weighted image shows an infiltrative, hyperintense mass
centered in the pons. Marked expansion of the pons narrows the pontine cistern and engulfs the basilar artery.
These tumors rarely enhance significantly (B) and tend to show increased diffusion (C) at diagnosis.
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a benign course. All large lesions, defined as a
volume greater than 10 cm3 at presentation, even-
tually required treatment.

Choroid Plexus Tumors

Although the fourth ventricle is the most common
location of choroid plexus papilloma (CPP) in
adults, pediatric tumors occur more commonly in
the lateral ventricle. The imaging appearance of
choroid plexus lesions is described in detail in the
section on supratentorial tumors later in this article.

Hemangioblastoma

Hemangioblastoma is a rare benign tumor of
vascular origin accounting for 1% to 2% of all
intracranial neoplasms.51 Peak incidence occurs
in early adulthood, with fewer than 20% of all
hemangioblastomas occurring in the pediatric
population.29 These tumors occur with increased
frequency in patients with von Hippel-Lindau
disease; in such cases, tumors tend to present at
an earlier age, and multiple lesions are frequently
encountered in the same patient. Hemangioblas-
tomas most commonly originate from the cere-
bellar hemisphere, typically in a paramedian
location. The clinical presentation is often nonspe-
cific, although polycythemia may occur on the
basis of erythropoietin secretion.29,75

Althoughmany tumors are entirely solid, heman-
gioblastoma classically appears as a cystic mass
with an enhancing mural nodule. Solid components
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of this tumor are highly vascular and show intense,
homogeneous enhancement after the administra-
tion of contrast. Flow voids on MR imaging are an
important discriminator from cerebellar astrocy-
toma, a tumor thatmight otherwise havean identical
appearance.Along the same lines, high relativeCBV
at perfusion MR imaging has been used to accu-
rately distinguish hemangioblastoma from JPA.76

In rare instances, it may be difficult to differentiate
these tumors froman arachnoid cyst; in such cases,
the use of contrast medium may be necessary to
identify a small mural nodule.70
EMBRYONIC TUMORS
Dermoid/epidermoid

Embryonic tumors arise from rests of ectodermal
tissue left behind during neural tube closure.
Whereas epidermoid cysts are derived from solely
from the epidermis (ectoderm), dermoid cysts
also contain dermal appendages, which are
derived from mesoderm. Within the intracranial
compartment, epidermoids are significantly more
common.
On CT, a dermoid cyst appears as an extra-

axial, fat density mass that has a tendency to
occur in the midline.29 On MR imaging, these
tumors show heterogeneous T1 hyperintensity;
fat saturation techniques and chemical shift arti-
fact may aid in excluding substances other than
fat that produce short T1 signal.77 Dermoids do
not enhance unless they become infected. Like
epidermoid cysts (see later discussion), dermoids
show diffusion characteristics similar to those of
brain parenchyma.78 Approximately 20% of der-
moid cysts are associated with a dermal sinus
tract. When in communication with the skin sur-
face, these tracts may be a source of intracranial
infection. Close attention should be paid to identi-
fying these tracts in every patient with a dermoid
cyst.
Compared with dermoids, epidermoid cysts are

less likely to occur in the midline.4,29 On CT, the
appearance is that of a cerebral spinal fluid
(CSF) density, extra-axial mass. The presence of
mass effect on adjacent structures is typically
the only finding to suggest its presence. On MR
imaging, the signal characteristics of an epider-
moid approximate those of CSF. Fluid attenuated
inversion recovery (FLAIR) images often show
a heterogeneous internal architecture slightly
hyperintense to CSF, a finding that distinguishes
an epidermoid cyst from an arachnoid cyst. Defin-
itive differentiation from an arachnoid cyst can be
accomplished with DWI: arachnoid cysts show
signal approximating CSF on DWI, whereas
epidermoids show relatively decreased water
motion.78–80 In some instances, an epidermoid
may show hyperintense T1 signal, potentially
causing confusion with a dermoid or lipoma;
these rare cases can be correctly identified by
the absence of chemical shift artifact or by using
fat-saturated sequences.4
SUPRATENTORIAL TUMORS
Tumors Occurring Within the Cerebral
Hemispheres

Hemispheric astrocytoma
Astrocytomas are the most common childhood
tumors of the CNS, constituting approximately
one-third of all pediatric supratentorial tumors.1,81

These tumors occur throughout childhood, with
peaks in incidence from 2 to 4 years of age and
in early adolescence.15 In addition to the cerebral
hemispheres, astrocytomas also commonly origi-
nate from the thalamus, hypothalamus, and basal
ganglia.1 Hemispheric astrocytoma occurs with
increased frequency in patients with NF-1.51 As
in the cerebellum, most of these tumors are low
grade. However, high-grade neoplasms including
GBMdo occur; in such cases, the imaging appear-
ance is identical to that of adult high-grade primary
brain tumors.82

On imaging, low-grade hemispheric astrocy-
tomas tend to have a heterogeneous, cystic, and
solid appearance. Solid portions of these tumors
show low density on CT and high signal on T2-
weighted images relative to brain parenchyma as
well as heterogeneous enhancement.5,62,70,83

Like low-grade astrocytomas that develop else-
where, low cell density or nuclear/cytoplasm ratio
accounts for relatively high diffusivity within these
tumors.84 The cyst and mural nodule appearance
classically described in the posterior fossa is less
common in this location.85,86

Gliomatosis cerebri is a rare tumor character-
ized by diffuse overgrowth of glial elements,
typically of astrocytic origin, which occurs pre-
dominantly in children and young adults.49 This
tumor may be difficult to appreciate on CT, and
signs of mild mass effect may be the only indica-
tion of its presence. MR imaging shows mild,
diffuse T2 (and sometimes T1) prolongation.49,87,88

Mass effect is generally mild, and enhancement is
typically absent.49,87–89

Pleomorphic xanthoastrocytoma (PXA) is a rare
astrocytic neoplasm that tends to involve the
leptomeninges.51 These tumors show a peripheral
hemispheric predominance, most commonly origi-
nating in the temporal lobe.90 At imaging, PXA clas-
sically appears as a cystic and solid peripheral
hemispheric mass, although completely solid
tumors are not uncommon (Fig. 6).90,91 Solid



Fig. 6. PXA. (A) Axial T2 weighted images show a heterogeneous, cystic, and solid mass centered in the left pari
etal lobe. Solid components show T2 signal approximating that of gray matter, which would be atypical in other
hemispheric cystic masses. (B) Axial postcontrast T1 weighted images (at a different level) show heterogeneous
enhancement.
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components tend to show signal intensity approx-
imating that of normal gray matter, a finding that
may help to distinguish these tumors from hemi-
spheric astrocytoma and ganglioglioma. PXA typi-
cally shows heterogeneous enhancement after the
administration of intravenous contrast agent.92

In general terms, astrocytic tumors show
increased choline, decreased N-acetyl-aspartate,
and occasionally a lactate peak on MRS.93 In-
creased choline concentration and the presence
of lactate tend to be associated with more aggres-
sive tumors.94 Spectra from pilocytic tumors
(World Health Organization [WHO] grade I tumors)
are paradoxic in this regard, with metabolite
profiles approximating those of high-grade
tumors.95 JPA also tends to show high relative
cerebral blood volume (rCBV), a finding that other-
wise has been shown to correlate with tumor
grade.96,97 In a recent study in adult patients with
primary brain tumors, rCBV was found to be
a better predictor of tumor behavior than patho-
logic evaluation.98 However, studies in childhood
brain tumors have been less consistent in their
findings, possibly relating to the frequency of pilo-
cytic tumors.60,96,97 DWI seems to have some
prognostic value in these patients: for example,
when WHO grades 2 to 4 are considered, a nega-
tive correlation between the ADC and tumor grade
has been reported.84 Increased citrate at diag-
nosis (similar to that seen in DIPG) has been re-
ported in low-grade astrocytomas that show
rapid disease progression.5,60 This finding raises
the possibility that citrate may be a marker of
low-grade tumors with a propensity toward unex-
pectedly aggressive behavior.5,60

Ependymal cell tumors
Supratentorial ependymoma arises from ependy-
mal cell rests within white matter or from ventric-
ular ependyma.29 Although this tumor may occur
at any age, the peak incidence is from 0 to 5 years
of age.48,49 However, unlike tumors occurring in
the posterior fossa, supratentorial ependymoma
are rarely intraventricular in location. Rather, they
tend to occur in a periventricular location.

On imaging,supratentorial ependymomatypically
appears as a heterogeneously enhancing, intra-
axial mass, the solid components of which tend to
show, at least in part, isodensity or hyperdensity to
gray matter on CT and isointensity or hypointensity
to graymatter on T2-weighted images.4,47,55 Miner-
alization, necrosis, and hemorrhage are common,
accounting for the characteristic heterogeneity
seen in these tumors. Isointensity to gray matter
should distinguish ependymoma from hemispheric
astrocytoma, whereas a periventricular location
and marked heterogeneity help to differentiate it
from PXA. In most cases, the major differential
considerations are supratentorial PNET and ATRT.
Although MRS may be helpful in some cases (see
earlier discussion), definitive differentiation from
these tumors often requires pathologic evaluation.

Oligodendroglioma
Oligodendroglioma is a glial neoplasm that occurs
most frequently in adults (peak incidence fourth
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and fifth decades of life).99 These tumors account
for approximately 1%ofCNS tumors in thepediatric
population99,100 and can occur as either well-
differentiated oligodendrogliomas (WHO grade II)
or as less common anaplastic oligodendroglioma
(WHO grade III). Oligodendroglioma is a slow-
growing tumor that tends to have a peripheral loca-
tion. Osseous remodeling of the inner table of the
skull is a common finding.
MR imaging shows a predominantly solid mass

centered peripherally in the cerebral hemispheres.
Solid components tend to show homogeneous T1
and T2 prolongation.101 Prominent cortical thick-
ening may help to distinguish these tumors from
astrocytic neoplasms.51 Mineralization is a fre-
quent finding, particularly on CT. The presence of
dense, nodular calcification suggests the diag-
nosis of oligodendroglioma, although it occurs
less commonly in children than in adults.101 En-
hancement is variable. Noncalcified lesions are
impossible to differentiate from glioneuronal and
astrocytic tumors without pathologic evaluation.

PNETs
PNET refers to a rare group of malignant tumors,
distinguished from other neoplasms by an
extremely high proportion of undifferentiated
cells.102,103 Supratentorial PNETs occur mainly in
the first decade of life, with peak incidence from
birth to 5 years of age.1 PNETs account for
approximately 5% of all supratentorial tumors in
the pediatric population.
On imaging, supratentorial PNET tends to

present as a large, heterogeneous mass centered
in the deep white matter of the brain.104 Necrosis,
cystic degeneration, and hemorrhage are com-
mon, contributing to the heterogeneous appear-
ance of this tumor.104,105 With respect to gray
matter, solid portions of the tumor tend to show
isodensity on CT and isointensity on T2-weighted
MR images (Fig. 7).105,106 These solid regions
also tend toward increased CBV and decreased
ADC.5,60,84 Enhancement after contrast adminis-
tration is the rule, and is typically heterogeneous
in appearance.105,107 Calcification and osseous
erosion are best shown at CT, whereas MR
imaging is the study of choice to identify leptome-
ningeal dissemination. High-grade glioma, supra-
tentorial ATRT, and ependymoma should be
considered in the differential diagnosis of a mass
with these imaging characteristics.
Recent evidence suggests MRS may aid in the

differentiation of PNET from other supratentorial
tumors. Like medulloblastoma (posterior fossa
PNET), supratentorial PNET tends to show mark-
edly increased choline levels in addition to
an abnormal taurine peak.60 The prospective
performance of these imaging features has yet to
be fully characterized.

NEOPLASMS WITH NEURONAL ELEMENTS
Ganglioglioma and Gangliocytoma

Ganglioglioma and gangliocytoma are tumors that
consist, at least in part, of neuronal elements.108

Ganglioglioma is characterized by the coexistence
of neoplastic glial cells, whereas gangliocytoma
consists solely of neuronal elements.109 Together,
these tumors account for 3% of brain tumors and
6% of supratentorial tumors in children.110 Peak
incidence is in adolescents and in young adults,
although they can present at any age.29 These
tumors tend to involve the cerebral cortex, most
commonly in the temporal lobes111,112; the
common association with complex partial seizures
is not unexpected.
The imaging appearances of ganglioglioma

and gangliocytoma are identical. These tumors
present as a peripherally located, intra-axial
mass that may be wholly solid or partly cystic in
appearance.113–116 Mineralization is a common
finding on CT.113 On MR imaging, solid compo-
nents of these tumors show T1 and T2 prolonga-
tion relative to gray matter.114–116 Enhancement
after intravenous contrast administration is a vari-
able finding. Differential considerations in these
cases include primarily low-grade neoplasms
such as dysembryoplastic neuroepithelial tumor
(DNET), astrocytoma, and oligodendroglioma.
Mineralization and the absence of enhancement
may suggest the diagnosis, especially given the
relative rarity of oligodendroglioma in the pediatric
population, but ultimately these findings are
nonspecific. On the other hand, high CBV on MR
perfusion may aid in distinguishing ganglioglioma
from low-grade glial neoplasms.117

DNET

DNETs are low-grade neoplasms that may share
a common origin with malformations of cortical
development.118 Most DNETs occur in the tem-
poral lobes and are always centered in the cere-
bral cortex, with most of the remainder occurring
in the frontal lobes.109,118 Patients typically
present with partial complex seizures without
other neurologic findings.
On CT, DNET appears as a peripherally located,

low-density mass.119 The MR imaging appearance
is classic (ie, a circumscribed mass centered
within the cerebral cortex that shows prolonged
T1 and T2 (Fig. 8)).115,119 Involvement of the sub-
cortical white matter is not uncommon and,
when present, tends to show a centripetal
tapering; this finding may reflect its origin in



Fig. 7. PNET. (A) Axial T2 weighted image shows a heterogeneous mass centered in the left parietal lobe. Solid
portions of tumor show signal characteristics similar to those of gray matter as well as heterogeneous enhance
ment (B) and decreased diffusion relative to brain parenchyma (C). (D) MRS (echo time 5 144) shows decreased
N acetyl aspartate, markedly increased choline level, and an inverted lactate peak.
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cortical development, analogous to the white
matter tail associated with many focal cortical
dysplasias. Cystic components are common and
may impart a soap bubble appearance.115,119 A
complete or incomplete hyperintense rim on FLAIR
images, which may correspond to the presence of
peripheral loose neuroglial elements, is an addi-
tional finding that has been reported in patients
with DNETs. This ring sign may have some poten-
tial to differentiate these tumors from low-grade
gliomas and gangliogliomas.120 Contrast en-
hancement, which is identified in the minority of
tumors, tends to be nodular. Although the differen-
tial includes other low-grade neoplasms such as
ganglioglioma, astrocytoma, and oligodendroglio-
ma, in our experience the diagnosis is suggested
by the imaging characteristics described earlier.

On MRS, DNETs tend to show a normal meta-
bolic spectra.121 DWI may also lend support to
the diagnosis, because DNET tends to show high-
er ADC than do glial and other glioneuronal
tumors.84 This same study reported 100% accu-
racy in differentiating DNET from all other tumors
on the basis of diffusion characteristics.



Fig. 8. DNET. (A) Axial T2 weighted image shows a peripheral, hyperintense mass that prominently involves the
cortex. Centripetal tapering toward the left lateral ventricle is typical and may reflect an origin in cortical devel
opment. These tumors rarely show significant enhancement (B).
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Desmoplastic Infantile Ganglioglioma

Desmoplastic infantile ganglioglioma (DIG) is a rare
neoplasm characterized by glial and neuronal
elements within a prominent desmoplastic stro-
ma.122 Peak incidence is in the first year of life; occur-
rence after 3 years of age is uncommon.123,124

Imaging typically shows a large, predominantly
cystic, intra-axial mass associated with peripheral,
solid elements that frequently present in the frontal
and parietal lobes (Fig. 9).125 Solid components of
tumor, which tend to involve the meninges, show
signal intensity approximating that of gray matter as
well as intense, homogeneous enhancement.126,127

SELLAR AND PARASELLAR TUMORS
Optic Pathway and Hypothalamic
Astrocytoma

Optic pathway/hypothalamic astrocytomas are
tumors of early childhood, with peak incidence
between the ages of 2 and 6 years.7 Optic pathway
astrocytoma accounts for approximately 15%
of all supratentorial tumors in the pediatric pop-
ulation.7 Most astrocytomas in this location show
pilocytic histology.128 These tumors occur with in-
creased frequency in patients with NF-1.129 Identi-
fication of bilateral optic gliomas is highly
suggestive of this diagnosis.
On imaging, these tumors typically present as

heterogeneous, cystic, and solid suprasellar
masses.4,128,130 Heterogeneous enhancement of
solid components is identified in most tumors.
Homogeneous, fusiform expansion of the optic
nerves is an additional common appearance,
although contrast enhancement is less consistent
in these cases.4,128,130 Although CT affords excel-
lent inherent contrast between the optic nerves
and intraorbital fat and may help to characterize
the intracanalicular and orbital involvement, MR
imaging is clearly the modality of choice for evalu-
ating the intracranial extent of these tumors.15

Regardless of the morphology of the tumor, solid
components typically show hypodensity on CT
and hyperintensity on MR with T2-weighted
images, respectively.83,131 This finding may help
discriminate astrocytoma from other suprasellar
masses discussed later. T2 signal abnormality
frequently extends along the optic radiations,
although rarely beyond the lateral geniculate
bodies; it is difficult in these cases to differentiate
edema from nonenhancing tumor.4,15
Craniopharyngioma

Craniopharyngiomas arise from squamous cell
rests, possibly occurring as remnants of the
Rathke craniopharyngeal pouch.132 Most pediatric
craniopharyngiomas show adamantinomatous
histology. Peak incidence is in the second decade
of life, although they may be seen at any age.132



Fig. 9. DIG. (A) Axial T2 weighted image shows a large, predominantly cystic, intra axial mass associated with
peripheral, solid elements involving the right frontal and parietal lobes. Solid components of tumor tend to
show signal intensity approximating that of gray matter as well as intense, homogeneous enhancement (B).
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There is a second peak of craniopharyngioma in
the fourth to sixth decades of life; however, these
tumors differ in both histology (papillary) and
imaging appearance. Craniopharyngioma tends
to originate within the sella or suprasellar region,
with most of the remainder occurring in the third
ventricle.133,134 Extension into the anterior, middle,
or posterior cranial fossa is common.135

The CT appearance is characteristic, with most
tumors showing cystic, solid enhancing, and
mineralized components.136 MR imaging shows
amultilobulated, cystic, and solid sellar/suprasellar
mass.137,138 Solid components enhance (as do the
cyst walls) after the administration of paramagnetic
contrast, typically in heterogeneous fashion.137,138

Although cystic components are highly variable in
appearance, T1 hyperintensity may be identified
on the basis of either high cholesterol or protein
content.137–139 This finding helps to differentiate
these tumors from astrocytoma, the cystic compo-
nents ofwhich rarely showhighT1 signal. However,
the absence of short T1 does not exclude cranio-
pharyngioma. In such cases, evidence of minerali-
zation on CT is a helpful differential feature.
Germ Cell Tumors

Germinoma constitutes most suprasellar germ cell
tumors. These tumors originate in the hypothal-
amus and typically extend into the infundib-
ulum.140,141 In most instances, patients present
with central diabetes insipidus (DI), believed to
develop because of interrupted transport of the
vasopressin neurosecretory granules along the
hypothalamic-neurohypophyseal pathway.140–142

Unlike those occurring in the pineal region, supra-
sellar germinomas occur with equal frequency in
males and females.51

Early in the course of disease, MR imaging may
showmild thickening and homogeneous enhance-
ment of the infundibulum (Fig. 10).141,143,144 This
appearance is indistinguishable from that of
lymphocytic hypophysitis and Langerhans cell his-
tiocytosis (LCH). Clinical presentation can be help-
ful in these cases because DI is significantly more
common at diagnosis in patients with germinoma.
Later in the course of the disease, imaging shows
a solid or predominantly solid, suprasellar mass
with signal characteristics approximating that of
gray matter.143 The bright spot normally evident
in the posterior pituitary is generally absent. Solid
components of these tumors typically show
diffuse enhancement. Isointensity to gray matter
combined with absence of prominent cystic
components further distinguish this tumor from
other common suprasellar masses such as astro-
cytoma and craniopharyngioma. On imaging, it
may be difficult to differentiate LCH from other
granulomatous infectious and inflammatory
diseases. Serum markers, including human cho-
rionic gonadotropin, a-fetoprotein, and placental
alkaline phosphatase, can be a helpful adjunctive
measure in these cases. Because central DI and
the absence of the normal posterior pituitary bright
spot may precede other clinical and imaging
features of hypothalamic tumor by months or
years, follow-up MR imaging with gadolinium is
recommended in all such patients.145



Fig. 10. Suprasellar germinoma. (A) Sagittal T1 weighted image shows absence of the posterior pituitary bright
spot. There is also the suggestion of nodular thickening of the proximal infundibulum, which is confirmed on the
coronal postcontrast images (B).
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LCH

LCH is a reticuloendothelial disorder characterized
by proliferation of a specific subset of histiocytes.
The imaging appearance is identical to that of ger-
minoma. The identification of characteristic calva-
rial (and other skeletal) lytic lesions should suggest
the diagnosis.146,147

Tumors of Pituitary Origin

The incidence of pituitary adenomas, once consid-
ered to be extremely rare in childhood, has in-
creased with improved detection, primarily
related to advances in MR imaging. Adenomas
now comprise approximately 3% of all supratento-
rial tumors in childhood.148 The clinical presenta-
tion depends on tumor size, hormonal activity,
and extrasellar extent. Pituitary adenomas are
divided into hormonally active and inactive types.
Most are hormonally active, most commonly
prolactin secreting. Most of these lesions measure
less than 1 cm in diameter (microadenomas) and
present with neuroendocrine symptoms. Macroa-
denomas (>1 cm in diameter) may be prolactin
secreting or hormonally inactive, presenting with
neuroendocrine symptoms, visual field deficits,
or headache. Macroadenomas in adolescence
have a significant male predominance.149

The appearance of pituitary adenomas is
nearly identical to that in adults, although macroa-
denomas are more common in the pediatric
population.150 Tumors may be isointense or
hypointense (compared with the normal pituitary
gland) on T1-weighted images and isointense to
hyperintense on T2-weighted images.150,151 De-
tection of microadenoma is primarily based on
relative hypoenhancement compared with normal
surrounding pituitary glandular tissue after the ad-
ministration of paramagnetic contrast agent.150–152

Macroadenomas are heterogeneous masses that
tend to involve both the sella and suprasellar
regions, often with a waist at the sellar diaphragm;
a significant fraction of macroadenomas in this
age group are hemorrhagic.149
Hypothalamic Hamartoma

Hypothalamic hamartoma (HH; hamartoma of the
tuber cinereum) is a rare congenital lesion
composed of nonneoplastic neuronal tissue.153

Patients most commonly present early in life with
precocious puberty.154,155 Epilepsy, including ge-
lastic type seizures, is another common pre-
sentation.156 These lesions occur in association
with multiple congenital abnormalities, including
hypoplasia of the olfactory bulbs; absence of the
pituitary gland; cardiac and renal anomalies;
imperforate anus; craniofacial anomalies; syndac-
tyly and a short metacarpal: clinical features that
characterize the autosomal-dominant Pallister-
Hall syndrome.157,158

On CT, HH appears as a gray matter density,
suprasellar mass. MR imaging shows a round or
ovoid mass centered at or pedunculated from
the tuber cinereum.154 These lesions show isoin-
tensity and isointensity or slight hyperintensity to
gray matter on T1-weighted and T2-weighted
images, respectively (Fig. 11).159,160 Contrast



Fig. 11. HH. (A) Sagittal T1 weighted image shows an ovoid mass immediately posterior to the infundibulum,
which is isointense to gray matter. (B) Axial T2 weighted image shows signal intensity slightly hyperintense to
that of gray matter. Postcontrast images (not shown) showed no abnormal enhancement in this lesion, which
has an imaging appearance characteristic for HH.
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enhancement should suggest an alternative diag-
nosis such as LCH or germinoma.
PINEAL REGION TUMORS

The diverse tumors occurring in the pineal region
can be classified into several groups: (1) germ
cell tumors, (2) tumors of pineal cell origin, (3)
glial tumors, and (4) other extra-axial tumors, in-
cluding meningioma, melanoma, and nonneoplas-
tic cysts.15

Germ Cell Tumors

Germinoma
Germinoma is the most common intracranial germ
cell tumor and the most common tumor of the
pineal region.161,162 Patientswith pineal region ger-
minoma show a marked male predominance.51

These tumors can occur throughout the first
3 decades of life, with peak incidence in ad-
olescence.4 Pineal region germinoma has an iden-
tical imaging appearance to those occurring in
a suprasellar location (see earlier discussion).
Differentiation frompineoblastomamaybedifficult,
as described later in the section on tumors of pineal
cell origin. In the appropriate clinical setting, the
coexistence of a suprasellar mass should suggest
the diagnosis of germinoma (Fig. 12). Serum
markers may also be helpful as discussed earlier
in the section on germ cell tumors.

Teratoma
Teratoma is a neoplasm derived from all 3 germ
layers. It is the second most common germ
cell tumor of the pineal region and the single
most common intracranial tumor occurring in the
neonatal period.163

Benign teratoma has a characteristic imaging
appearance, showing marked heterogeneity re-
sulting from the coexistence of cystic, solid en-
hancing, fatty, and mineralized components. Even
in the absence of all 4 findings in the same tumor,
fat density is still highly suggestive of the diag-
nosis. The presence of an associated solid,
enhancing component should discriminate this
tumor from a dermoid cyst and lipoma (Fig. 13).
Malignant teratoma has a less specific imaging
appearance. In such cases, MR imaging typically
shows a predominantly solid, enhancing mass,
without associated fat or mineralization.164
Tumors of pineal cell origin
Parenchymal tumors of the pineal gland, pineo-
blastoma and pineocytoma, account for up to
40% of all tumors occurring in the pineal region.1

Pineoblastoma is a small round cell tumor, the
histology of which is similar to that of PNET.165,166

Peak incidence is in the first decade of life.29 Pine-
ocytoma may occur in childhood, but is more
common in adults.29

At imaging, pineocytoma typically appears as
a partially cystic mass, commonly associated
with mineralization. Associated hydrocephalus is
uncommon.167 These tumors tend to show hetero-
geneous enhancement after the administration of
contrast.168 Pineoblastoma tends to be larger
and more heterogeneous than pineocytoma (as
a result of frequent necrosis and hemorrhage); it
is also associated with hydrocephalus in most
cases.4,169 Like other high-grade tumors, solid



Fig. 12. Pineal germinoma. (A) Axial T2 weighted image from an adolescent male shows a pineal region mass
that is homogeneously isointense to gray matter. (B) Sagittal postcontrast T1 weighted image shows homoge
neous enhancement of this mass as well as an additional enhancing mass in the suprasellar cistern. These imaging
characteristics are typical for germinoma and should suggest the diagnosis in the appropriate patient population.
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components of pineoblastoma tend to show either
hyperdensity and isointensity or hypointensity
to gray matter on CT and T2-weighted images,
respectively.72,168,169 Postcontrast sequences
show enhancement of its solid components.170–172
Fig. 13. Teratoma. (A) Axial CT image shows a heterogene
and calcium. (B) Additional axial CT image (inferior to the
that enhanced after the administration of iodinated contra
ment of the ventricular system in this patient with obstru
Poorly definedmargins with adjacent parenchymal
structures are typical, consistent with its invasive
nature.171 Leptomeningeal dissemination may occur
at diagnosis or as a manifestation of recurrence.107

The primary differential consideration in most cases
ous pineal region mass containing regions of both fat
plane in A) shows a prominent soft tissue component
st agent (not shown). Both images also show enlarge
ctive hydrocephalus.
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is germinoma. Although definitive differentiation is
often not possible, germinoma commonly contains
intrinsic tumoral calcification, whereas pineal
parenchymal tumors typically displace preexisting
normal pineal calcifications peripherally.173 In
thesecases,mineralizationmayadopt anexploded
appearance. Furthermore, pineal germinoma tends
to occur in older patients (peak in adolescence) and
rarely in female patients.

Tectal glioma
Tectal glioma is a specific intrinsic midbrain tumor
that tends to present with raised intracranial pres-
sure as a result of aqueductal stenosis.15 These
tumors are discussed in detail in the section on
brainstem tumors.
INTRAVENTRICULAR TUMORS
Choroid Plexus Tumors

CPP and choroid plexus carcinoma (CPC) both
arise from the epithelium of the choroid plexus.174

These neoplasms comprise 10% to 20% of CNS
tumors in the first year of life, and 3% to 5% of
all intracranial tumors of childhood.175 Peak inci-
dence is from birth to 5 years of age, with CPP
tending to present earlier than carcinoma.176,177

In children, choroid plexus tumors occur most
frequently within the lateral ventricle, particularly
the trigone.178 Hydrocephalus is associated with
most of these tumors at presentation, which may
result from CSF overproduction, obstruction of
CSF by the tumor, or impaired CSF absorption
secondary to repeated hemorrhage.

Cross-sectional imaging shows a markedly
lobulated, often frondlike, solid mass centered
within the ventricle (Fig. 14).179 These tumors
enhance after the administration of intravenous
contrast, typically in homogeneous fashion.51

Mineralization may be identified in up to 20% of
cases.180 Aggressive lesions may show invasion
through the ependyma into the hemispheric
parenchyma. Although differentiation cannot be
reliably made at imaging, CPC tends to have
a more heterogeneous appearance and is more
frequently associated with parenchymal invasion
and CSF dissemination.181,182 A CPC may be diffi-
cult to distinguish from an intraventricular PNET.

CPP has a characteristic metabolic profile at
MRS, with a marked increase of MI level.40 This
finding should distinguish CPP from most other
intraventricular tumors, including CPC. The rare
intraventricular ependymoma may show a similar
MRS profile, as discussed in the section on epen-
dymoma. On the other hand, MRS in CPC typically
shows a marked increase of choline level, a finding
that has not been reported in CPP.183
Subependymal Giant Cell Astrocytoma

Subependymal giant cell astrocytoma (SEGA) is
a low-grade astrocytic neoplasm that occurs
almost exclusively in patients with tuberous scle-
rosis (TS).184 Peak incidence is in the first decade
of life, although they may occur at any age. These
tumors are characteristically located within the
lateral ventricle, centered in the region of the
foramen of Monro.185

Cross-sectional imaging showsacircumscribed,
homogeneously enhancing mass in this character-
istic location.183–187 These findings are effectively
diagnostic of SEGA when in association with other
CNS stigmata of TS. Distinction from enhancing
subependymal nodules in patients with TS can
be reliably made on the basis of interval growth.
In rare instances, these tumors may occur without
additional intracranial manifestations of TS.
Ependymoma

Supratentorial ependymoma occurs more com-
monly in the cerebral hemispheres. When located
within the ventricular system, the appearance is
identical to that of infratentorial ependymoma, as
discussed earlier in the section on intraventricular
tumors.
MISCELLANEOUS EXTRA-AXIAL TUMORS
Schwannoma

Schwannoma is a benign neoplasm arising from
the cells that form axonal myelin sheaths.29 These
tumors are rare in children and should raise the
possibility of neurofibromatosis type 2.4,50 The
most frequent location is the internal auditory
canal (IAC)/cerebellopontine angle cistern; such
tumors originate from the vestibular division of
the eighth cranial nerve.188 The trigeminal nerve
is the next most common site of origin.188

On imaging, the appearance of schwannoma is
that of an enhancing, extra-axial mass.189–191 In
most of these tumors, hyperintensity to gray
matter is observed on T2-weighted imaging.4 In
some cases, a target appearance, which results
from relatively low T2 signal fibrous components
centrally, may be identified.191 Vestibular tumors
originate from the peripheral portion of the eighth
cranial nerve, and therefore commonly remodel
and expand the acoustic meatus. In the authors’
experience, this finding can help to differentiate
vestibular schwannoma from other cerebellopon-
tine angle tumors, which extend into the IAC
secondarily. Trigeminal and other schwannomas
tend to grow along the course of the nerve of
origin, resulting in a characteristic fusiform shape.4



Fig. 14. CPP. (A) Axial T2 weighted image shows a lobulated mass centered within the atrium of the left lateral
ventricle. (B) Axial postcontrast T1 weighted image shows homogeneous enhancement of the mass and high
lights the typical frondlike appearance of these tumors. (C) Although better shown by CT, a gradient echo image
shows susceptibility related signal loss in the tumor related to mineralization.
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Diffuse enhancement is typical in solid portions of
tumor.188–190
Meningeal Tumors

Meningioma is a rare tumor of childhood and
adolescence.192 Like schwannoma, identification
of a meningioma in a child should raise the possi-
bility of neurofibromatosis type 2.193 Although the
appearance is identical to those occurring in the
adult population, pediatric meningioma occurs
most commonly in the lateral ventricle, typically
within the trigone.194 Radiation-induced meningi-
omas have been reported as a late effect of
treatment of a variety of childhood neoplasms,
notably lymphoblastic leukemia.195,196

In the absence of mineralization, meningioma in
any location tends to show CT density and MR
signal intensity similar to that of gray matter.197,198

Intense, homogeneous enhancement is the
rule.192,199 Hyperostosis of adjacent osseous
structures, best appreciated on CT, is a highly
suggestive finding.200,201 Mineralization or, more
rarely, cystic or lipomatous components may be
observed.202–205 Other intrinsic meningeal tumors,
including myofibroma, plasma cell granuloma, and
meningeal sarcoma,may have an identical imaging
appearance.
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Embryonic Tumors

Supratentorial dermoid and epidermoid cysts have
an identical appearance to those occurring in the
posterior fossa, such as was described earlier in
this review.

Metastatic Disease

Metastatic involvement of the CNSmay result from
hematogenous dissemination, leptomeningeal
seeding, or direct extension. Although leptomenin-
geal seeding most commonly results from a wide
spectrum of primary brain tumors, notably medul-
loblastoma, it may also occur in the setting of
non-CNS primary tumors and systemic malig-
nancies.206,207 In these cases, the imaging
appearance is identical to that of leptomeningeal
dissemination occurring secondary to a primary
CNS tumor.20,206

Hematogenous metastases to the cranium or
dura most commonly result from neuroblastoma,
leukemia, and lymphoma. These lesions appear
as aggressive lytic calvarial lesions or as nonspe-
cific, enhancing dural masses (Fig. 15).107,208

Hematogenously disseminated metastases to the
brain parenchyma are uncommon in the pediatric
population. In those rare instances when they do
occur, they generally arise from sarcomas, partic-
ularly rhabdomyosarcoma and Ewing sarcoma.209

Rhabdoid tumors of the kidney are also found in
association with parenchymal brain masses,
although it remains unclear whether these repre-
sent metastatic lesions or synchronous intracra-
nial tumors.210 Parenchymal metastatic lesions
Fig. 15. Metastatic neuroblastoma. (A) Axial CT image on
lucency and periosteal reaction involving the calvarium. (B
epidural soft tissue mass along the inner table of the left
tend to be multiple, located at the gray-white junc-
tion, and associated with prominent vasogenic
edema.211,212 Enhancement is the rule because
nonbrain primaries are devoid of the blood-brain
barrier.213

Lymphoproliferative Disorders

The CNS may be involved by lymphoproliferative
disorders in 3 main forms: (1) solid intra-axial
masses; (2) diffuse leptomeningeal infiltration; and
(3) focal/multifocal extra-axial masses involving
the dura or regional osseous structures.29 The
CNS is the most frequent site of relapsed acute
lymphocytic leukemia of childhood.15,214

Primary CNS lymphoma (PCNSL) is rare in chil-
dren, accounting for less than 1% of all intracranial
tumors.215 Most are non-Hodgkin lymphomas
(NHLs) of B cell origin, frequently occurring in the
setting of immunosuppression.216–218 PCNSL
tends to involve the brain parenchyma, may be
single or multifocal, and most commonly origi-
nates within deep gray and white matter
structures.219 These tumors tend to show homo-
geneous hyperdensity on CT and isointensity to
gray matter on T2-weighted imaging.219,220 Diffuse
enhancement is common, although tumors occur-
ring in immunosuppressed patients have a greater
tendency toward ring enhancement.221 In such
cases, patients are typically treated empirically for
toxoplasmosis; the diagnosis of PCNSL can then
be made by the absence of appropriate response.
Imaging with fluorodeoxyglucose positron emis-
sion tomography, which shows increased uptake
in lymphoma, may help to differentiate these
bone windows shows extensive regions of permeative
) The same CT image on soft tissue windows shows an
parietal bone.
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entities prospectively.222 DWI tends to show
decreased diffusivity compared with brain paren-
chyma, believed to result from high cell density or
nuclear/cytoplasm ratio.19 Similar to other CNS
malignancies, an inverse correlation between
ADCandprognosis hasbeen shown.223Secondary
involvement of the brain parenchyma in patients
with systemic NHL, although less common, may
be indistinguishable from PCNSL.
Extra-axial manifestations of systemic lymphoma

and leukemia have already been discussed, in the
Fig. 16. Granulocytic sarcoma. (A) Axial T2 weighted im
centered in the pineal region. (B) Sagittal postcontrast
enhancement. (C) ADC map shows markedly decreased d
the high cell density seen pathologically in these tumors.
section on miscellaneous extra-axial tumors.
Although most frequently occurring in the setting of
systemic disease, lymphomatous involvement of the
leptomeninges, dura, and calvarium can occur as a
manifestation of PCNSL.224 Granulocytic sarcoma
(chloroma) is an extra-axial manifestation of leu-
kemia, typically associated with a specific subtype
of myelogenous malignancy.225 Like PCNSL, these
tumors tend to show high attenuation on CT, low T2
signal, restricted diffusion, and diffuse enhancement
after contrast administration (Fig. 16).226
age shows a markedly hypointense, extra axial mass
T1 weighted image shows relatively homogeneous

iffusion relative to brain parenchyma, consistent with
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SUMMARY

The challenges inherent to imaging tumors of the
pediatric CNS are myriad and complex. Specific
considerations in this patient population (eg,
developmental age, cognitive level, psychosocial
status, and concomitant conditions) can make
the process of medical decision making difficult
at best. Further complicating management of
these patients are the diverse pathologic diag-
noses that must be considered when evaluating
an intracranial mass. Rare neoplasms and atypical
presentations of common neoplasms abound, and
even optimal interpretation of state-of-the-art
imaging frequently fails to accurately predict the
pathologic diagnosis.

However, in the past decade we have witnessed
a revolution in the development of advanced MR
imaging technologies such as DWI, perfusion,
and MR spectroscopy that have improved our
ability to detect, diagnose, and treat CNS tumors
of childhood. Yet without a comprehensive under-
standing of how each of these tumors appears on
anatomic imaging, the potential of these tech-
niques to enhance our diagnostic capabilities is
significantly limited. The overarching objective of
this review, therefore, is to offer a primer on the
typical imaging features of tumors of the pediatric
CNS. It is hoped that this body of information (with
its focus on suggestive or differential features),
when leveraged by these powerful imaging tech-
nologies, will produce more rapid, accurate diag-
noses, leading, in turn, to disease management
tailored to the unique needs of each child.
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Palpable neck masses are a common indication
for pediatric imaging. Such lesions may be caused
by infectious, inflammatory, tumoral, traumatic,
lymphovascular, immunologic, or congenital etiol-
ogies. Many are asymptomatic and noticed inci-
dentally by patients or on physical examination,
whereas others are brought to clinical attention
because of the mass effect on, or compromise
of, the aerodigestive tract; fever or symptoms
related to acute infection; inflammatory disease;
pain; or cosmetic deformity.

As compared with adults, where contrast-
enhanced computed tomography (CT) is the
mainstay of initial assessment for palpable or
symptomatic lesions in the neck, radiological
assessment of neck masses in young children
should be tailored based on patient presentation
and physical examination, as well as clinical suspi-
cion. The goal of imaging should be to help arrive
at a diagnosis or limited differential in an efficient
manner while minimizing radiation exposure. Plain
film radiography, particularly the lateral soft-tissue
neck view, is the most appropriate initial assess-
ment of the toxic-appearing child or the child
with potential airway compromise. Although radio-
graphs provide little direct information about the
composition of a neck mass in many cases, the
lateral neck radiograph allows quick and reliable
information about the presence of a retropharyng-
eal mass or other causes of airway obstruction,
and guides further imaging workup. Proper tech-
nique is crucial because poor inspiratory effort or
lack of neck extension can produce buckling of
the retropharyngeal soft tissues, which can mimic
pathology.

Ultrasound (US) should serve as the primary
initial imaging modality in children for palpable
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masses and assessment of superficial glandular
structures, such as the thyroid and salivary glands.
Because of the smaller neck size and less subcu-
taneous fat, sonographic penetration and resolu-
tion is generally improved as compared with
adults. Additional advantages include ready avail-
ability and quick interpretation, lower cost as
compared with cross-sectional imaging, and lack
of radiation exposure. US easily determines the
solid or cystic composition of a lesion, and color
Doppler can assess vascularity of solid masses.
Lymph nodes are the most common palpable
neck masses in children and have a characteristic
appearance. Sonography often allows accurate
diagnosis of neck lesions without additional
imaging workup (Fig. 1).

Both magnetic resonance (MR) imaging and CT
are used for additional evaluation of neck masses
in children, when necessary. MR imaging is advan-
tageous because it imparts no ionizing radiation
exposure, and evaluation of tissue signal intensity
and enhancement characteristics allows confidant
assessment of many lesions. However, MR
imaging requires sedation in infants and young
children, which can be problematic. CT is usually
more readily available, particularly in the emergent
setting, and quicker scan times lessen the poten-
tial for motion degradation of scan quality or
need for sedation. CT findings often complement
MR imaging, particularly in the assessment of
osseous involvement.
INFECTIOUS/INFLAMMATORY LESIONS

Lymphoid hyperplasia within Waldeyer’s ring is
a common finding in the pediatric population and
a frequent cause of upper airway obstruction.1
iversity of Texas Health Science Center at Houston,
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Fig. 3. Hypertrophied tonsils. Axial CT shows bilateral
palatine tonsillar hypertrophy (arrows) with apposi
tion in the midline.

Fig. 1. Cervical lymphadenopathy. Multiple hypoe
choic nodules representing enlarged lymph nodes in
a child with Bartonella infection.
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Lateral radiographs should be obtained with the
neck extended, during nasal inspiration with the
mouth closed. Adenoidal size is age dependent,
enlarging rapidly after birth, reaching a maximum
size between 7 and 10 years old, and then
progressively decreasing (Fig. 2).2 The presence
of small nasopharyngeal cysts is common and
should not be confused with a tumor. Palatine
tonsillar hypertrophy appears as smooth, rounded,
or oval soft-tissue masses on either side of the
oropharynx. Hypertrophic palatine tonsils are
generally hyperintense to muscle on T2-weighted
images and isointense and isoattenuating to
muscle on T1-weighted images and CT, respec-
tively (Fig. 3). Hypertrophic lingual tonsils are
Fig. 2. Adenotonsillar hypertrophy. Lateral neck radio
graph demonstrating adenoidal and palatine tonsillar
enlargement (arrows) with associated narrowing of
the nasopharyngeal and oropharyngeal airway.
similar in appearance to palatine tonsils, but they
occur at the tongue base, often filling the vallecula.
Anecdotally, lymph nodes account for the most

common palpable neck mass in a child. The most
common cause of cervical adenitis is viral infec-
tion, typically presenting with small bilateral lymph
nodes most commonly involving the subman-
dibular and upper internal jugular chains. Acute
unilateral lymph node enlargement is most often
caused by a bacterial infection originating in the
oropharynx or elsewhere along the drainage
pathway.3 Retropharyngeal lymph nodes are
a common location for cervical adenitis in children
aged 1 to 5 years, because these nodes serve as
a drainage pathway for infections of the naso-
pharynx and tonsil. Infected retropharyngeal
nodes may suppurate and perforate into the retro-
pharyngeal or parapharyngeal spaces. Lateral soft
tissue neck radiographs are often the initial radio-
logical evaluation ordered. Typical findings include
thickening of the retropharyngeal soft tissues, with
smooth, curved anterior displacement of the
cervical airway, and loss of the normal step off of
the posterior hypopharyngeal wall and posterior
wall of the trachea.4

US reliably distinguishes simple lymphadenop-
athy from suppurative lymph nodes and developing
abscess. Simple adenopathy appears as discrete
round-to-oval lesions or confluent masses. Color
Doppler imaging demonstrates increased blood
flow to inflamed lymph nodes. With suppuration, the
central portion of the node becomes hypoechoic.



Fig. 4. Neck abscess secondary to infected fourth branchial cleft cyst. (A) US of an anterior neck abscess shows
a central hypoechoic fluid collection with internal debris, surrounded by a thick rim of solid tissue (arrows).
The abscess involves the left lobe of the thyroid gland. (B) Color Doppler imaging reveals increased blood
flow around the fluid collection and within the internal septations. (C) Contrast enhanced CT demonstrates
the peripherally enhancing abscess (arrows) but with less soft tissue detail.

Fig. 5. Retropharyngeal abscess. Note the peripherally
enhancing, centrally low attenuation abscess in the
lateral retropharyngeal space (arrows), with a retro
pharyngeal edema.
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Abscesses appear as hypoechoic to anechoic
masses with a variably thick rim of solid tissue
(Fig. 4). Contrast-enhanced CT is considered the
investigation of choice for assessing deep cervical
space neck infections. Cellulitis generally appears
as low attenuation soft tissue and muscular
edema, which obliterates normal fat planes, typi-
cally without rim enhancement. The most charac-
teristic appearance of a deep neck abscess is
low attenuation and complete rim enhancement;
however, this appearance usually overlaps with
phlegmon or cellulitis (Fig. 5).5 Multiple studies
have demonstrated that CT is highly sensitive
but not specific for the diagnosis of a deep neck
space abscess, because phlegmonous changes
and frank pus often have a similar imaging
appearance. Individual imaging findings have vari-
able predictive value. Lucency is highly sensitive
but has low specificity, whereas complete rim
enhancement is more specific but less sensitive
in identifying a drainable abscess.6 In general,



Fig. 7. Tuberculous abscess. This abscess manifests as
conglomerate adenopathy progressing to central
necrosis, involving the retropharyngeal, high internal
jugular, and posterior cervical regions (arrows).
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US is more specific but less sensitive than
contrast enhanced CT for abscess detection. Re-
cently, methicillin-resistant Staphylococcus aureus
(MRSA) abscess has become more prevalent
(Fig. 6).
Nontuberculous mycobacteria (NTM) are

responsible for most granulomatous lesions of
the head and neck in immunocompetent children
in the United States. Characteristic clinical mani-
festations include slowly enlarging solitary or clus-
tered unilateral submandibular or preauricular
nodal masses. Nodes progress to liquefaction
and suppuration in approximately 50% of patients,
with sinus tract formation in approximately 10%.
Nodal calcifications are more suggestive of tuber-
culous adenitis.7 Tuberculosis (TB) of the neck,
most frequently found in children with HIV, usually
produces bilateral adenopathy that is more diffuse
than NTM, most commonly involving the posterior
cervical, high internal jugular chain, and subman-
dibular nodes. In the early granulomatous stage,
the involved nodes demonstrate homogenous
enhancement with or without a minimal amount
of necrosis. The enhancing regions of granulation
tissue are hyperintense on T2-weighted images.
Tuberculous adenitis progresses to central
necrosis, the most common imaging manifesta-
tion. At this stage, a conglomerate nodal mass
may demonstrate low density on CT or increased
signal intensity on T2-weighted MR imaging, with
a thick rim of peripheral enhancement and mini-
mally effaced fascial planes (Fig. 7). With
advanced disease, the nodal capsule may rupture,
resulting in multiple adherent nodes and loss of
adjacent soft-tissue planes, forming a cold
abscess, a frank abscess that may drain through
Fig. 6. MRSA abscess. Contrast enhanced CT shows
a multilocular low attenuation retropharyngeal
collection extending to the carotid space (arrows).
a sinus tract to the skin.8 Treated TB typically
appears as fibrocalcified nodes.9

VASCULAR MALFORMATIONS AND
HEMANGIOMAS

According to the classification initially proposed
by Mulliken and Glowacki,10 vascular malforma-
tions are distinguished from hemangiomas, which
represent vasoformative tumors. Hemangiomas
are proliferative endothelial cell lesions and, there-
fore, demonstrate increased mitotic activity.
Vascular malformations are caused by errors in
vascular morphogenesis, have normal endothelial
cell mitotic activity, and are classified according
to vessel type and hemodynamics.10 Vascular
malformations are present at birth, grow slowly,
commensurate with patients, and do not sponta-
neously regress. There is no associated gender
or racial predilection. Clinically, vascular malfor-
mations tend to be compressible. Infantile heman-
giomas are rarely present at birth; however, 90%
become clinically apparent during the first month
of life. Hemangiomas are more common in
preterm infants, girls, and Caucasians. Hemangi-
omas are characterized by a rapid proliferative
phase during the first year of life, followed by
a period of gradual spontaneous involution, which
may continue for several years.11,12 Hemangiomas
may arise in or around critical structures, such as
the airway, and rapid growth can result in progres-
sive stridor and airway compromise. Clinically,
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hemangiomas are often firm or rubbery and
less commonly involve bone than vascular mal-
formations. Additional vascular tumors include
congenital hemangioma, hemangioendothelioma,
and angiosarcoma. Congenital hemangiomas
differ from the infantile type in that they are typi-
cally fully formed at birth, do not demonstrate
accelerated or disproportionate postnatal growth,
and do not express the GLUT1 transporter. Based
on their natural history, congenital hemangiomas
are divided into rapidly involuting and noninvolut-
ing subtypes.13–15

Lymphatic malformations (LMs) are cystic
masses composed of dysplastic endothelium-
lined lymphatic channels filled with protein-rich
fluid. LMsmay be detected antenatally, but usually
present at birth or within the first few years of life,
grow proportionately with the child, and do not
spontaneously regress. LMs may suddenly
enlarge as a consequence of hemorrhage or infec-
tion. Skeletal distortion and overgrowth may occur
with extensive lesions. The majority of LMs are
sporadic, but they may occur as part of
a syndrome, such as Turner syndrome; Noonan
syndrome; or trisomy 21, 13, or 18.11,12 On clinical
examination, LMs may present as a localized
cystic, solid, or spongy mass or cause diffuse infil-
tration and enlargement of the affected region. The
most common locations in the suprahyoid neck
are the masticator and submandibular spaces,
whereas the posterior cervical space is the most
common location in the infrahyoid neck. LMs
tend to be trans-spatial, often insinuating between
normal structures without significant mass effect
on them. Fluid-fluid levels may be present. LMs
are usually cystic lesions with multiple thin, irreg-
ular septations.12 Macrocystic LMs are most
common and are easily identified by US as
Fig. 8. Cervical lymphangioma (cystic hygroma). (A) US
numerous, thin internal septations. (B) US in a different p
in one of the locules of this multi septated lymphangiom
a multi-loculated cystic mass. Color Doppler
imaging reveals blood flow only within the walls
and septations of these lesions. Microcystic LMs
appear hyperechoic because of numerous inter-
faces (Fig. 8). Uncomplicated LMs usually appear
hypodense on CT, and low signal intensity on T1-
weighted and markedly hyperintense on T2-
weighted MR images. However, the density on
CT and signal intensity on MR imaging vary, de-
pending on the protein content and the presence
of blood products (Fig. 9). Vascular flow voids
and flow-related enhancements are not charac-
teristic of LMs, and suggest the presence of a
high-flow vascular malformation. Following the
administration of contrast, the cyst walls and sep-
tations enhance, but the fluid contained within the
cystic space does not enhance. In the absence of
prior treatment, areas of enhancement within the
lesion may represent venous rests within a mixed
lymphaticovenous malformation (Fig. 10).12 The
main differential diagnosis for multi-septated mac-
rocystic lesions in the fetus or newborn is teratoma
and venous malformation. The presence of fluid-
fluid levels, lack of enhancement, and absence of
phleboliths differentiate LM from venous malfor-
mation. The absence of fat or calcification within
the lesion differentiates LM from teratoma. Micro-
cystic LMs may be more confusing because tiny
cystic spaces may simulate a diffusely enhancing
lesion. Macrocystic LMs are treated with surgical
excision or sclerotherapy. Microcystic LMs are
usually treated with staged resections.11,12

Venous malformations (VMs) are low-flow
vascular malformations that consist of dysplastic
endothelium-lined venous channels. Clinical
examination typically reveals blue or purplish
discoloration of the skin and a soft or spongy,
compressible mass that expands with the Valsalva
demonstrates the cystic nature of this lesion with
atient shows echogenic debris suspended in the fluid
a (arrows), caused by internal hemorrhage.



Fig. 9. Lymphatic malformation. Fat suppressed T2
weighted coronal MR imaging demonstrates multiloc
ular, trans spatial cystic mass with hyperintense signal
intensity (arrows).
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maneuver or with dependent positioning. VMs
grow proportionately with the child, but may
enlarge during puberty or following trauma or
attempted surgical resection.13 VMs are most
commonly located in the buccal region, masticator
space, sublingual space, orbit, tongue, and dorsal
neck. VMs can be trans-spatial, and mixed lym-
phaticovenous malformations are common.
Lesions may involve superficial or deep tissues
and be localized or diffuse. The characteristic
imaging finding of VMs is the presence of phlebo-
liths, easily demonstrated as rounded, calcific
densities on CT or depicted as signal voids on
MR imaging. VMs are typically isodense to muscle
Fig. 10. Lymphaticovenous malformation. T1 weighted (A
demonstrating large multilocular and trans spatial, insinu
on nonenhanced CT, variably hypointense to isoin-
tense as compared with muscle on T1-weighted
MR imaging and hyperintense on T2-weighted
imaging with more intense signal in malformations
with larger vascular channels (Fig. 11). VMs with
smaller vascular channels may have a more solid
appearance. VMs may also contain venous lakes,
which appear as discrete areas of homogenous
high T2 signal intensity.12,16 Enhancement within
VMs is variable. Adjacent fat hypertrophy may be
present. Magnetic resonance angiography (MRA)
is normal, but magnetic resonance venography
(MRV) may demonstrate enlarged or anomalous
veins in the vicinity of the VM.12 US demonstrates
a compressible collection of variably sized
vascular channels without evidence of high flow.
Doppler evaluation shows monophasic, low-
velocity venous flow. Phleboliths appear as cir-
cumscribed signal voids with acoustic shadowing.
Treatment options include sclerotherapy and
surgical resection.12,13

Infantile hemangiomas are the most common
tumor of the head and neck in infancy. US accu-
rately identifies most hemangiomas and arteriove-
nous malformations (AVMs). In most cases,
hemangiomas appear heterogeneously echogenic
or hypoechoic. There may be small hypoechoic
areas that demonstrate flow with color Doppler.
Prominent intralesional vessels are more likely
to be seen with vascular malformations on gray-
scale images. Hemangiomas tend to be com-
prised of more solid tissue, whereas AVMs consist
predominantly of vascular structures. Color
Doppler shows multiple internal vessels, usually
with a high vessel density (Fig. 12). Mean peak
venous velocity tends to be higher in AVMs than
hemangiomas because of greater arteriovenous.
On CT, proliferating hemangiomas appear as
) and T2 weighted with fat saturation (B) axial images
ating lesion with hemorrhage fluid levels.



Fig. 11. Venous malformation. Coronal T2 weighted
image demonstrating diffuse, infiltrating hyperin
tense lesion in the scalp (arrows) that extends into
the right orbit.

Fig. 12. Hemangioma. (A) US appearance of hemangiom
hypoechoic structures representing blood vessels. (B) Co
coursing through the mass. (C) With contrast enhanced C
extent of this large lesion (arrows).
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lobulated solid tumors that are isodense with
muscle, and they enhance rapidly and intensely
following the administration of contrast and
demonstrate rapid washout of contrast. Phlebo-
liths and calcifications are not characteristic of
infantile hemangiomas and should suggest
a different diagnosis.12 Calcifications are found in
a minority of congenital hemangiomas.17 Invo-
luting hemangiomasmay contain foci of fat. During
the proliferative phase, hemangiomas appear as
a lobulated mass isointense to muscle on T1-
weighted MR imaging and moderately hyperin-
tense with flow voids on T2-weighted MR imaging.
Hemangiomas demonstrate robust enhancement
(Fig. 13).12 Small soft-tissue satellite lesions may
be present adjacent to or distant from the domi-
nant mass. Involuting hemangiomas are charac-
terized by the accumulation of fibrofatty tissue
with increased heterogeneity on both T1- and
T2-weighted imaging, fewer signs of fast-flow
vascularity, and variable enhancement.16

Hemangiomas are rarely found in the airway,
most commonly localized to the subglottic larynx
(SGH), where they can be associated with airway
a with heterogeneous echotexture and a few tubular
lor Doppler imaging demonstrates numerous vessels
T, the mass enhances strongly. CT better outlines the



Fig. 13. Infantile hemangioma. T2 weighted (A) and postcontrast T1 weighted (B) axial images demonstrate
well defined, T2 hyperintense, enhancing, solid sublingual mass with central flow voids.
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obstruction, and most commonly present with
biphasic stridor.18,19 Diagnosis is confirmed by
endoscopy, and imaging may not be necessary
in children with isolated SGH.19 Radiographic
evaluation is helpful, especially when endoscopic
findings are inconclusive, or to evaluate the soft
tissue extent of deep lesions that compromise
the airway or potentially involve vital structures.
Anteroposterior (AP) radiographs in SGH classi-
cally show asymmetric subglottic narrowing,
unlike the concentric symmetric narrowing of
congenital subglottic stenosis. However, 50% of
the time, the subglottic narrowing may be
symmetric, as occurs in patients with circumferen-
tial lesions or hemangiomas located centrally
within the airway on the AP projection.20 The
lateral film may reveal a subglottic mass. Approx-
imately half of all children with SGH also have
cutaneous hemangiomas, most commonly in
a beard distribution (preauricular, chin, lower
lip, neck). The PHACES association, manifested
by posterior fossa malformations, segmental
hemangiomas, arterial anomalies, cardiovascular
defects, eye abnormalities, and sternal or ventral
defects has been reported to be present in up
to 2% of children with facial hemangiomas
and 20% of children with segmental facial hem-
angiomas.18 In such cases, further evaluation
with intracranial MRA and brain MR imaging is rec-
ommended. Infantile hemangiomas that do not
interfere with vital functions can usually be
managed expectantly, anticipating involution.
CONGENITAL LESIONS

Thyroglossal duct cyst (TDC) is the most common
congenital neck mass. TDCs can be located
anywhere along the course of the thyroglossal
duct from the base of the tongue to the thyroid
gland, most commonly at the level of the hyoid
bone.21 Suprahyoid and hyoid level TDCs are
usually located in the midline, whereas infrahyoid
TDCs can be paramedian and are embedded in
the strapmuscles.Most TDCpresent as a painless,
enlarging neck mass or infection.22 On US, TDCs
appear as hypoechoic or anechoic lesions with
a thin outer wall and increased through transmis-
sion. Cysts may demonstrate increased heteroge-
neity secondary to proteinaceous content (Fig. 14).
Importantly, the sonographic appearance does not
correlate with the presence of infection or inflam-
mation. It is necessary to confirm the presence of
a normal thyroid gland. CT or MR imaging is per-
formed to characterize the mass, define the extent
of the lesion, and exclude other lesions. Simple
TDCs are low density, usually unilocular but occa-
sionally septated, well-circumscribed lesions on
CT with well-defined walls (Fig. 15).22 On MR
imaging, TDCs are usually homogenously hyperin-
tense on T2-weighted imaging. On T1-weighted
imaging, signal intensity is variable because of
differing protein content. Rim enhancement may
be seen following intravenous contrast administra-
tion. The treatment of TDCs is surgical excision
using the Sistrunk procedure in which the entire



Fig. 14. Thyroglossal duct cyst. (A) US shows a midline, thin walled, anechoic cyst anterior to the thyroid isthmus
(arrow). (B) US in a different child shows a cyst filled with echogenic colloid (arrows).
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cyst, tract, and central body of the hyoid bone are
resected en bloc. Sistrunk’s operative approach
has been advocated to reduce the incidence of
postoperative recurrence.21

A solid mass in association with a presumed
TDC may represent ectopic thyroid tissue or,
rarely, carcinoma. If ectopic thyroid tissue coexists
within a TDC and if this tissue is the patients’ only
functioning thyroid tissue, resection of the ectopic
thyroid with the cyst will render patients perma-
nently hypothyroid. Malignancy is present in less
than 1% of TDCs, and the overwhelming majority
is papillary thyroid carcinoma.23 Most patients
with TDCs and associated malignancy are adults,
Fig. 15. Thyroglossal duct cyst. Postcontrast axial CT
image demonstrating well defined midline cystic
lesion (arrows) exerting mass effect on the airway at
the level of the floor of mouth.
but there are reports of carcinomas occurring in
children as young as 6 years of age. Thyroid carci-
noma arising in a TDC may be clinically indistin-
guishable from a benign TDC. Carcinoma should
be considered in TDCs that have a mural nodule,
calcification, or both.24

As opposed to the median/paramedian location
of TDCs, cystic anomalies of the branchial appa-
ratus are typically located more laterally in the
neck. Second branchial cleft cysts (BCCs) are by
far the most common, most often found posterior
to the submandibular gland, lateral to the carotid
Fig. 16. Infected second branchial cleft cyst. Postcon
trast axial CT demonstrates a peripherally enhancing
cystic lesion located posterolateral to the submandib
ular gland just below the angle of the mandible
(arrows). Stranding of adjacent soft tissues and loss
of fat planes indicates inflammation.



Fig. 17. Third branchial cleft cyst. Axial (A) and sagittal (B) T2 weighted fat suppressed images show well defined
T2 hyperintense cystic lesion in the anterior left neck at the level of the thyroid gland (arrow), a pathologically
proven branchial cleft cyst.

Fig. 18. Ectopic thyroid. US shows a homogeneously
echogenic mass (arrows) that represents thyroid tissue
high in the anterior neck above the thyroid cartilage.
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space, and anteromedial to the sternocleidomas-
toid muscle. Second BCCs may occur anywhere
along the tract of the second branchial cleft tract
from the palatine tonsil to the supraclavicular
region. On imaging, BCCs demonstrate typical
cystic appearance, usually without significant
wall enhancement, unless infected (Fig. 16). The
notch sign, a focal projection of the cyst between
the internal and external carotid artery bifurcation,
is considered pathognomonic for a second BCC.25

Third and fourth branchial pouch sinuses arise
from the base and apex of the piriform sinus
respectively. Anomalies of the third and fourth
branchial remnants typically present as recurrent
neck infections or abscesses, usually on the left
side (Fig. 17). Suppurative thyroiditis or recurrent
thyroid abscess in children (see Fig. 4) have previ-
ously been attributed to the fourth branchial pouch
sinus tracts; however, they may actually be
caused by pyriform sinus fistulas arising from
persistence of a patent thymopharyngeal duct.26

Third BCCs, although rare, are the second most
common cystic lesion of the posterior cervical
space after lymphatic malformations, located
deep or posterior to the sternocleidomastoid
muscle and posterior to the common or internal
carotid arteries.27

Defective pathways of embryologic descent
of thymic primordium can present with solid or
cystic masses anywhere along the pathway of
thymic descent from the angle of the mandible
to the superior mediastinum. Ectopic cervical
thymus is common at autopsy but usually asymp-
tomatic. US is preferred for initial assessment
and may demonstrate characteristic linear echo-
genic septa and scattered echogenic foci. On MR
imaging, thymic tissue has a slightly higher T1
signal than muscle, and a slightly less T2 signal
than fat. Cervical thymic cysts are rare lesions
derived from the thymopharyngeal duct and are
usually intimately associated with the carotid
space. Imaging factors that may help distinguish
a thymic cyst from a cystic branchial remnant
include cigar shape and extension into the supe-
rior mediastinum.28

An ectopic thyroid can occur anywhere along
the initial path of descent of the thyroid, most
commonly occurring as lingual thyroid, posterior
to the foramen cecum at the base of the tongue.
I-123 scintigraphy will demonstrate uptake in the
ectopic location and can also identify normally
located thyroid tissue. US readily characterizes a
mass at the base of the tongue and provides as-
sessment for orthotopic thyroid tissue (Fig. 18).
Approximately 70% of patients with lingual thyroid
have no other functioning thyroid tissue, so



Fig. 19. Lingual thyroid. Enhanced axial CT scans demonstrate high attenuation, well defined mass (arrow) in the
midline base of tongue (A) and absence of normal thyroid tissue in the lower neck (B).
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imaging should include evaluation of the thyroid
bed.29 CT demonstrates typical high attenuation
of thyroidal tissue (Fig. 19).

Fibromatosis colli is a benign fusiform mass
arising within the sternocleidomastoid muscle of
a neonate. US is the imaging modality of choice,
and characteristic imaging findings in conjunction
with clinical features of congenital torticollis
usually obviate the need for additional imaging.
Most masses are either hyperechoic or mixed
echogenicity with a surrounding hypoechoic rim,
and move synchronously with the muscle. Involve-
ment is more common on the right side and in the
lower third of the muscle (Fig. 20).30

Laryngoceles are air- or fluid-filled outpouchings
of the laryngeal saccule that communicate with the
laryngeal ventricle and are a rare cause of airway
obstruction in infants. An internal laryngocele
remains confined to the supraglottic paraglottic
space, lying medial to the thyrohyoid membrane.
An external or mixed laryngocele, the more
common type, penetrates through the thyrohyoid
Fig. 20. Fibromatosis colli. US shows the body of the
sternocleidomastoid muscle expanded by a solid,
echogenic mass of fibrous tissue. Note the hypoechoic
muscle tissue tapering at the margins of the mass
(arrows).
membrane and may fluctuate in size with alter-
ations in intralaryngeal pressure. The CT density
or the MR signal intensity of the laryngocele is vari-
able, depending on whether the cyst is filled with
air, fluid, or proteinaceous debris. An infected lar-
yngocele, filled with pus, is a laryngopyocele,
demonstrating higher attenuation fluid contents,
possible air-fluid level, and a thickened, enhancing
rim on CT.31

Dermoid cysts are lined by ectodermally derived
squamous epithelium, and contain skin append-
ages within the cyst wall. Approximately 7% of
dermoid cysts occur in the head and neck, typi-
cally in a midline, suprahyoid location. The floor
of the mouth is the most common cervical loca-
tion. The presence of lipid attenuation or signal
intensity material in a unilocular lesion, when
present, is helpful in diagnosing dermoid cysts.
Small globules of fat within the cyst lumen create
a sack-of-marbles appearance, which is essen-
tially pathognomonic for a dermoid cyst (Fig. 21).
Lipid-fluid levels may be present. The cyst wall
may calcify or enhance.25
BENIGN AND MALIGNANT TUMORS

Lipomas are benign tumors of fat, most commonly
located in the posterior triangle of the neck. These
tumors are usually an incidental finding on imaging
and fairly uncommon in the first 2 decades of life.
Lipomas typically appear as well-defined homoge-
nous fatty masses, echogenic on US, low attenua-
tion on CT, and increased signal intensity on
standard spin echo MR imaging sequences.

Multiple localized neurofibromas or larger plexi-
form neurofibromas are common in children with
neurofibromatosis type 1. Localized neurofibromas
may involve the skin and subcutaneous tissues or



Fig. 21. Dermoid cyst. Postcontrast axial CT at the
level of the floor of mouth shows a well defined,
low attenuation sublingual lesion with sack of
marbles appearance (arrows).
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deeper tissues of the neck, or present as multiple
bilateral paraspinal masses. Neurofibromas are
generally slightly hypoattenuating with respect
to muscle on CT. Lesions are hypointense on
T1-weighted imaging and hyperintense on T2-
weighted imaging with contrast enhancement. A
characteristic imaging appearance is the target
sign, manifested by a central hypointense region
and peripheral hyperintensity on T2-weighted
imaging (Fig. 22). US may simulate a cyst, with
a well-defined hypoechoic mass with distal
acoustic enhancement or may show a target sign.
Fig. 22. Neurofibromatosis. Axial (A) and coronal (B) T2 w
paraspinal, carotid space, and submandibular region neur
A target sign is present in the submandibular mass (arrow
Plexiform neurofibromas are manifested by mul-
tiple masses or fusiform enlargement of peripheral
nerves, usually involving a long segment of a major
nerve trunk and multiple branches, producing
a bag-of-worms appearance.32

Teratomas are histologically heterogeneous
neoplasms usually composed of elements from
all 3 germ cell layers, which may have predomi-
nantly solid, cystic, or mixed morphology with vari-
able degrees of structural differentiation. Most
teratomas in the neck in children are of the mature
type and are histologically benign. Teratomas are
typically large, heterogeneous masses commonly
located in the anterior or lateral neck, often pre-
senting in the newborn period with respiratory
distress or feeding difficulties. Teratomas are clas-
sically multilocular masses with areas of calcifica-
tion and macroscopic fat, not infrequently
containing foci of thyroid tissue (Fig. 23).33

Malignancies of the nasopharynx, such as
lymphoma, rhabdomyosarcoma, and nasopharyn-
geal carcinoma, can overlap considerably with
respect to their imaging appearance. Although
MR imaging appearance may suggest a particular
diagnosis, its most important utility is to delineate
the extent of disease.
Lymphoma is the most common malignant

tumor of the head and neck in children. Hodgkin’s
lymphoma has a predilection for internal jugular
chain lymph nodes, often with involvement of
contiguous nodal groups in the mediastinum.
Non-Hodgkin lymphoma (NHL) frequently mani-
fests as noncontiguous adenopathy and more
commonly demonstrates extranodal disease,
eighted fat suppressed images demonstrate numerous
ofibromas in this child with neurofibromatosis type 1.
).



Fig. 23. Teratoma. Coronal CT (A) demonstrating heterogeneous mass with areas of soft tissue, coarse calcifica
tion and fat density (arrows). Sagittal T2 weighted MR imaging (B) shows large multilocular cystic and solid mass
(arrows).
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frequently involving Waldeyer’s ring. Retrophar-
yngeal, occipital, parotid, posterior triangle, and
submandibular lymphadenopathy should suggest
NHL as a possible diagnosis.34 Enlarged lymph
nodes in lymphoma are generally homogenous,
and calcifications are rare in the absence of prior
therapy, particularly radiation. Enlarged nodes
are usually isointense and hyperintense to muscle
on T1-weighted and T2-weighted imaging, res-
pectively, and demonstrate variable, usually mild,
homogenous enhancement (Fig. 24). No reliable
size criteria exist for distinguishing benign, reac-
tive from lymphomatous adenopathy. Nodal
biopsy is required for diagnosis. Fluorodeoxyglu-
cose (FDG) positron emission tomography typi-
cally demonstrates high FDG avidity for nodal
and non-nodal disease.

Rhabdomyosarcoma is the most common
childhood soft-tissue sarcoma in children younger
than 15 years old. Head and neck disease is clas-
sified by location into orbital, parameningeal, and
nonparameningeal disease. Paramanengeal sites
Fig. 24. Lymphoma. Axial postcontrast CT demon
strates bulky right internal jugular chain lymphadenop
athy (arrow) in this patient with Hodgkin lymphoma.
of involvement include the nasal cavity and
paranasal sinuses, pterygoid fossa, nasopharynx,
and middle ear cavity.35 CT usually demonstrates
a soft-tissue mass that is isodense to muscle on
unenhanced scans, and frequently associated
with bone erosion (Fig. 25). The skull base should
be carefully evaluated for erosion or foraminal
widening. On MR imaging, tumors are generally
isointense to minimally hyperintense with respect
to muscle on T1-weighted images, hyperintense
to muscle on T2-weighted images, with avid en-
hancement. Intratumoral hemorrhage or necrosis
may result in an inhomogeneous appearance. Fat-
suppressed coronal T1-weighted postcontrast
Fig. 25. Parameningeal rhabdomyosarcoma. Postcon
trast axial T1 weighted image demonstrates poorly
defined, trans spatial heterogeneously enhancing
mass (arrows) involving the nasopharyngeal mucosal,
parapharyngeal, masticator, and prevertebral spaces
with osseous invasion of the clivus and temporal
bone. The mass encases and stenoses the internal
carotid artery and internal jugular vein.
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imaging is helpful to assess for intracranial exten-
sion and perineural spread. Metastatic cervical
lymphadenopathy has been reported in 12% to
50% of cases.36 Parameningeal tumors have the
poorest prognosis because they are commonly
locally invasive with intracranial extension. Adju-
vant chemotherapy and radiation are performed
after surgical debulking. Postoperative restaging
MR imaging should not be performed before 6
weeks postoperatively to minimize confusion
between postsurgical changes and residual
disease.35

Nasopharyngeal carcinoma (NPC) is endemic to
Southern China, Southeast Asia, and the Mediter-
ranean Basin. NPC is rare in North America, most
commonly affecting patients aged 10 to 20 years.
NPC is more common in males and African
Americans. The childhood form of NPC is closely
linked to Epstein-Barr virus infection, commonly
has an undifferentiated histology, and is often
associated with locoregionally advanced disease
at presentation.37 Most children have metastatic
cervical adenopathy at presentation.38 The most
common clinical presentation is a painless upper
neck mass with or without nasal symptoms, such
as obstruction, bleeding, or discharge.37 NPC is
characteristically an asymmetric mass arising in
Fig. 26. Nasopharyngeal carcinoma. Axial (A) and coron
a diffusely enhancing trans spatial, locally invasive nasop
a widened foramen lacerum into the cavernous sinus and
the Fossa of Rosenmuller. In children, NPC tends
to be slightly hyperintense and moderately hyper-
intense as compared with muscle on T1- and T2-
weighted images, respectively, with homogenous
enhancement (Fig. 26).38 Local spread of the tumor
into the masticator and parapharyngeal spaces is
common. The pharyngobasilar fascia initially acts
as a barrier to local spread, directing progression
toward the clivus and central skull base. Osseous
infiltration is most sensitively detected as a low
signal on T1-weighted images. Widening of the
petroclival fissure may be seen on CT.39 Common
routes of intracranial spread include extension
through foramen lacerum and into the cavernous
sinus, direct erosion through the skull base, or peri-
neural spread through foramen ovale.40 Cervical
lymph node involvement is present in 80% to
90% of patients at presentation, 50% of which
are bilateral. As opposed toNPC in adults, necrosis
within metastatic lymph nodes is uncommon in
children.38 The primary routes of lymphatic
drainage from the nasopharynx are the lateral ret-
ropharyngeal, high level II, and high level V
nodes.39 Undifferentiated NPC is radiosensitive.37

Neuroblastoma may occur anywhere along the
sympathetic chain, with up to 5% of primary cases
occurring in the neck, primarily in infants. Cervical
al (B) T1 weighted postcontrast images demonstrate
haryngeal mass with intracranial extension through
middle cranial fossa.
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neuroblastoma may present as an asymptomatic
mass or may cause symptoms by compression
of the airway or cranial nerves 9 to 12, Horner
syndrome, or heterochromia iridis.41 On CT,
tumors may demonstrate calcification. Internal
areas of hemorrhage or necrosis may be present,
particularly in larger lesions. Neuroblastomas are
mildly hyperintense on T2-weighted imaging with
intense enhancement. MR imaging is particularly
useful for demonstrating the relationship of the
mass to the carotid space. Tumors may invade
the skull base with epidural extension. Metaiodo-
benzylguanidine scintigraphy can be used to
detect primary and metastatic neuroblastoma.42
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Thoracic Neoplasms
in Children

Beverley Newman, MB, BCh
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� Chest � Pediatric � Neoplasm � Imaging
This article provides an overview of neoplasms
that occur in the thorax in childhood, including
those of the mediastinum, lung, airway, heart,
and chest wall. Different imaging methods and
their role in evaluating these lesions are reviewed.
Because of the broad topic, the intent is not to
cover specific lesions in detail but to emphasize
helpful distinguishing features. Non-neoplastic
lesions are included only to serve as examples of
where they are confused with tumors and should
be included as differential diagnostic consider-
ations. The long-term effects of childhood cancer
with reference to the thorax are briefly discussed.
co
m

IMAGING MODALITIES
Chest Radiographs

Chest radiographs are still usually the first imaging
examination obtained in a child with a palpable
mass or clinical symptoms referable to the chest.1

Frontal and lateral views are often helpful in evalu-
ating the location, size, number, and most likely
differential diagnostic possibilities when abnor-
mality is visible. The radiographs should be care-
fully scrutinized for extent of involvement, multiple
lesions, and specific features, such as cavitation
and calcification as well as pleural, soft tissue,
and bone abnormalities. Chest radiographs serve
as a triage platform for recommending whether or
not and which additional imaging studies are likely
to bemost useful (Figs. 1 and 2). When a neoplasm
is suspected or considered, additional cross-
sectional imaging, ultrasound (US), CT, or MR
imaging is frequently required to better charac-
terize the nature and extent of themass and its rela-
tionship to vital structures (see Figs. 1 and 2;
Fig. 3).
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Decubitus views may be obtained to evaluate
a suspected pneumothorax, free or loculated
pleural fluid, or other fluid-containing lesion. Decu-
bitus views are usually not helpful when there is
complete whiteout of a hemithorax. Even if free
fluid is present, it cannot be appreciated without
any adjacent air or aerated lung.

Fluoroscopic evaluation of the chest still has
occasional value, including assessment of an
airway foreign body or other airway obstruction,
laryngotracheobronchomalacia, or a pulsatile
vascular mass. Since the advent of high-quality
cross-sectional chest imaging, an esophagram is
rarely part of the imaging assessment of a vascular
ring or mediastinal mass.

Ultrasound Imaging

There are several questions that can be readily
answered, at least partially, on sonographic
imaging.2,3 The thymus is the most common cause
of an unusual upper mediastinal contour (see
Fig. 3). Ectopic thymic tissue in the neck or behind
the superior vena cava is a frequent cause of
concern for a mediastinal mass. In addition,
many anterior mediastinal neoplastic lesions, both
benign and malignant, commonly infiltrate or
involve the thymus (see Fig. 1). The thymus has
a characteristic appearance on US and normal
thymic tissue or lesions in or adjacent to the
thymus are often readily visualized because there
is no intervening air-filled lung between the trans-
ducer and anterior mediastinum (see Fig. 3).2

Other masses in the anterior mediastinum as well
as lesions of the chest wall and pleura often are
seen on sonography, allowing characterization of
free fluid versus cystic or solid lesions as well as
information on vascular flow with spectral and
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Fig. 1. A 12 year old girl with a benign anterior mediastinal teratoma. (A) Outside chest radiograph contains
a large amount of linear artifact. A prominent lobulated left superior mediastinal mass (arrows) is, however,
appreciated. The lack of silhouetting of the aortic arch and descending aorta suggests an anterior mediastinal
location. (B) Transverse US and (C) axial CT (mediastinal window) of the upper mediastinum shows that the ante
rior mediastinal mass is probably originating within the thymus. Note the adjacent normal thymic tissue to the
right (arrow). Multiple hypoechoic cystic and echogenic solid components are evident on US (B). On the CT
(C), solid, fluid, and fatty (arrowhead) components are identified.
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color Doppler imaging.1–4 Fat and calcification
may also be identified or suspected on US imaging
(see Fig. 1).
With the advent of routine prenatal US, many

chest masses are first imaged in utero. The
majority of these lesions are bronchopulmonary
malformations but also occasional chest and
cardiac neoplasms.
CT

CT is an excellent modality for imaging the chest.5

Evaluation of a potential thoracic neoplasm typi-
cally entails contiguous axial slices between 1
and 5 mm depending on the size of the child and
anatomic detail required. Dynamic intravenous
contrast injection (2–3 mL/kg) is desirable in
almost all cases, especially in small children who
have little natural tissue contrast or fat to separate
adjacent structures. A timed or fluoroscopically
triggered CT angiogram may be obtained when
specific vascular detail is needed. Multiplanar
2-D as well as maximum intensity projection,
minimum intensity projection, and 3-D reconstruc-
tions are readily obtained with CT and MR images,
so that the location, extent, and characteristics of
a lesion can be optimally displayed and measured.
This helps with therapeutic decisions, surgical
planning, and follow-up.
CT imaging has the advantage of being fast,

especially with newer multislice or dual-head
scanners, so that sedation or anesthesia is only
required in small children or those who cannot
cooperate with keeping still or holding their breath.



Fig. 2. A 4 year old boy with a cough bronchogenic cyst. (A) The frontal chest radiograph demonstrates
a smooth bulging mass in the right superior mediastinum (arrow). (B) Coronal T1 weighted image (postcontrast)
and (C) axial T2 weighted image demonstrate a typical well defined fluid filled cyst, dark on T1 with rim enhance
ment and bright on T2 weighted images, located close to the airway (arrows).
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CT provides excellent spatial resolution with
details of pulmonary parenchyma optimally visual-
ized on CT as opposed to MR imaging. Calcifica-
tion is usually better appreciated on CT than MR
imaging whereas fat is typically well characterized
on both CT (see Fig. 1) and MR imaging and fluid
may be more reliably appreciated on MR imaging
(T2 bright) (see Fig. 2).6 Proteinaceous fluids,
such as blood or lymph, may have soft tissue
attenuation on CT and bright signal on T1-
weighted MR images, creating difficulty in
separating a cystic from a solid lesion; US may
be helpful in these circumstances.

The disadvantage of CT imaging is exposure to
ionizing radiation at levels considerably higher
than plain radiographs.6 This is especially impor-
tant in young children who are much more sensi-
tive to ionizing radiation than adults. Careful
attention must be paid to having clear clinical indi-
cations for obtaining CT and tailoring the study to
the needs of the patient. Parameters, such as milli-
ampere second, kilovolt (peak), pitch, collimation,
and slice thickness should be chosen to obtain
diagnostic quality imaging with the lowest possible
dose. The thyroid should be kept out of the
imaging field whenever possible and breast
shields can be added in female patients to further
decrease breast dose. Multiple series, such as
noncontrast followed by contrast scans or late de-
layed scans, should be avoided unless needed.
Electrocardiographically gated CT is associated
with a much higher radiation dose and should be
reserved for specific indications, such as detailed
intracardiac and coronary evaluation. Where
appropriate, US or MR imaging should be consid-
ered as a substitute for CT.

Iodinated contrast should be used with caution
in patients with renal dysfunction, especially with
a creatinine level greater than 2 mg/dL. Prehydra-
tion with fluids and use of bicarbonate and N-ace-
tylcysteine before CT have been advocated to
mitigate the nephrotoxic effects of contrast.
Patients on dialysis can have their contrast CT
scheduled to coordinate with subsequent dialysis.



Fig. 3. Prominent normal thymus a 3 week old boy. (A) Chest radiograph with prominent right mediastinal soft
tissue extending to the diaphragm, thought to probably represent normal asymmetric prominence of the thymus.
A normal thymic wave sign (indentation of the margin of the thymus by the adjacent ribs) is seen on the left
(arrow). (B) Transverse US and (C) right sagittal US images demonstrate the normal sonographic appearance of
the anterior thymus (arrows) (hypoechoic with small punctate and linear areas of echogenicity) with asymmetric
prominence of the right lobe (B) extending down to the right hemidiaphragm (C). L, liver.
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Although contrast-related allergic reactions are
uncommon in children, vigilant monitoring by
trained staff with quick access to support equip-
ment and drugs is essential. Nonionic contrast
agents tend to be used because of fewer allergic
and other contrast reactions, such as vomiting. If
contrast is needed in children who had a prior
contrast reaction, they can be pretreated with
oral steroids beginning 24 hours before the
imaging study. If intravenous contrast cannot be
used for CT, there should be careful reconsidera-
tion of the value of the study and whether other
alternatives, such as US and MR imaging, might
substitute.
MR Imaging

MR imaging provides a great deal of anatomic infor-
mation as well as tissue characterization with re-
gard to lesions of the chest. MR imaging is
superior to CT for evaluating most lesions of the
chest wall but suboptimal for assessing lung
parenchyma.4 MR imaging is often equivalent to
CT for mediastinal lesions and superior when spine
evaluation is required (eg, neuroblastoma).6 MR
imaging is more often used than CT for evaluating
cardiac anatomy with the exception of coronary
evaluation. MR imaging is superior to CT for cardiac
functional assessment, including ventricular volu-
mes and mass, ejection fraction, and cardiac
output as well as quantifying volume and direction
of vascular flow, valvular regurgitation, and shunts.
The major disadvantage of MR imaging is

the length of the examination and, therefore,
increased need for sedation or anesthesia as
compared with CT. The need for well-trained staff,
who are skilled in monitoring and managing chil-
dren, and constant vigilance regarding the safety
of a child imaged by either CT or MR imaging
cannot be overemphasized.
New faster sequences are allowing for more

rapid MR imaging scanning with improved spatial
resolution. New contrast agents allow for im-
proved and prolonged vascular opacification.
Both MR imaging and CT should be used with

caution in patients with renal dysfunction. MR



Fig. 4. A 10 year old with thymic rebound. Prior
history of large cell lymphoma with increasing soft
tissue fullness in the anterior mediastinum. Axial cut
from a PET CT demonstrates homogeneous diffuse
uptake of the agent in the normal prominent thymus
(arrows).

Thoracic Neoplasms in Children 637
imaging contrast is generally contraindicated with
an estimated glomerular filtration rate of less than
30 mL/min because of the potential risk of nephro-
genic systemic sclerosis, although few cases have
been reported in children. Allergic reactions to MR
imaging contrast agents are rare.

MR imaging safety is paramount: metallic and
personal electronic objects must be removed
and all equipment must be MR imaging compat-
ible. Patients, parents, and personnel need to be
carefully screened before entering the scanner.
Major contraindications to MR imaging include
presence of a pacemaker, intracranial vascular
clips. and orbital metal.

Prenatal MR imaging is commonly used to
further evaluate and follow the nature and extent
of thoracic masses picked up on antenatal US
examinations. MR imaging is contraindicated in
the first trimester of pregnancy and MR imaging
contrast agent use is discouraged throughout
pregnancy.
Nuclear Imaging

Chest nuclear imaging in children currently has
a limited role. Ventilation and perfusion imaging
may be used to evaluate airway and vascular
pathology and assess for pulmonary emboli or
differential lung flow. Bone scan, gallium scan,
white blood cell scan, or iodine scan or m-iodo-
benzylguanidine (MIBG) might be used in specific
instances to evaluate for bone lesions, infection,
thyroid tissue, or neuroblastoma, respectively.

Fluorodeoxyglucose positron emission tomog-
raphy (FDG PET) detects metabolically active
processes, including tumors and inflammation.
FDG PET and FDG PET-CT, where the PET meta-
bolic activity and CT anatomic images can be
superimposed, are increasingly used to evaluate
and followmalignant tumors, especially lymphoma
(Figs. 4 and 5).7 One disadvantage of FDG PET
and PET-CT is the high dose of ionizing radiation.
MEDIASTINAL MASSES

� Mediastinal masses are more common than
intrapulmonary masses in children and
have a greater likelihood of being malignant
(Box 1).

� Compartmentalization of the mediastinum
is useful in generating likely differential
diagnoses.

� Several lesions, especially adenopathy,
lymphoma, and vascular/lymphatic lesions,
can occur inmultiple different compartments.

� Large lesions often span more than one
compartment.
The mediastinum is conveniently divided into 3
spaces that span from superior to inferior. The
anterior mediastinum or prevascular space is
located in front of the heart and great vessels;
the middle mediastinum or vascular space encom-
passes the heart and most of the major great
vessels; and the posterior mediastinum or post-
vascular space extends from behind the heart to
the spine. Special consideration should be given
to the inferior mediastinum where masses may
be due to diaphragmatic lesions especially dia-
phragmatic or hiatal hernias.

When necessary, CT or MR imaging can be ob-
tained to define the nature, origin, and extent of
a mediastinal lesion.6 Frequently, a specific diag-
nosis can be suggested (see Figs. 1 and 5). Malig-
nant lymphoma, benign thymic enlargement,
teratomas, foregut cysts, and neurogenic tumors
account for 80% of mediastinal masses in
children.5

Anterior Mediastinum

The common masses in the anterior mediastinum
or prevascular compartment are remembered
most easily by the letter, T, and include thymus,
teratoma, thyroid, and T-cell lymphoma.

Normal variations of the thymus include bilateral
or unilateral prominence (most often right), thymic
hyperplasia, or rebound (see Figs. 3 and 4) and
ectopic thymic tissue (most often retrocaval or ex-
tending into the neck). These variations are
a common reason for suspecting a mediastinal
mass on a chest radiograph in a child. The concern
can frequently be put to rest and additional studies
avoided when chest radiographs are reviewed by
an experienced pediatric radiologist. When con-
cern persists as to whether the findings represent



Fig. 5. A 7 year old with anterior mediastinal mass Hodgkin lymphoma. (A) Chest radiograph demonstrates
widening of the mediastinum with irregular contours (arrows). Note the heterogeneous lumpy appearance of
the infiltrated thymus on both CT (B) and corresponding PET CT (C) images. There are small abnormal nodes in
the hila bilaterally as well as several small pulmonary nodules that take up the FDG, suspicious for intrapulmonary
involvement with lymphoma. (Reprinted from Rudolph C, Rudolph A, Lister G, et al. Imaging the chest. In:
Rudolph’s textbook of pediatrics. 22nd edition. United States: McGraw Hill; 2011 [Fig. 9]; with permission.)
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a variation of normal thymus, directed US imaging
by an experienced pediatric imager is often helpful
in identifying normal hypoechoic thymic tissue
versus thymic infiltration or other mass (see Figs.
1 and 3).
Normal thymic tissue is characterized by its

uniform homogeneous appearance as well as
lack of mass effect on adjacent structures. In
young infants it tends to be quadrilateral in shape
and more triangular in older adolescents with
progressive fatty infiltration. Ectopic or atypical
thymus is similar in appearance and enhancement
and usually directly contiguous with the intratho-
racic thymus.3 Thymic cysts are common, espe-
cially in ectopic thymus in the neck. The thymus
itself is frequently the site of origin or directly infil-
trated by anterior mediastinal neoplastic lesions,
including lymphangioma, histiocytosis, teratoma/
germ cell tumors (see Fig. 1), lymphoma (see
Fig. 5), thymolipoma, and thymic carcinoma
(Fig. 6).6,8
Lymphoma is themost common causeof amedi-
astinal tumor in childhood.9 Both Hodgkin and
non-Hodgkin lymphoma (especially T-cell lympho-
blastic leukemia/lymphoma type) commonly affect
the mediastinum.7 In Hodgkin lymphoma, a large
anterior heterogeneous lobulated mediastinal
mass involving the thymus and adjacent nodes
with contiguous neck adenopathy is typical (see
Fig. 5). There are frequently areas of necrosis within
the mass. Encasement of adjacent mediastinal
vessels and displacement and compression of the
airway in children is common in lymphoma.7,9 CT
or MR imaging with sedation or anesthesia must
be undertaken with great care in patients with
a potentially compromised airway.
Non-Hodgkin lymphoma is more common in

younger children and is similar in appearance on
imaging to Hodgkin lymphoma, with more frequent
involvement of hilar, subcarinal, posterior medias-
tinal, and paracardiac nodes as well as noncontig-
uous tumor in the abdomen occurring more



Box 1
Mediastinal neoplasms in children

1. Anterior (prevascular space) T lesions

a. Thymic neoplasm (lymphangioma, Lang-
erhans cell histiocytosis [LCH], lymphoma,
thymoma, thymolipoma, and thymic
carcinoma)

b. T-cell lymphoma/leukemia
c. Teratoma/germ cell tumor
d. Thyroid/parathyroid tumor
e. Others (hamartoma/lipoma, lipoblasto-

ma, and so forth)

2. Middle (vascular space)

a. Lymphoma
b. Other adenopathy—Castleman, metastatic

(Wilms, osteosarcoma, and neuroblastoma)
c. Lymphangioma/hemangioma
d. Cardiac/pericardial neoplasms

3. Posterior (postvascular space)

a. Neurogenic tumor with sympathetic
ganglia origin: neuroblastoma, ganglio-
neuroblastoma, and ganglioneuroma

b. Neurogenic tumor with peripheral nerve
origin: neurofibroma and schwannoma

c. Neurogenic tumor with paraganglia cell
origin: paraganglioma

d. Lymphoma
e. Hemangioma/lymphangioma
f. Teratoma
g. Esophageal (leiomyoma/leiomyosarcoma)
h. Bone lesions (LCH, osteosarcoma, and

Ewing sarcoma)
i. Lipoma/lipoblastoma
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commonly.7 Lymphoma is optimally staged and
followed using FDG PET-CT (see Fig. 5).

A mature benign mediastinal teratoma is typi-
cally a well-defined soft tissue mass containing
Fig. 6. A 10 year old thymic carcinoma. Two axial CT sl
a large inhomogeneous lobulated predominantly anterior
tion of the pleura with multiple areas of pleural enhancin
fat and calcification (see Fig. 1). Malignant germ
cell tumors have a male predilection and may be
difficult to definitively distinguish from benign tera-
toma. Suggestive features are a larger, less well-
defined mass with extensive central necrosis.
There is a propensity for local invasion and pleural
and pericardial effusions as well as distant spread.
Nonseminomatous germ cell tumors are associ-
ated with hematologic malignancies and Klinefel-
ter syndrome.10

Thymoma and thymic carcinoma are un-
common in children. Thymomas are slow growing,
potentially malignant neoplasms capable of inva-
sive behavior and metastases.8,11 They are asso-
ciated with myasthenia gravis (30%–50%), red
cell aplasia, or hypogammaglobulinemia.8,10 A
thymoma is usually a unilateral solid/cystic soft
tissue mass in the anterior mediastinum. Diffuse
implants on pleural, mediastinal, and pericardial
surfaces are seen with invasive thymoma;
however, pleural effusion is uncommon.10 Thymo-
mas may occasionally arise in locations other than
the anterior mediastinum, including neck, else-
where in the mediastinum, heart, or in the
lung.8,12 Thymic carcinoma is a rare aggressive
thymic neoplasm. This entity is difficult to differen-
tiate by imaging from invasive thymoma, although
pleural and pericardial effusions are more
common in association with local spread of thymic
carcinoma (see Fig. 6). Distant metastases are
common, including lymph nodes, lung, bone,
brain, and liver.8,10

Ectopic thyroid and parathyroid tissue may
rarely occur in the anterior mediastinum in chil-
dren. Thyroid and parathyroid neoplasms, both
benign and malignant, are likewise uncommon.
An anterior mediastinal neoplasm may also be
simulated by paramediastinal upper lobe atelec-
tasis, upper lobe airless bronchial atresia, or lung
consolidation.
ices (A, B) viewed on mediastinal windows illustrate
medistinal mass (arrows). There is contiguous infiiltra
g tumor (arrowheads) and effusion.
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Middle Mediastinum

The middle mediastinum encompasses the
vascular space. Adenopathy, bronchopulmonary
foregut lesions (bronchogenic cyst predominantly)
(see Fig. 2), and vascular masses (aneurysm,
vascular ring, and vascular/lymphatic malforma-
tion) predominate in this compartment. Cardiac
and pericardial lesions overlap with middle medi-
astinal masses. They are discussed later.
Prominent reactive adenopathy often accom-

panies bacterial infection in children, is less
common in most viral infections (adenovirus is an
exception), and is particularly prominent with gran-
ulomatous inflammation, including tuberculosis,
histoplasmosis, and sarcoidosis. Granulomatous
adenopathy, especially tuberculosis, as well as
atypical mycobacteria is characterized by low
attenuation or cavitating nodes. Fibrosing media-
stinitis, also known as fibroinflammatory lesion of
the mediastinum,13 may be related to histoplas-
mosis infection or idiopathic. It is uncommon in
children. The ensuing infiltrative fibrous soft tissue
that encases and obliterates vessels and airways
may be difficult to differentiate from infiltrating
mediastinal neoplasms.
Another benign entity that can produce promi-

nentmediastinal adenopathy is Castleman disease
Fig. 7. A 16 year old boy Castleman disease. Axial T1 w
MR images demonstrate confluent bright T2 signal with
the middle and anterior mediastinum displacing airway a
(Fig. 7).7 This is a poorly understood rare lympho-
proliferative disorder that occurs in both nodal
and extranodal sites. The hyaline vascular type is
more common and less aggressive than the
plasma cell form. A characteristic feature is aden-
opathy that has increased signal on T2-weighted
MR images and enhances markedly with contrast
(see Fig. 7).
Neoplastic processes tend to produce bulkier

and more confluent mass-like adenopathy than
infectious causes although the underlying etiology
may be difficult to predict. Lymphoma, both Hodg-
kin and non-Hodgkin types, may occur in the
middle mediastinum. Intrapulmonary malignancies
may be associated with hilar and mediastinal ad-
enopathy, often ipsilateral. Although intrapulmo-
nary metastases are more common, metastatic
mediastinal adenopathy does occur, especially
with osteosarcoma and other sarcomas as well
as neuroblastoma and Wilms tumor (Fig. 8).

Posterior Mediastinum

The posterior mediastinum is predominantly the
domain of the neurogenic lesions, including neuro-
genic cyst, anterior meningocele, and neurogenic
tumorsof sympatheticganglionorigin (ganglioneur-
oma, ganglioneuroblastoma, and neuroblastoma)
eighted postcontrast (A) and (B) sagittal T2 weighted
prominent enhancement of a nodal mass (arrows) in
nd vessels.



Fig. 8. A 16 year old boy. (A) Chest radiograph to follow up osteogenic sarcoma. Note multiple calcified small
and large pulmonary metastases. (B) CT scan demonstrates multiple intrapulmonary metastatic lesions, some of
which are densely calcified as well as large middle mediastinal masses/nodal tumor metastases. (Reprinted
from Newman B, Effmann EL. Lung masses. In: Slovis T, editor. Caffey’s pediatric diagnostic imaging, vol. 1.
11th edition. Philadelphia: Mosby Elsevier; 2008:1294 323; with permission.)
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(Fig. 9), peripheral nerve origin (neurofibroma and
schwannoma), or paraganglia cells (paragang-
lioma).9 Other lesions may include esophageal
masses (eg, esophageal duplication cyst or leio-
myoma/leomyosarcoma), vascular abnormalities
(aneurysm and vascular/lymphatic malformation)
(Fig. 10), and vertebral/paravertebral lesions
(extramedullary hematopoiesis (Fig. 11), lipomato-
sis, diskitis, osteomyelitis, LCH, osteosarcoma,
and Ewing sarcoma). Mimickers of a posterior
mediastinal mass include the normal right-sided
paraspinal shadow of the confluence of pulmonary
veins and rounded left lower lobe atelectasis
medial to the pulmonary ligament.

Among the neurogenic tumors, neuroblastoma
predominates, especially in young children. Less-
aggressive forms of the ganglioneuroma neuroblas-
toma spectrum are more common in older children
and may represent maturation of neuroblastoma.
The lesions commonly contain speckled calcifica-
tion, are typically bright on T2-weighted imaging,
and enhance moderately (see Fig. 9). Local extent
and distant metastases are often well shown on
MIBG scintigraphic scans (Fig. 12).7,9

Neuroblastomamay present with a paraneoplas-
tic syndrome,9 including opsoclonus myoclonus,
profuse watery diarrhea (vasoactive intestinal poly-
peptide), and pheochromocytoma-like syndrome
(catecholamines), prompting a search for an under-
lying tumor, sometimes quite occult. The majority
of neuroblastoma tumors occur in the abdomen
in the region of the adrenal glands; these can occa-
sionally spread to the chest contiguously through
the retrocrural nodes. Only approximately 10% to
15% are primarily located in the chest and may
coexist with one or more tumors elsewhere. Neuro-
blastoma in the chest may have a better prognosis,
perhaps because of earlier diagnosis and lower
stage at the time of presentation. There is typically
a paraspinal posterior mediastinal mass that may
infiltrate the posterior soft tissues, can spread to
nodes and vessels, or be large enough to compro-
mise the airway. There is often a dumbbell lesion
extending into multiple intervertebral foramina
and the extradural space (see Fig. 9). For this
reason, MR imaging is considered the best imaging
modality to optimally visualize spinal involvement.6

Other tumors may take on a dumbbell appearance,
including Ewing sarcoma/primitive neurectodermal
tumor (PNET), rhabdomyosarcoma, lipoblastoma,
and vascular masses.7

Neurofibromas are usually associated with
neurofibromatosis type 1; the lesions may be
multiple and discrete, often at multiple foraminal
levels, or may be large and extend into the middle
mediastinum, especially as a plexiform neurofi-
broma. Extensive infiltration may occur along neu-
rovascular bundles, including into the lung hila as
well as along the pleura. They may be confused
with other more aggressive tumors, such as
lymphoma. Neurofibromas, however, tend to be
hypodense with modest enhancement postcon-
trast. Other chest stigmata of neurofibromatosis,
such as skin lesions, dural ectasia, scoliosis, and
ribbon rib deformities, may be helpful.
CARDIAC NEOPLASMS

� Cardiac lesions may be intracavitary
attached to the endocardium, within the
myocardium, or pericardial (Box 2).

� Cardiac neoplasms are rare in children;
most are benign.



Fig. 9. Newborn infant neuroblastoma. Frontal (A) and lateral (B) chest radiographs. There is a large mass in the
right chest posteriorly (arrows). Thinning and splaying of the right posterior upper ribs (arrowhead) suggest
a posterior mediastinal location, confirmed on the lateral view. Coronal T1 weighted postcontrast MR images
(C, D) demonstrate a large moderately enhancing right posterior mass with vertebral foraminal extension at mu
tiple levels (arrows). The punctate bright focus within the mass (arrowhead) is probably calcification.
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Fig. 10. Posterior mediastinal lymphangioma. Axial
contrasted CT shows fluid/fluid levels (arrow) in the
mass and no bone or spine involvement.
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� Malignant cardiac or pericardial tumors are
more likely to be metastatic than primary.

� Many childhood cardiac tumors are associ-
ated with specific syndromes or systemic
diseases.

� Non-neoplastic entities may simulate and
be difficult to distinguish from a cardiac
neoplasm.

Cardiac tumors are included in the differential
considerations for a middle mediastinal mass.
Cardiac tumors may manifest on chest radio-
graphs as cardiomegaly, abnormal cardiac con-
tour, or pulmonary edema.14 Other entities may
simulate a cardiac mass, including normal vari-
ants, cardiomyopathy, other mediastinal masses,
postsurgical changes, myocardial or arterial aneu-
rysm, venous varix, abscess, diaphragmatic her-
nia, and pericardial abnormalities.
Fig. 11. Extramedullary hematopoiesis. A 22 year old
with thallassemia post multiple blood transfusions.
Axial T2 weighted MR scan. Note the T2 dark signal
in the liver (L) due to iron overload and T2 bright bilat
eral posterior paraspinal soft tissue masses (arrows)
consistent with extramedullary hematopoiesis.
The most common intracardiac neoplasms in
children are rhabdomyoma, myxoma and fibroma
(Figs. 13–16).14 Other benign entities include
hamartoma, lipoma, fibroelastoma, hemangioma,
fibrous histiocytoma, and inflammatory pseudotu-
mor. Asymmetric septal or focal myocardial hyper-
trophy in hypertrophic cardiomyopathy (idiopathic,
familial, or associated with maternal diabetes) may
simulate an intracardiac mass. MR imaging
features that serve to identify hypertrophied
myocardium include similar signal, contractility,
and enhancement characteristics as normal
myocardium on multiple sequences.

Rhabdomyomas are hamartomas of the heart
that have a strong association with tuberous
sclerosis.15,16 The tumors may be large or small,
typically multiple rather than single.17 The pres-
ence of multiple myocardial masses in a fetus or
newborn infant is essentially diagnostic of
tuberous sclerosis. These are rounded, well-
defined intramyocardial masses on US. They are
usually somewhat hyperintense on proton density
MR images and enhance less than normal myocar-
dium on postcontrast MR images as well as CT
images (see Fig. 13). They may disrupt the
conduction system of the heart or distort or
obstruct the cavity or valves.17 The neonatal rhab-
domyomas associated with tuberous sclerosis
tend to decrease in size over time usually
completely regressing by age 6 years with no
malignant potential.14

The second most common cardiac tumor in
childhood is a cardiac fibroma. This tumor is
usually solitary, often large, and although benign
may cause significant cardiac dysfunction. It is
typified by lower signal than normal myocardium
especially on T2-weighted images with character-
istic delayed contrast enhancement (see Fig. 14).
Calcifications are common within the tumor, better
appreciated on CT than MR imaging.14 Cardiac
fibroma has an association with Gorlin syndrome
(basal cell nevi and multiple other tumors) and
Beckwith-Wiedemann syndrome (better known
for association with macroglossia, ompahlocele,
hemihypertrophy, and abdominal tumors, espe-
cially Wilms tumor).15,16

Cardiac myxoma, usually in the left atrium, is the
most common cardiac tumor in adults but
uncommon in children. Cardiac myxomas in child-
hood have a syndromic association with the
Carney complex (myxomas, endocrine lesions,
and pigmented skin lesions) (see Figs. 15 and
16).15,16,18 The cardiac myxomas may be multiple
and widely distributed in both atria and ventricles
(see Fig. 16). On MR imaging, atrial myxomas
may have foci of low signal due to hemorrhage
or calcification, most evident on gradient-echo



Fig. 12. Metastatic neuroblastoma in a 5 year old boy. (A) Coronal CT reformat with diffuse lytic and sclerotic
bony metastases, including spine, skull, scapulae, ribs, and pelvis. (B) MIBG scan anterior view with diffuse
and patchy bony uptake of radiotracer. There is physiologic uptake in salivary glands, myocardium, liver, and
bladder.
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images (see Fig. 16). They are usually attached
to the atrial septum or other endocardium by
a stalk and may be mobile and cause inflow or
outflow obstruction of the ventricles or valvular
dysfunction.
Primary malignant cardiac tumors are rare

and include lymphoma, germ cell tumor, rhabdo-
myosarcoma, fibrosarcoma, angiosarcoma, and
leiomyosarcoma.14 Secondary cardiac involve-
ment is more common than primary cardiac malig-
nancy. This is usually associated with venous
tumor thrombus extension or embolization, most
likely in Wilms tumor, hepatoblastoma, and neuro-
blastoma (Fig. 17). Other tumors, such as
osteosarcoma, Ewing sarcoma, and leukemia/
lymphoma, can involve the heart by direct contig-
uous spread. Hematogenous metastases to the
heart are rare.
Intracardiac thrombus may be difficult to differ-

entiate from a tumor. Useful sequences include
gradient-echo and T2 images, where thrombus is
typically low and most tumors high in signal
relative to normal myocardium, as well as post-
contrast images, where tumors usually enhance
and thrombus (unless chronic and organized)
does not (Fig. 18).
Pericardial masses include pericardial cyst, tera-

toma, hemangioma, and lymphangioma. A range of
other lesions may simulate a pericardial neoplasm,
including irregular pericardial thickening/calcifica-
tion, pericardial hemorrhagic effusion/hematoma
(see Fig. 18), intrapericardial extension of a dia-
phragmatic hernia, myocardial diverticulum, and
partial absence of the pericardium.19 CT or MR
imaging is often helpful in defining the location
and likely nature of the mass and may occasionally
be able to suggest a specific diagnosis (eg, the
presence of both fat and calcification strongly
suggests a teratoma). Primary malignant tumors
and hematogenous metastases to the pericardium
are rare.19 More likely is contiguous spread of
a mediastinal mass such as lymphoma (Fig. 19)
or thymoma to involve the pericardium; these
may result in constrictive pericarditis.



Box 2
Cardiac and pericardial neoplasms in children

Cardiac

1. Benign

a. Rhabdomyoma
b. Myxoma
c. Fibroma
d. Hemangioma
e. Hamartoma
f. Lipoma
g. Fibroelastoma
h. Fibrous histiocytoma
i. Inflammatory pseudotumor

2. Malignant

a. Primary
i. Lymphoma
ii. Germ cell tumor
iii. Rhabdomyosarcoma, fibrosarcoma, ang-

iosarcoma, and leiomyosarcoma

b. Metastatic
i. Contiguous—ostesarcoma, Ewing sar-

coma, rhabdomyosarcoma, and leu-
kemia/lymphoma

ii. Venous thrombus/hematogenous—
Wilms, neuroblastoma, hepatoblasto-
ma, and rhabdomyosarcoma

Pericardial

1. Benign
a. Teratoma
b. Hemangioma/lymphangioma

2. Malignant
a. Germ cell tumor
b. Contiguous/metastatic spread (eg, lym-

phoma and thymoma)
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INTRAPULMONARY NEOPLASMS

� Pulmonary masses are less common than
mediastinal masses in children (Box 3).20

� The majority are non-neoplastic congenital
or inflammatory lesions.

� Neoplastic intrapulmonary lesions are more
likely malignant than benign.

� Malignant lesions are more likely metastatic
than primary.

� It may be difficult to determine the origin of
large pleural, mediastinal, or chest wall
tumors that spread contiguously to involve
the lung (Fig. 20).

Several extrinsic densities may simulate an intra-
pulmonary mass. These include skin lesions,
breast buds, rib and other chest wall abnormali-
ties, diaphragmatic hernia or eventration, and
hair braids.21 Rounded intrapulmonary lesions can
also masquerade as pulmonary neoplasms, in-
cluding round pneumonia, rounded atelectasis,
lung abscess, fungal or granulomatous nodules,
loculated pleural fluid, hematoma, and vasculitic
lesions.20,21

Bronchopulmonary malformations are common
congenital non-neoplastic lung masses that need
to be differentiated from other pulmonary tumors.
These are frequently found prenatally as large
solid or cystic or combined T2 bright lesions in ute-
ro. Often they are largest in the second trimester
and progressively decrease in size and conspi-
cuity later in pregnancy. They may be small or
not visible on postnatal chest radiographs but
are usually apparent on CT imaging.22 There is
considerable overlap of the lesions, with features
of multiple entities common rather than excep-
tional. The bronchopulomonary malformations
are thought to represent the spectrum of under-
lying airway obstruction in utero with consequent
lung malformation.23 The histologic nature of the
lesion may depend on the timing and severity of
this obstruction malformation sequence.23 In
many cases, careful pathologic evaluation has re-
vealed bronchial atresia to be the underlying
obstructive lesion.22,24 Typical findings that may
be identified both prenatally and postnatally
include lobar or segmental hyperinflation (congen-
ital lobar/segmental overinflation); central bron-
chial mucoid impaction (bronchial atresia); single
(bronchogenic cyst) or multiple cysts (congenital
pulmonary airway malformation [CPAM]), and
systemic arterial supply to the lung (pulmonary
sequestration).22 Other prenatal pulmonary masses
occur but are uncommon (Fig. 21).

Benign lung neoplasms encountered in chil-
dren include hamartoma, chondroma, vascular/
lymphatic lesions, LCH, respiratory papillomato-
sis, granular cell tumor, neurofibroma, schwanno-
ma, teratoma, and benign lymphoproliferative
lesions.25

Hamartomas and chondromas are uncommon in
children. The presence of typical popcorn calcifica-
tion in a lesion may help in suggesting the diagnosis
of a hamartoma; however, many other benign and
malignant neoplasms, including metastases, can
calcify.20 Similarly, non-neoplastic lesions, such as
infections or infarcts, may also calcify. Pulmonary
chondroma is uncommon, tends to be densely
calcified, and is difficult to differentiate from hamar-
toma both on imaging and pathology. The presence
of pulmonary chondroma, especially multiple
lesions in a young woman, should raise suspicion
for Carney triad. This triad describes the synchro-
nous or metachronous occurrence of pulmonary
chondroma, gastric stromal tumor, and extradrenal
paraganglioma.25,26 Additional tumors are also



Fig. 13. Cardiac rhabdomyoma. Tuberous sclerosis, newborn infant. (A) Chest radiograph, there is an unusual
cardiac contour with bulging of the left superior heart border (arrow). (B) Axial postcontrast CT. (C) Coronal
T2 weighted MR imaging. There is a large bulging myocardial mass (arrows), moderately T2 bright with slight
enhancement with contrast. (Reprinted from Towbin AJ, Newman B. Cardiac involvement by systemic diseases.
In: Slovis T, editor. Caffey’s pediatric diagnostic imaging, vol. 1. 11th edition. Philadelphia: Mosby Elsevier;
2008. p. 1687 706; with permission.)
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associated, including adrenal adenoma and esoph-
ageal leiomyoma.27

Vascular lesions include non-neoplastic entities
that can mimic tumor, encompassing arterial
aneurysm, venous varix, arteriovenous malforma-
tion (AVM), and vasculitic lesions, such as Wege-
ner granulomatosis and Takayasu disease. AVMs
are the most common intrapulmonary vascular
lesion; 70% of these are associated with heredi-
tary hemorrhagic telangiectasia, although the
lesions are usually not clinically manifest until later
childhood or adulthood.20 There may be 1 or more
large or small AVMs or diffuse tiny AVMs predom-
inantly in the lower lobes. Location, size, and
number can often be determined noninvasively
with CTA, although diffuse microscopic lesions
may be more difficult to appreciate on CTA
compared with conventional angiography. There
are frequently soft tissue and visceral AVM’s
present elsewhere in the body.
Diffuse arteriocapillary dilatation and ultimately

diffuse AVMs are also encountered in hepatopul-
monary and portopulmonary syndrome and after
superior cavopulmonary anastomosis with exclu-
sion of hepatic venous blood from the lungs;
the cause of this is poorly understood. Diffuse
pulmonary arteriovenous shunting in these condi-
tions results in hypoxemia and pulmonary
hypertension.28

Benign vascular neoplasms include intrapulmo-
nary lymphangioma (Fig. 22)29 and hemangioma.
Intrapulmonary lymphangioma can be extensive,
involving lung, pleura, and mediastinum (see
Fig. 22); as such, it may be difficult to distinguish



Fig. 14. Cardiac fibroma in a 3 year old girl. Axial MR images. (A) Double inversion recovery (T1), (B) gradient
echo T2, and (C) delayed T1 postcontrast show a large mildly heterogeneous intracardiac mass (arrows) that is
dark on both T1 and especially T2 sequences with moderate contrast enhancement on delayed (not early) post
contrast images (C). Despite the large size of the mass with some impingement on both ventricular cavities, there
was no obstruction or cardiac dysfunction.
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from a diffusely infiltrating malignant tumor,
such as pleuropulmonary blastoma (PPB).20

PPB tends, however, to be more heterogeneous
with some solid nodular components. Pulmonary
lymphangiomatosis or hemangiomatosis may be
Fig. 15. Atrial myxoma, Carney complex in a 12 year old b
hyperechoic mass in the left atrium (arrow). (B) Testicula
(Reprinted from Towbin AJ, Newman B. Cardiac involvemen
atric diagnostic imaging, vol. 1. 11th edition. Philadelphia:
part of a more generalized diffuse entity that may
involve multiple other organs, including liver, soft
tissues, mediastinum, bone, spleen, intestine, and
kidneys.10,20,30 Lymphangioleiomyomatosis with
diffuse thin-walled cysts in the lungs is most
oy. (A) Cardiac US 4 chamber view with a well defined
r US with multiple small calcified Sertoli cell tumors.
t by systemic diseases. In: Slovis T, editor. Caffey’s pedi
Mosby Elsevier; 2008. p. 1687 706; with permission.)



Fig. 16. Multiple atrial myxomas, Carney complex. A 17 year old boy, status post orchiectomy for Sertoli Leydig
cell tumor. (A) Double inversion recovery (T1) 4 chamber and (B) Triple inversion recovery (T2) right ventricular
2 chamber images showing multiple T2 bright intracavitary myxomas including left atrium adjacent to the septum
(arrowhead) and a large lobulated mass in the right ventricle (arrows). Note the dark rim around the proximal
portion of the right ventricular mass (broken arrow), likely due to hemorrhage and hemosiderin deposition.
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commonly seen in young adult women in associa-
tion with tuberous sclerosis and occasionally
encountered in older adolescents.
The lung is affected in approximately 50% of

children with systemic LCH; approximately 11%
have lung involvement at the time of initial dia-
gnosis.20,31 There may be focal or diffuse lung
involvement (upper lobe predominance) with solid
(Fig. 23) and cavitating nodules that form small
and large cysts. A cyst that is peripheral in location
may break through to the pleural space, presenting
as an acute pneumothorax (approximately 10%).
Fig. 17. A 4 year old girl hepatoblastoma with venous
images. (A) Upper liver there is a large heterogeneous
thrombus in the right hepatic vein and inferior vena cava
(Reprinted from Towbin AJ, Newman B. Cardiac Involvem
pediatric diagnostic imaging, vol. 1. 11th edition. Phi
permission.)
The lesions of respiratory papillomatosis are
a neoplastic proliferation caused by the papilloma-
virus acquired in the maternal birth canal during
delivery. The disease is usually confined to the
larynx and upper tracheal airway with spread to
the lung in less than 1% of cases (Fig. 24).20,32 In-
trapulmonary spread is thought possibly related to
surgical/laser spillage during treatment of the
upper airway lesions. Proliferation in the lung
produces solid and cavitating cystic pulmonary
masses (see Fig. 24). The ultimate prognosis is
poor, treatment is difficult, recurrence common
invasion and tumor thrombus. Axial postcontrast CT
right hepatic mass with expanding enhancing tumor
(arrows) extending into the (B) right atrium (arrow).
ent by systemic diseases. In: Slovis T, editor. Caffey’s

ladelphia: Mosby Elsevier; 2008. p. 1687 706; with



Fig. 18. Pericardial effusion with organized thrombus simulating a pericardial mass. A 1 day old girl. (A) US sub
costal view shows large ascites and pericardial effusion with an irregular inhomogeneously echogenic mass that
appears attached to the visceral pericardium (arrows). (B) Right ventricle 3 chamber fast imaging employing
steady state (FIESTA) single shot fast field echo image. (C) Delayed postcontrast image show ascites, large pericar
dial effusion, and an inhomogeneous pericardial mass (arrows) that appears to have both solid and cystic compo
nents with moderate patchy delayed enhancement peripherally. There is a dark signal rim and some central dark
signal (B) thought to represent hemorrhage. Pericardial teratoma was thought the most likely diagnosis based on
imaging. Only organized thrombus was found at surgery and pathologic examination.

Fig. 19. A 7 year old with Hodgkin lymphoma. Axial contrasted CT slices. There is bulky tumor in the anterior and
middle mediastinum with marked compression and displacement of the (A) innominate vein (arrow) and airway
(arrowhead) and inferior extension of the tumor to involve the (B) pericardium (arrows). (Reprinted from Towbin
AJ, Newman B. Cardiac involvement by systemic diseases. In: Slovis T, editor. Caffey’s pediatric diagnostic imaging,
vol. 1. 11th edition. Philadelphia: Mosby Elsevier; 2008. p. 1687 706; with permission.)
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Box 3
Lung neoplasms in children

Benign

1. Inflammatory myofibroblastic tumor
2. Hamartoma
3. Lymphangioma/hemangioma
4. Chondroma
5. Papillomatosis
6. LCH
7. Neurogenic tumors
8. Lymphoproliferative lesions; post-transplant

lymphoproliferative disorder (PTLD), smooth
muscle cell proliferation, and lymphomatoid
granulomatosis

9. Congenital peribronchial myofibroblastic
tumor

Malignant

1. Amine precursor uptake and decarboxyl-
ation (APUD) carcinoid tumors

2. Pleuropulmonary blastoma
3. Bronchogenic carcinoma
4. Sarcomas
5. Lymphoma
6. Metastatic tumor: osteosarcoma, Ewing

sarcoma, rhabdomyosarcoma, Wilms tumor,
germ cell tumor, lymphoma, and so forth
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with high morbidity, and there is approximately
10% long-term risk of conversion of the lesions
to squamous cell carcinoma.20,25,32

Benign reactive lymphoproliferative lesions in
the lung consist of a variety of entities, most
uncommon. The spectrum includes inflammatory
myofibroblastic tumor; mucosal-associated lym-
phoproliferation, also known as pseudolympho-
ma; bronchus-associated lymphoproliferation,
subdivided into lymphoid interstitial pneumonitis
and follicular bronchiolitis; lymphomatoid granulo-
matosis; and PTLD.
Inflammatory myofibroblastic tumor (also known

as plasma cell granuloma or inflammatory pseudo-
tumor) is the most common benign intrapulmonary
neoplastic lesion in children.33–35 It is still contro-
versial as to whether this entity represents an atyp-
ical reaction to prior infection versus a low-grade
neoplasm.34 There are single or multiple small to
large poorly enhancing rounded masses in the
lung (Fig. 25) with calcification present in approx-
imately 20% of lesions. Support for the possible
neoplastic nature of this lesion is occasional
aggressive and invasive behavior.33,36

An uncommon solid tumor that may be discov-
ered prenatally or in newborn infants is the
congenital peribronchial myofibroblastic tumor
(also known as congenital fibrosarcoma).25 This
lesion is thought to be benign in behavior but is
typically large in size and may be difficult to resect
(see Fig. 21).25 Similar to other large chest masses
in utero, there is an increased risk of development
of hydrops fetalis with high fetal mortality,25 so
there should be careful follow-up in utero with
US and/or MR imaging.
Lymphomatoid granulomatosis is an angiocen-

tric destructive lesion with the lung as the primary
site of occurrence. There is a basal predominance
of nodular and less well-defined larger confluent
lesions that tend to cavitate and may sometimes
resemble confluent pneumonia or empyema. Lym-
phomatoid granulomatosis and PTLD are similar
entities, both being related to B-cell lymphoprolif-
eration associated with Epstein-Barr virus in
immunocompromised individuals. There is a spec-
trum of lymphoproliferation from benign to frank
B-cell lymphoma.20

PTLD is more common in pediatric than adult
transplant patients, with the highest frequency in
lung or heart-lung transplants.20 PTLD has a predi-
lection for the allograft site (with the exception of
the heart) in addition to a variety of other locations,
including tonsils, lymphoid tissue in the neck, lung,
gastrointestinal tract, and central nervous sys-
tem.20,37 Lesions in the lung consist of single or
multiple small or large nodules or areas of consol-
idation simulating pneumonia (Fig. 26).37 Larger
lesions tend to cavitate (see Fig. 26); associated
hilar or mediastinal adenopathy may be present.
Diagnosis of PTLD is made by biopsy of the most
easily accessible site, usually not the lung.
Decreasing the dose of immunosuppressive drugs
is usually effective treatment for PTLD but it may be
difficult to find a balance between PTLD and organ
rejection.37 Occasionally, especially with long-
standing lesions or delayed diagnosis, PTLD may
become amonoclonal lymphoma requiring aggres-
sive chemotherapy.
Spindle/smooth muscle cell tumors are a less

common but similar neoplastic cell proliferation
to PTLD. Like PTLD, smooth muscle cell tumors
are Epstein-Barr virus driven in immunocompro-
mised individuals (HIV and post-transplant), but
are histologically distinct from PTLD with a less
favorable prognosis.20,38 Spindle/smooth muscle
cell tumors are usually discrete masses most often
in the chest or abdomen. An endobronchial loca-
tion of this lesion may also occur.
Pulmonary lymphoma is most commonly

associated with mediastinal tumor involvement
but primary pulmonary lymphoma occurs on occa-
sion; 12% of children with Hodgkin disease and
10% of non Hodgkin-lymphoma have lung involve-
ment, most at initial diagnosis.20 The appearance
of pulmonary lymphoma can be widely varied



Fig. 20. Pleural synovial sarcoma in an 18 year old man. (A) Chest radiograph with a large left lower chest mass.
The origin of the mass (intrapulmonary versus chest wall) is uncertain. (B) Contrasted chest CT (mediastinal
window) shows a heterogeneous enhancing mass, probably pleural in origin, projecting into the left lower
lung with adjacent atelectasis. There is subtle involvement of the left posterior chest wall (arrow). (C) Postoper
ative coronal CT reformat (bone window). There has been surgical removal of the mass, left lower lobe and
several ribs with graft placement. There is resultant deformity of the chest wall. No residual or recurrent mass
was seen.
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similar to benign lymphoproliferative disorders.
The most common appearance is the presence
of pulmonary nodules that may cavitate (see
Fig. 5). Less common are alveolar infiltration
(Fig. 27), lymphangitic tumor spread, and endo-
bronchial tumor spread.20

Pulmonary metastases are considerably more
common than primary pulmonary malignant le-
sions.33,39 The most common hematogenous
metastases are from osteosarcoma, Wilms tumor,
and other sarcomas (see Fig. 8).20 Pulmonary
metastases are most commonly located in the
peripheral and basilar lungs. They are typically
multiple, occasionally single, well-defined rounded
pulmonary nodules or masses that can become
large. Some tend to calcify (osteogenic sarcoma)
(see Fig. 8) or cavitate (Fig. 28) (sarcomas,
lymphoma, and occasionally Wilms tumor).20

Approximately one-third of lung nodules in chil-
dren with a known underlying malignancy are non-
metastatic. On biopsy, alternative pathologic
diagnoses include intrapulmonary lymph nodes,
infection, scar, drug reaction, myofibroblastic
tumor, lipid nodules, vasculitis, and occasionally
a second malignancy (see Fig. 25).20,21,40 Lesions
larger than 5 mm are more likely to be meta-
stases.20 Accurate and early recognition of
possible pulmonary metastases is important be-
cause long-term survival in osteogenic tumors as
well as other sarcomas is significantly improved
after metastectomy.33,41,42

Pulmonary malignancy may also involve the lung
contiguously from adjacent mediastinum, hilar, or
pleural tumor. Spread via lymphatic channels



Fig. 21. Congenital peribronchial myofibroblastic tumor. (A) Prenatal T2 weighted sagittal MR image at 32
weeks’ gestation with a large low signal mass in the left lung (arrows). This has a different appearance from
that of the more common bronchopulmonary malformations, which are bright on T2. The correct diagnosis
was suggested on the basis of the prenatal appearance of the mass. (B) Axial postcontrast newborn CT confirms
the large low attenuation poorly enhancing mass in the left lung (arrows).
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(lymphangitic metastases, most common in rhab-
domyosarcoma, neuroblastoma, and lymphoma)
or along the airway is an occasional method of in-
trapulmonary tumoral involvement.
Primary pulmonary malignant neoplasms are

rare in children. The most common of these are
the spectrum of APUD neurendocrine tumors;
these are responsible for approximately 45% of
primary pediatric lung tumors. Bronchogenic
carcinomas and mesenchymal tumors account
Fig. 22. Pulmonary lymphangioma. A 2 year old with
whiteout of the right lung on chest radiograph. CT
shows atelectatic right lower lung (arrow) surrounded
by a large low attenuation infiltrating intrapulmo
nary mass extending into the anterior mediastinum
with leftward shift of midline structures.
for an additional 25% each20; 80% of the APUD
tumors in children are low-grade carcinoid
tumors20,33 (Fig. 29); less common tumors include
mucoepidermoid tumor, cylindroma, and mucous
gland adenoma. These are usually endobronchial
lesions, most commonly in the lobar bronchi, and
may spread contiguously to involve adjacent no-
des or lung.20,43 The lung distal to the lesion shows
findings of partial (air trapping) or more commonly
complete airway obstruction (atelectasis/recurrent
infection of the affected lobe or segment). Contrast
CT with particular attention to 2-D and 3-D and
virtual bronchoscopic reconstructions is helpful
in identifying these lesions (see Fig. 29). Carci-
noid tumors infrequently present with Cushing
syndrome or carcinoid syndrome (generally
implies metastases) and are occasionally encoun-
tered as part of a multiple endocrine neoplasia
syndrome.33

Bronchogenic carcinomas are unusual in child-
hood. Approximately half of these are bronchoal-
veoalar carcinoma (BAC) with a smaller number
of squamous cell carcinomas.20 The squamous
cell tumors are usually large at the time of diag-
nosis and aggressive, with a poor prognosis
(Fig. 30). Although the incidence is small (approx-
imately 1%), BAC seems to arise in some cases in
or adjacent to an underlying bronchopulmonary
malformation, principally large cyst CPAM.44,45

This relationship can apparently persist even
when the underlying lesion has been previously
surgically excised. This has been variably sug-
gested to be due to incomplete surgical removal
versus an oncogenic potential related to the



Fig. 23. Langerhans cell histiocytosis in a 3 month old boy. (A) Chest CT lung window there are multiple well
defined pulmonary nodules (arrows). (B) Contrasted CT, mediastinal window at the level of the aortic arch. The
thymus is enlarged with heterogeneous low attenuation foci. These subsequently calcified after treatment (not
shown). Note also bilateral axillary adenopathy.
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presence of abnormal mucigenic cells in large cyst
CPAM.45,46 BAC is usually confined to a segment
or lobe, is not aggressive in its spread, and rarely
is metastatic. Recognition and differentiation
from infection may be difficult.

Mesenchymal tumors in children are mostly
sarcomas, now recognized as predominantly
PPB (Fig. 31) with occasional other sarcomas,
such as rhabdomyosarcoma, leiomyosarcoma,
synovial cell sarcoma, or liposarcoma.25

PPB is a dysontogenetic anlage of Wilms tumor,
neuroblastoma, and hepatoblastoma.20 PPB
consists of malignant blastema with frequent
mesenchymal sarcomatous components, espe-
cially rhabdosarcoma and chondrosarcoma25;
90% are identified in children less than 6 years
old with the cystic form almost invariably in chil-
dren less than 3 years of age.47 There are 3 types
representing a progression from cystic to solid
along with increasing age and tumor aggression:
type 1 is cystic, type 2 is cystic and solid, and
Fig. 24. Respiratory papillomatosis in a 16 year old boy.
a lobulated intratracheal soft tissue mass (arrow). These w
mality was appreciated. (B) Eight months after surgical e
small solid and cavitating intrapulmonary nodules (arr
papillomatosis.
type 3 is solid (see Fig. 31).25,47,48 Type 1 has an
82% 5-year survival with only 42% in type 3, with
both aggressive local spread and recurrence as
well as distant metastases.20,44,47,48 Lesions may
consist of a small nodule or single cyst or a huge
cystic or solid mass that can involve lung paren-
chyma, pleura, and mediastinum.20,48

PPB has a hereditary tumor predisposition with
an association with cystic nephroma in particular
as well as other tumors including rhabdomyosar-
coma, medulloblastoma, thyroid, Hodgkin lymp-
homa, leukemia, and germ cell tumors.20,25,47,48

PPB is unusual prenatal but has been described
as early as 19 to 21 weeks, progressively
increasing in size with advancing gestation,
different from the typical pattern of bronchopulmo-
nary malformations (BPMs).44 PPB lesions are
frequently multiple or bilateral (49%), occurring
both synchronously or metachronously.44 There-
fore, surgical removal does not obviate ongoing
surveillance. A DICER 1 gene mutation on
History of asthma since infancy. (A) Initial CT shows
ere present at multiple levels. No pulmonary abnor
xtirpation of the tracheal lesions, there are multiple
ows) consistent with intrapulmonary spread of the



Fig. 25. A 5 year old. Inflammatory myofibroblastic
tumors. Several new lung nodules (arrow) were found
on this routine follow up CT for neuroblastoma. They
were removed surgically because of concern for
metastases.
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chromosome 14 in airway epithelial cells has
recently been identified in familial cases of PPB.49

Although not universally accepted, current path-
ologic literature suggests that PPB arises de novo
and is not a complication of congenital broncho-
pulmonary malformations and that prior reports
linking the two originally misidentified the lesion
and missed the correct diagnosis of PPB.48,50

Cystic PPB is difficult to separate from other cystic
lung lesions, especially the large cyst CPAM
(type 1) on imaging and many cases subsequently
identified as PPB are initially diagnosed as CPAM
lesions.20,48,50 Correct pathologic diagnosis also
may be subtle.25 Features that suggest PPB rather
than CPAM include atypical in utero growth
pattern (BPMs present and are often largest in
second trimester; PPB unlikely to be present early
and progressively enlarges), presence or develop-
ment of solid nodules, multiple lesions, pneumo-
thorax (uncommon in CPAM; PPB a more
Fig. 26. A 4 year old boy post liver transplant with post
Contrasted axial CT scan, mediastinal window (A) and lu
left upper lobe (arrowheads). There are also multiple sm
(arrows).
peripheral lesion), known familial tumor predispo-
sition, or family history of childhood cancer.20,48

Malignant intrapulmonary vascular neoplasms,
such as hemangiopericytoma and angiosarcoma,
are uncommon in children.20 Epithelioid heman-
gioendothelioma (also known as intravascular
bronchoalveolar tumor) is a low-grade rare intra-
pulmonary vascular malignancy, more common
in young women with findings of single or multiple
(including bilateral) pulmonary nodules and occa-
sionally hemorrhagic pleural effusion (a poor prog-
nostic feature).51 This tumor is rarely diagnosed
before biopsy and more commonly occurs in liver
rather than lung.

MASSES AFFECTING THE INTRATHORACIC
AIRWAY

� Masses obstructing the airway may be
intrinsic (intraluminal or intramural) or
extrinsic.

� The airway may be affected at any level from
the trachea tosmaller intrapulmonarybronchi.

� Incomplete intrathoracic airway obstruction
produces air trapping of the affected distal
lung, bilateral in the case of tracheal obstruc-
tion, and unilateral, lobar, or segmental when
more distal airways are involved.

� Complete airway obstruction results in
distal atelectasis of the affected lung,
frequently with superimposed infection.

Masses affecting the airway arise in any thoracic
region, including mediastinal, intrapulmonary,
and occasionally chest wall. Ectopic thymic or
thyroid tissue is a rare cause of an intratracheal
mass in children.52

A foreign body, granulation tissue, or infectious/
inflammatory debris in the airway may sometimes
be difficult to distinguish from a neoplasm. An
transplant lymphoproliferative disease (PTLD). (A, B)
ng window (B) with a large cavitating lesion in the
aller ill defined ground glass nodules in both lungs



Fig. 27. Hodgkin lymphoma in a 15 year old. (A) Chest radiograph. There are large bilateral confluent alveolar
opacities as well as some scattered nodules. (B) Contrasted CT scan (mediastinal window) and (C) (lung window).
Note prominent hilar nodes and contiguous adjacent consolidated lungs as well as several scattered nodules. Air
bronchograms and intact vessels within the mass are a characteristic pulmonary appearance of lymphoma. (A and
C, Reprinted from Newman B, Effmann EL. Lung masses. In: Slovis T, editor. Caffey’s pediatric diagnostic imaging,
vol. 1. 11th edition. Philadelphia: Mosby Elsevier; 2008:1294 323; with permission.)
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aggressive intrinsic airway neoplasm is more likely
to produce complete airway obstruction with distal
atelectasis/infection, whereas acute foreign bodies
are more likely associated with partial airway
obstruction and air trapping.

Benign intrinsic airway lesions include heman-
gioma and respiratory papillomatosis (see Fig. 24)
Fig. 28. Cavitating pulmonary metastases in a 14 year
old girl with chordoma. The CT (lung window) image
shows multiple well defined small pulmonary nodules
both solid (arrows), with central cavitation and cystic
(white arrow).
aswell as PTLD, leiomyoma, granular cell tumor, ha-
martoma, and inflammatory pseudotumor.20,35,53

The APUD tumors, especially carcinoid tumor (see
Fig. 29), are the most common intrinsic airway
malignancy; bronchogenic carcinomas and primary
bronchial fibrosarcoma are rare in childhood (see
Fig. 30).25,43 Extrinsic lesions that commonly cause
airway compression include benign lesions, such as
congenital cysts and cystic hygroma. These may
present with sudden airway symptoms as a result
of acute hemorrhage and enlargement. Extrinsic
malignant neoplasms that tend to compress the
airway include lymphoma/leukemia (see Fig. 19),
other causes of adenopathy (see Fig. 7), germ cell
tumors, and occasionally neurogenic tumors. Any
large aggressive chest neoplasm can displace,
distort, compress, or even infiltrate the airway.
Specific lesions have been discussed earlier.
PLEURAL, DIAPHRAGM, AND CHEST
WALL MASSES

� Pleural masses are often due to direct
contiguous spread from intrapulmonary,
mediastinal or chest wall lesions (Box 4).

� Chest wall masses are relatively uncommon
in children.



Fig. 29. Carcinoid tumor lingula bronchus. A 6 year old girl with history of recurrent pneumonia. (A) Axial CT slice
(lung window). There is focal bronchiectasis in the inferior lingula (arrow). (B) Curved reformat of the lingula
bronchus shows narrowing of the bronchus with small intraluminal enhancing soft tissue (arrow) as well as ex
traluminal mass with distal bronchiectasis. Both intraluminal and extraluminal masses were carcinoid tumor.
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� Most asymptomatic chest wall lumps are
due to benign anatomic variations of the
chest wall.

� Many benign lesions can appear infiltrative
whereas malignant lesions may appear
well circumscribed.

� Metastatic tumor is more common than
primary chest wall malignancy.

� MR imaging is typically the best method for
detailed imaging evaluation of chest wall
neoplasms.
Fig. 30. Squamous cell carcinoma in a 7 year old girl. (A) C
and extending across the midline with contralateral med
There is a large infiltrating intrapulmonary mass encasing
astinum. Moderate right pleural effusion is present. (Rep
Slovis T, editor. Caffey’s pediatric diagnostic imaging,
2008:1294 323; with permission.)
Contiguous involvement of the pleura from adja-
cent intrapulmonary, mediastinal, or chest wall
lesions is common.54 Inflammatory pleural thick-
ening or loculated fluid may be difficult to differen-
tiate from pleural tumor although the latter tends
to have a more irregular lumpy configuration.
Pleural effusion is associated with a large number
of infectious, inflammatory, and neoplastic causes.
Thoracic tumors, including pleuropulmonary blas-
toma, teratoma, leukemia/lymphoma, and PNET,
can clinically mimic infectious empyema with
hest radiograph. Large right mass obscuring right lung
iastinal shift. (B) Coronal MR image, T1 postcontrast.
the right lower bronchi and extending into the medi
rinted from Newman B, Effmann EL. Lung masses. In:
vol. 1. 11th edition. Philadelphia: Mosby Elsevier;



Fig. 31. A 2 year old pleuropulmonary blastoma. (A) Chest radiograph. There is almost complete opacification
of the left hemithorax with rightward cardiomedistinal shift. (B) CT axial postcontrast image. There is a heteroge
neous mass replacing the left lung and extending to the posterior mediastinum with contralateral midline shift.
There are bilateral moderate pleural effusions. (Reprinted from Newman B, Effmann EL. Lung masses. In: Slovis T,
editor. Caffey’s pediatric diagnostic imaging, vol. 1. 11th edition. Philadelphia: Mosby Elsevier; 2008:1294 323;
with permission.)
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or without an actual pleural effusion (see
Fig. 31).54,55

Benign pleural tumors include hemangioma,
lymphangioma (Fig. 32), neurofibromas, and
lipomas. Malignant tumors may arise in or spread
to the pleura. These include PPB (see Fig. 31),
PNET, sarcomas (see Fig. 20), mesothelioma,
thymic carcinoma (see Fig. 6), metastatic Wilms,
and neuroblastoma. Large effusions frequently
accompany and may obscure pleural tumor.56

Non-neoplastic lesions of the diaphragm may
simulate a mediastinal or intrapulmonary mass.
These include diaphragmatic hernias, eventration,
and paresis or paralysis of the diaphragm. Neo-
plasms of the diaphragm are rare in children.54,57

Rhabdomyosarcoma is the expected primary
malignant neoplasm; inflammatory pseudotumor
has been described as a benign neoplasm arising
in the diaphragm.54,57 Intrathoracic masses may
displace, evert, and occasionally infiltrate the dia-
phragm. Abdominal tumors, such as hepatoblas-
toma and neuroblastoma, can extend to and
occasionally invade the diaphragm. Retrocrural
extension of tumors, such as lymphoma and neuro-
blastoma, are not uncommon. Juxtadiaphragmatic
masses include lipoma, hemangio/lymphangioma,
rhabdomyosarcoma, and esophagogastric tumors.

Chest wall tumors are uncommon in children,
and althoughmany lesions are benign, the appear-
ance of the lesion can be deceptive. A highly
aggressive malignant tumor, such as synovial
sarcoma, can appear to be well circumscribed
(see Fig. 20) although a benign vascular malforma-
tion may have a diffusely infiltrative appearance
(see Fig. 32).1,54 When needed, CT or MR imaging
is helpful for defining the location, extent, and
internal characteristics of these lesions. MR
imaging is generally preferable for most chest
wall masses. CTmay be preferred when lung detail
is needed.

Several anatomic variations of the chest wall
can masquerade as a chest wall neoplasm. The
most common of these is a congenital abnormality
of clavicle, sternum, rib, or costal cartilage, which
results in asymmetry of the chest wall or a hard
focal lump. The abnormalities seen most often
are sternal tilt, fusion or pectus, sternoclavicular
subluxation, bifid rib/cartilage, and parachondral
node (Fig. 33). When the lesion is asymptomatic,
it is most likely due to an incidental chest wall
anomaly, and imaging beyond a chest radiograph
is usually unnecessary.58 The benign nature of
these lesions can be further elucidated if needed
by US or low-dose CT.59 Appreciating the nature
of the abnormality is often difficult on plain radio-
graphs and even axial CT, especially in young chil-
dren. 3-D reconstructions of the CT data are often
helpful (see Fig. 33).59 Other non-neoplastic chest
wall masses include trauma (bony fracture or heal-
ing and soft tissue hematoma) and infection,
including adenopathy, cellulitis, soft tissue ab-
scess, and osteomyelitis. Chest wall extension of
pulmonary infections, such as tuberculosis, asper-
gillus, and actinomycosis, can be difficult to differ-
entiate from an aggressive neoplasm. Pathologic
fractures may occur with both benign or malignant
bone lesions, and the nature of the underlying
lesion may be difficult to assess acutely.

Benign lesions of bone thatmasquerade as chest
wall masses may involve the sternum, clavicle,



Box 4
Pleural and chest wall masses in children

Pleural

1. Benign
a. Hemangioma
b. Lymphangioma
c. Neurofibromas
d. Lipomas

2. Malignant
a. Pleuropulmonary blastoma
b. Contiguous or metastatic tumor: Wilms

tumor, neuroblastoma, sarcoma, thymo-
ma, and thymic carcinoma

c. Pleural lipoma/liposarcoma, other sar-
coma, PNET

d. Neurofibrosarcoma
e. Mesothelioma

Chest wall

1. Benign
a. Soft tissue origin

i. Hemangioma/vascular malformation
ii. Lymphangioma
iii. Lipoma/lipoblastoma
iv. Hamartoma (including infantile

mesenchymal hamartoma)
v. Neurofibroma and ganglion cell

tumor
vi. Fibroma/fibromatosis/desmoid

b. Bone origin
i. Osteochondroma, osteoid osteoma,

osteoblastoma, and aneurysmal bone
cyst

ii. Fibrous dysplasia
iii. LCH

2. Malignant
a. Ewing sarcoma/PNET
b. Rhabdomyosarcoma, osteosarcoma, syno-

vial sarcoma,chondrosarcoma, liposarcoma,
leiomyosarcoma, dermatofibrosarcoma,
and epithelioid sarcoma

c. Malignant fibrous histiocytoma
d. Lymphoma/leukemia
e. Malignant peripheral nerve cell tumor
f. Bone and soft tissue metastases (neuro-

blastoma, hepatoblastoma, and leu-
kemia/lymphoma)

Breast

1. Benign
a. Hemangioma
b. Fibroadenoma/giant fibroadenoma

2. Malignant
a. Cystosarcoma phylloides
b. Metastases—lymphoma/leukemia and

rhabdomyosarcoma
c. Secondary malignancy—ductal carcinoma
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scapula, or ribs; be expansile, lytic, or sclerotic; or
project from the bone surface. These include exos-
toses, enchondroma, fibrous dysplasia, and aneu-
rysmal bone cysts.54,60 Some of the lesions (eg,
exostoses or fibrous dysplasia)may be clearly char-
acterized on plain films and not require additional
imaging. LCH may involve one or more sites in the
chest with an expansile destructive bony lesion
and soft tissue mass that may be difficult to sepa-
rate from an aggressive lesion, such as Ewing
sarcoma, on imaging. Similarly, osteoblastoma,
hemangiomas, or lymphangiomas of bone may
simulate a more aggressive lesion.54

Chest wall tumors arise from any of the tissue
components that make up the chest wall including
blood vessels, nerves, bone, cartilage, muscle,
and fat. The most common benign soft tissue
chest wall neoplasms are vascular lesions. These
range from single or mutiple focal small subcuta-
neous lesions to large extensive infiltrative
masses; they can also be intrapulmonary or medi-
astinal in location.6,20 They are divided into high-
flow or low-flow lesions.
In infants, hemangiomas are the most common

high-flow vascular lesions. They are typified by
high T2 signal onMR imaging andmarked contrast
enhancement with an early peripheral to later
central enhancement pattern on dynamic imaging.
There may be tubular signal voids from large
vessels on noncontrast images.4 They tend to
grow rapidly in the first year of life and then grad-
ually involute and become infiltrated with fibrofatty
tissue. Subcutaneous lesions may be associated
with visceral lesions especially in the liver or lung.
In older children, high-flow lesions include atyp-

ical hemangiomas as well as arterial vascular mal-
formations, and arteriovenous fistulae. Especially
in infants, the rapid-flow lesions may present clini-
cally with high output cardiac failure due to large
shunting or thrombocytopenic bleeding associated
with platelet sequestration in the mass.1 Multi-
phasic magnetic resonance angioigraphy (MRA) is
useful in defining the flow pattern and presence of
arteriovenous connections. A rapid time resolved
MRA sequence (fat-suppressed, T1-weighted,
volumetric, spoiled gradient echo) allows for rapidly
repeating sequences affording improved temporal
resolution at the expense of spatial resolution.4

Differentiating the flow pattern of a vascular lesion
often helps with management decisions and may
obviate biopsy, which could be hazardous. High-
flow lesions may be managed (alone or in conjunc-
tionwithsurgery)witharterial embolizationwhereas
venolymphatic malformations can be injected
percutaneously with sclerosing agents.
Low-flow lesions include venocapillary and

lymphatic malformations. The nature and extent



Fig. 32. Lymphangioma (A) Thirty weeks’ gestation prenatal coronal T2 weighted image. (B) Coronal T2 image at
10 days of age. Both studies show a large right multicystic chest wall mass extending into the right neck and
mediastinum (arrows).
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of these lesions are also well defined by MR
imaging (see Fig. 32). Venocapillary lesions are
characterized by slow flow, dilated veins, and
phleboliths (bright on T2, diffuse venous phase
enhancement with phleboliths appearing as signal
voids). The macrocystic lymphatic lesion is recog-
nized by large or small T2 bright cystic spaces with
enhancing walls.1 Microcystic lymphangioma may
appear to be a diffusely enhancing soft tissue
mass because of the closely packed small cyst
walls.4 Protein or blood products within the cysts
may be bright on T1-weighted MR images and
dense on CT images and produce fluid-fluid levels
Fig. 33. Rib anomaly simulating a chest wall mass. A 2 ye
chest wall. (A) Axial CT slice (lung window) shows assymme
side with prominent costal cartilage and sternal tilting. Spe
axial images. (B) Oblique coronal 3 D reconstruction clear
the palpable mass (arrow).
(see Fig. 10).4 Lymphatic malformations (also
known as cystic hygromas) can be large and
extensive and may be initially recognized on
prenatal US or MR imaging (see Fig. 32). Involve-
ment of the soft tissues of the neck, axilla, and
upper extremity are most common with spread
to the chest wall and mediastinum usually
secondary (see Fig. 32).4,10,30 Lymphangiomas
are particularly associated with Turner syndrome
and Noonan syndrome.18

Careful fetal evaluation and follow-up are
needed, particularly to assess whether a lesion
compromises the airway, so that time, location,
ar old with a hard palpable mass in the right anterior
try of the anterior chest wall with bulging of the right
cific rib abnormality was difficult to appreciate on the
ly depicts a bifid right anterior 4th rib as the cause of
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and mode of delivery can be planned. If the airway
is at risk from this or other lesions, an ex utero in-
trapartum treatment (EXIT) procedure may be
needed to safely deliver the baby while maintain-
ing the placental circulation, providing extra time
to secure the airway.
Other benign chest wall neoplasms include fatty

tumors, such as lipoma (Fig. 34) and lipoblastoma
(may be locally aggressive); fibrous lesions, such
as fibromas, desmoid tumors, and fibromatosis;
and neural origin tumors, such as neurofibromas
and ganglion cell tumors.1,54,60 Although these
lesions are benign in that they do not metastasize;
they may be extensive and difficult to eradicate
locally, with recurrence. The fatty nature of lipomas
and the fatty components of lipoblastoma follow
the readily recognizable imaging characteristics
of normal fat on both MR images (bright on T1,
dark on short T1 inversion recovery (STIR) and fat
saturation images) and CT images (low attenuation)
(see Fig. 34). Fibrous lesions are less specific but
generally are of low signal on T2-weighted MR
images with mild enhancement postcontrast.
Neural origin tumors tend to be bright on T2-
weighted MR imaging. Neurofibromas are often
associated with neurofibromatosis type 1; they
are well defined and often multiple or lobulated
with a typical target-like appearance on T2-
weighted and postcontrast images. The target
appearance consists of lower signal centrally on
T2 with increased central enhancement, thought
to be due to the more densely cellular central
portion of the tumor.60 Soft tissue and other
desmoid tumors are associated with Gardner
syndrome (familial adenomatous polyposis) or
may occur at sites of prior surgery or trauma.61

Mutiple or diffuse soft tissue tumors accompany
several systemic syndromes, such as neuro-
fibromatosis type 1 (neurofibromas, nevi, hemangi-
omas, and xanthogranulomas); proteus syndrome
(lipomas/lipomatosis, hemangiomas, lymphangio-
mas, hamartomas, and hyperkeratosis); and PTEN
Fig. 34. Chest wall lipomatosis. An 11 year old with PTEN
with extensive low attenuation fatty masses and fatty inf
mutation syndromes (Bannayan-Riley-Ruvalcaba
syndrome [lipoma/lipomatosis, hemangiomas, and
lymphangiomas]) and Cowden syndrome (lipomas,
fibroangiomas, hamartomas, breast fibroadenoma,
oral papillomas) (see Fig. 34). Many of these enti-
ties are also associated with an increased inci-
dence of malignancy.18,62

Mesenchmal hamartoma of the chest wall is
a unique benign entity in infants characterized by
focal overgrowth of skeletal elements of the chest
wall with no malignant propensity. A large usually
unilateral mass distorting the chest wall is the
typical appearance; it is occasionally mutifocal.1,63

Heterogeneous high-signal T1 areas are thought to
be due to hemorrhage and high signal regions on
T2 due to cartilage; there are typically multiple
fluid/fluid levels suggestive of secondary aneu-
rysmal bone cyst formation.63,64 The CT appear-
ance is that of rib expansion and destruction and
a large lobulated soft tissue mass with chondroid
calcification.64

Malignant chest wall masses may be difficult
to differentiate from their benign counterparts.
LCH in particular should be considered in the
differential diagnosis of Ewing sarcoma/PNET
especially when there is both bone destruction
and an adjacent soft tissue mass. Pretreatment
biopsy is usually required.54

Metastases to bone or occasionally soft tissues
of the chest wall are more common than primary
chest wall malignant tumors.59 Chest wall meta-
static lesions (see Fig. 12) are most often due to
neuroblastoma, hepatoblastoma, and leukemia/
lymphoma.
Ewings sarcoma/PNET family of tumors and

rhabdomyosarcoma, although uncommon, are
the most frequently encountered malignant chest
wall neoplasms in children, with a high rate of local
recurrence and distant metastases (Fig. 35).54,65

Rhabdomyosarcoma of the chest wall is usually
of the alveolar (most aggressive form) or embry-
onal type; the tumor may be heterogeneous with
mutation syndrome. (A, B) Axial contrasted CT images
iltration of the soft tissues of the chest wall.



Fig. 35. Ewing sarcoma 8 year old girl. CT contrasted
image at the thoracoabdominal junction shows a large
slightly heterogeneous chest wall soft tissue mass
centered around the anterior rib with bony destruc
tive changes (arrows). The posterior component of
the soft tissue mass exerts external mass effect on
the liver (L).
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multiple areas of necrosis.66 The chest wall is a site
of predilection for Ewing and PNET (also known as
Askin tumor)1,4; the tumor may originate in bone,
soft tissue, or pleura or rarely may be
intrapulmonary.65,67 Imaging helps define the loca-
tion, possible origin, and extent (see Fig. 35). The
chest wall is a difficult region to obtain an
adequate tumor resection with clear margins
without marked deformity and respiratory compro-
mise (see Fig. 20).65

Other primary chest wall malignant lesions in
childhood include osteogenic sarcoma, chondro-
sarcoma, synovial sarcoma (seeFig. 20),malignant
peripheral nerve sheath tumors, liposarcoma, leio-
myosarcoma, malignant fibrous histiocytoma,
epithelioid sarcoma, dermatofibrosarcoma, and
Fig. 36. A 15 year old girl with cutaneous/subcutaneous T
CT images with plaque like superficial lesions (arrows) as w
tissues on the left (arrowheads) with loss of normal musc
lymphoma/leukemia (Fig. 36). Degeneration into
chondrosarcoma is of particular concern inmultiple
hereditary exostoses, most often occurring in
adulthood.Malignancy ismore common in the axial
rather than the appendicular skeleton. Malignant
transformation of an osteochondromamay be diffi-
cult to recognize. Thickening and irregularity of the
cartilaginous cap, lesion enlargement, develop-
ment of a soft tissue mass, and heterogeneous
enhancement are concerning features.4,66

Tumors of the breast are uncommon in children
and are usually benign; these are most often evalu-
ated by US; occasionally, MR imaging may be ob-
tained (Fig. 37). Sonographic evaluation identifies
normal breast tissue and differentiates cystic,
mixed, or solid lesions and their vascularity.
Mammography or CT is usually unnecessary and
unhelpful.54 It is important to recognize an enlarged
breast bud from a mass when imaging an infant or
child with unilateral or bilateral breast enlargement.
Hemangioma is the most common benign lesion of
the breast in infants and fibroadenoma in older chil-
dren (see Fig. 37).54 The giant fibroadenoma of
adolescents is typically larger than 10 cm. These
arewell-defined, uniform rounded large hypoechoic
masses on US.3 Other benign lesions include papil-
loma, lipoma, and lymphangioma.3 Primary breast
malignancies are unusual in childhood; the most
common tumor is cystosarcoma phylloides.54

Metastases to the breast may occur with lym-
phoma, leukemia, and rhabdomyosarcoma.

LONG-TERM EFFECTS OF CHILDHOOD
CANCER

Late effects of treatment of childhood cancer are
increasingly recognized as common and im-
portant.68,69 Long-term morbidity, often at an early
age, is present in more than half of childhood
cell lymphoma. Axial (A) and coronal (B) postcontrast
ell as a larger infiltrating lesion of the chest wall soft

le/fat planes.



Fig. 37. An 18 year old woman. Right breast fibroadenoma. (A) Axial T1 weighted, (B) axial T2 weighted, and (C)
axial postcontrast MR images. There is a 4.5 cm well defined sharply marginated solid enhancing mass in the
right breast (arrows). This was an incidental finding on this MR, obtained for other reasons. The MR imaging char
acteristics (T2 bright with enhancement) suggest that this is an adenomatous or myxomatous rather than fibrous
histologic tumor type. This MR imaging appearance does not distinguish fibroadenoma from malignant tumors.
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cancer survivors. These include joint disease,
osteoporsosis, scoliosis, congestive heart failure,
restrictive/obstructive lung disease/pulmonary
fibrosis, second cancers, cognitive dysfunc-
tion, coronary artery disease, cerebrovascular
accident, renal failure, cystitis/bladder fibrosis, as-
plenia (infection risk), hepatic cirrhosis, bowel
fibrosis/obstruction, hearing and vision loss,
growth failure, and gonadal failure.68

Resection of thoracic tumors both benign and
malignant may have significant prolonged effects
in terms of thoracic deformity (see Fig. 20) with
distortion of vessels and airways and lung restric-
tion as well as affecting overall well-being and self-
image.
With regard to the thorax, breast and thyroid

cancer are the most common second malignan-
cies. Breast cancer is usually invasive ductal carci-
noma or ductal carcinoma in situ and is most
common after radiation for Hodgkin lymphoma in
girls between 10 and 20 years of age.68,69 Papillary
thyroid cancer is correlated with head, neck,
and chest irradiation in children less than 10 years
of age.68 This tumor carries a good prognosis
even when metastases are present. Benign and
malignant bone tumors and soft tissue sarcomas
as well as leukemia/lymphoma and bronchogenic
carcinoma, including bronchoalveolar carcinoma,
are concerns for second tumors after radiation/
chemotherapy.40,68,69 Even though treatment
regimens have changed, radiation therapy, in
particular, is used less and at lower, more directed
doses, close follow-up of childhood cancer survi-
vors is needed. Radiologists as well as clinicians
need to be aware of and vigilant for secondary
complications of prior malignancies.
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This article focuses on the neoplasms arising from
the pancreas, spleen, and the gastrointestinal tract
in children. Tumors of the liver are discussed in
another article elsewhere in this issue. Clinical
presentation and imaging features depend on
patient age and the organ of origin. Children may
presentwithanabdominalmass, increasedabdom-
inal girth, constipation,decreasedappetite,abdom-
inal pain, or rectal bleeding. Pallor or weaknessmay
also be present related to anemia. Initial imaging
with abdominal radiographcontributes to the evalu-
ation for intestinal obstruction, constipation, and
mass effect, and sometimes may reveal areas of
calcification.1,2

Ultrasound is the preferred study in the initial
assessment of most suspected abdominal masses
todetermine theorganoforiginand intrinsiccharac-
teristics without the need for ionizing radiation or
sedation in young patients. Assessment for intrinsic
vascularity or relation with themajor vascular struc-
tures may be accomplished with Doppler imaging.3

Ultrasound also guides further workup and therapy.
Assessment with CT, MR imaging, or nuclear medi-
cine may be required for further characterization,
assessing involvement of adjacent organs or vasc-
ular structures, and staging of malignant masses.
Contrast-enhancedmultidetector CT imagingprov-
ides detailed anatomic evaluation with rapid acqui-
sition, which allows for minimal need for sedation in
young patients and no sedation in older children. A
disadvantage of CT is the use of ionizing radiation;
however, dedicated pediatric imaging protocols
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andnewCT technologies allow for reduction in radi-
ation dose.

MR imaging alsoprovides an excellent soft tissue
characterization andprecise anatomic detail.Multi-
phase post-contrast dynamic MR imaging acquisi-
tion is particularly helpful in characterizing solid
organ focal lesions. Angiographic information ob-
tained using MR angiography protocols may con-
tribute to surgical planning. Although MR imaging
protocols have evolved and the scanning times
are shorter than in the past, the disadvantages of
MR imaging is the length of the examination and
the need for sedation or general anesthesia in the
younger pediatric population. Fluoroscopic exami-
nations of the gastrointestinal tract are rarely used
to evaluate the suspected neoplasms.

Nonneoplastic conditions may occasionally
cause mass effect and mimic a tumor. Differential
diagnostic considerations are briefly noted for
each organ.
PANCREAS

Pancreatic tumorsare rare inchildren.4–7Pancreato-
blastoma is an epithelial tumor arising from the
acinar cells that occurs almost exclusively in chil-
dren, and is the most common pancreatic tumor in
young children. Solid and papillary epithelial neo-
plasms (SPENs) affect adolescent girls and young
women. Endocrine tumors have been reported in
older children, and focal or diffuse neuroendocrine
adenomatosis can be present in neonates, causing
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hypoglycemia. Epithelial neoplasms of the pancreas
are rare in children, but have been reported. Rarely,
lymphoma or metastatic disease may affect the
pancreas.
PANCREATOBLASTOMA

Pancreatoblastoma, also called pancreaticoblasto-
ma, is a rare neoplasm, with fewer than 75 cases re-
ported in the literature. It is most common in the first
decade of life, with a mean age of approximately 5
years and a male to female ratio of 2:1.4 Congenital
cases have been described in association with
Beckwith-Wiedemann syndrome.8 Patients may
present with an asymptomatic abdominal mass or
with nonspecific abdominal pain, vomiting, or early
satiety. As with other embryonal tumors, a-fetopro-
tein levels may be elevated.6,9 Pancreatoblastoma
usually presents with large abdominal masses
ranging from 1.5 to 20 cm, compressing adjacent
structures.10 With larger masses, the organ of origin
may be difficult to determine. Half arise from the
pancreatic head; however, biliary obstruction is not
a frequent presentation. On ultrasound and CT
imaging, pancreatoblastomas appear as well-
defined, partially circumscribed, heterogeneous
masses with both cystic and solid components
(Fig. 1). On MR imaging, most tumors are heteroge-
neous with low to intermediate signal intensity on
T1-weighted images and high signal intensity
on T2-weighted images.10 Heterogeneous post-
contrast enhancement is a common feature. An
infiltrative pattern has also been described but
Fig. 1. Pancreatoblastoma. A large, multilobular,
mildly heterogeneous soft tissue mass is seen arising
from the head and body of the pancreas. Small calci
fications are seen within the mass (arrow). (Courtesy
of M.J. Callahan, Boston, MA.)
is uncommon.10 Small calcifications may be
present.10,11 Invasion of peripancreatic soft tissues
and adjacent organs such as the duodenum may
occur. Encasement of vascular structures, including
the mesenteric vessels and the inferior vena cava,
has been described, but vascular invasion is
uncommon.11 Metastatic disease may occur, most
commonly affecting the liver, abdominal lymph no-
des, and omentum. Prognosis in the absence of
metastatic disease with complete surgical resection
is good, but recurrence is common.4,6
SPEN

SPEN was initially described by Frantz in 195912

and is also known by many other terms, including
solid-cystic papillary tumor, solid pseudopapillary
tumor, papillary epithelial neoplasm, and Frantz
tumor. It is a distinct tumor of the exocrine
pancreas according to the World Health Organiza-
tion (WHO) . This tumor is most frequently reported
in adolescent girls and young women with a mean
age of 21 years. Approximately 90% of the re-
ported cases are in females.4 Patients present
with abdominal discomfort, pain, or a mass. On
imaging, tumors reflect the pathologic compo-
nents and appear as large, well-circumscribed,
usually encapsulated masses, with heterogeneous
architecture or mixed solid and cystic elements.13

Small tumors may appear completely solid. Areas
of hemorrhagic necrosis, fluid–fluid levels, and
blood products have been described as distinctive
features.14 Areas of hemorrhage and blood degra-
dation products are better depicted on MR
imaging.15 Peripheral calcification may be present
in approximately one-third of the cases.15,16 Post-
contrast imaging shows enhancement of the solid
component or peripheral rim of enhancement of
the fibrous capsule (Fig. 2). Early peripheral enha-
ncement and progressive centripetal filling on
post-contrast dynamic MR imaging has also
been described.13 Approximately 85% of the
cases are limited to the pancreas. Biliary ductal
dilatation is uncommon even with large masses.
Other uncommon features include parenchymal
and extracapsular invasion, and dense calcifica-
tion have been described.14

The course of SPENs is usually benign and
tumors are limited to the pancreas in approximately
85% of the cases. Surgery is usually curative but
may require a Whipple procedure depending on
location of the tumor. Metastatic disease is
uncommon but has been reported in older patients
and is apparently rare in children. Because of the
potential for aggressivebehavior (tumor recurrence
or metastatic disease), SPENs are usually treated
with complete surgical resection.



Fig. 2. Solid epithelial neoplasm of the pancreas in a 10 year old girl. (A) Transverse ultrasound image shows
a solid echogenic mass (M) in the head of the pancreas (P) displacing the mesenteric vessels (arrow). (B)
Contrast enhanced CT axial image shows a well circumscribed mass (M) with heterogeneous enhancing pattern.
The mass enhances less than the pancreas (P). No biliary ductal dilatation is seen.
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Islet Cell Tumors

Islet cell tumors, also called neuroendocrine tumors
of the pancreas, may be benign (adenomas) or
malignant with metastatic disease (carcinomas).
These tumors are most commonly diagnosed in
adults but may be seen in children.17 They may
produce hormonally active polypeptide and may
present with clinical symptoms. Islet cell tumors
are designated as functioning or hyperfunctioning.
Hyperfunctioning tumors produce a clinical synd-
rome. Insulinoma is the most common type of func-
tioning islet cell tumor, followed by gastrinoma.4 In
a series of 224 patients with symptomatic insulino-
mas published by theMayoClinic, only 5%of cases
occurred in children, all older than 8 years.18 In the
same case series, patients with multiple endocrine
neoplasia type I were younger at diagnosis of insuli-
noma and had a greater risk of recurrence.

Insulinomas are composed of b cells. Gastrino-
mas are composed of G cells and may cause
Zollinger-Ellison syndrome. All other islet cell
tumors are rare in children. Insulinomas are usually
seen in the body and tail of the pancreas, and gas-
trinomas are seen in the pancreatic head.9

However, gastrinomas may also occur in extrap-
ancreatic locations (eg, duodenum, proximal
jejunum, stomach). Multiple pancreatic islet cell
tumors may be seen in patients with multiple endo-
crine neoplasia, type I.

Islet cell tumors are small, usually less than 2 cm,
well defined, and homogeneous. Islet cell tumors
are usually hypoechoic on ultrasound and may
have a hyperechoic rim. On CT, islet cell tumors
usually enhance greater than the adjacent normal
pancreas but may be difficult to detect (Fig. 3).
On MR imaging, islet cell tumors appear hypoin-
tense on T1-weighted images with and without fat
suppression, and hyperintense on T2-weighted
images. Intense enhancement is seen on post-
contrast T1-wieghted sequences.19 Larger tumors
are usually malignant and more likely to be associ-
ated with metastatic disease. Peptide receptor
scintigraphy with the radioactive somatostatin
analogue 111indium-diethylene triamine penta-
acetic acid octreotide (111In-DTPA octreotide) is
used for identification and localization of intra-
pancreatic and extrapancreatic gastrinomas and
for assessment of metastatic disease.20

Nesidioblastomatosis, or persistent hyperinsuli-
menic hypoglycemia of infancy, is a disorder char-
acterized by proliferation of hyperfunctioning
b cells. Two forms have been described, focal and
diffuse, with the latter being more common (70%).
The diagnosis is based on clinical and biochemical
results, because ultrasound, CT, and MR imaging
do not provide diagnostic imaging findings.21

Pancreatic Cysts

Congenital epithelium-lined cysts of the pancreas
are rare and usually found incidentally. Pancreatic
cysts may be associated with systemic diseases
and syndromes such as von Hippel-Lindau
disease, autosomal dominant polycystic kidney
disease, and Beckwith-Wiedemann syndrome
(Fig. 4). Dermoid cysts or mature teratomas of
the pancreas are extremely rare; both predomi-
nantly cystic and heterogeneous tumors have
been described reflecting tumor tissue compo-
nents (Fig. 5).22,23 Pancreatic pseudocysts, as
a consequence of preceding pancreatitis or



Fig. 3. A 14 year old boy with gastrinoma. The patient presented with recurrent episodes of abdominal pain
associated with hematemesis, weight loss, and fatigue. Endoscopy showed gastritis. (A) Axial contrast
enhanced CT shows a focal mass arising within the body of the pancreas (arrow). (B) Anterior and posterior
111In DTPA octreotide images show focal uptake of tracer within the mass (arrows). Normal activity is seen within
liver, spleen, kidneys, and bladder. No abnormal activity is seen beyond the mass to suggest metastatic disease.
(Courtesy of W.H. McAlister, St Louis, MO.)
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trauma, are much more common than congenital
or neoplastic pancreatic cysts, and therefore are
a more likely diagnostic consideration in patients
with a cystic pancreatic mass (Fig. 6).

Systemic Malignancy

The pancreasmay be encased or displaced by adja-
cent tumors, such as neuroblastoma or lymphoma.
Lymphoma may extend into the pancreas or may
involve the pancreas intrinsically. In general, direct
pancreatic involvement is rare. Associated disease
in other organs and lymph nodes usually suggests
Fig. 4. A 17 year old boy with history of von Hippel
Lindau syndrome. Axial CT image shows a subcentime
ter pancreatic cyst and a small complex cystic lesion in
the posterior aspect of the left kidney (arrows).
Multiple complex cystic lesions were present in the
kidneys (not shown).
the diagnosis. Involvement is most common with
large cell lymphoma and is sporadic with Burkitt
lymphoma.4 Focal masses from leukemia (granulo-
cytic sarcoma “chloroma”) can rarely affect the
pancreas (Fig. 7).24 Metastatic disease to the
pancreas is rare in children but has been reported
in rhabdomyosarcoma, neuroblastoma,25 osteos-
arcoma,26,27 and melanoma (Fig. 8).
Fig. 5. A 17 month old boy with palpable abdominal
mass and difficulty tolerating feeds. Contrast
enhanced axial CT image shows a predominantly
cystic mass with multiple enhancing septations and
a few solid enhancing components. Pancreatic head
and tail are displaced (asterisk). The mass (M) closely
abuts the superior mesenteric artery and vein (arrow),
and the portal vein. Pathology showed cystic tera
toma composed predominantly of mature elements,
with a small component of immature nonneural
element.



Fig. 6. A 3 year old boy with a pancreatic cyst. The
patient presented with abdominal pain. CT shows
a well defined cystic mass of the pancreatic head. At
surgery, the mass was separate from the biliary tree.
Although the patient had no history of trauma nor
clinical evidence of pancreatitis, pathologic examina
tion showed that the cyst was not lined with epithe
lium, but rather scar tissue, suggesting a pseudocyst.

Fig. 8. A 3 year old girl with metastatic rhabdomyo
sarcoma to the pancreas at presentation. Multiple
low attenuation lesions are seen throughout the
pancreas. The primary tumor was in the left infratem
poral fossa.
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Spleen

Excluding lymphoma, tumorsof thespleenare rare in
children.Primaryvascularneoplasmsandcongenital
epithelial cysts are the most common benign
pediatric splenic tumors, and the most common
malignant pediatric splenic mass is lymphoma.28
Fig. 7. A 6 year old girl with history of acute myelog
enous leukemia and initial relapse in bone marrow
and central nervous system, now presenting with
abdominal pain. Contrast enhanced CT shows a well
defined soft tissue mass (M) arising from the pancre
atic body and tail, containing several irregular foci
of central low attenuation. Pathologically, the mass
proved to be a granulocytic sarcoma (chloroma) of
pancreas (P).
Metastatic disease to the spleen is also rare, with
neuroblastoma the most frequent.29–31
BENIGN VASCULAR TUMORS

Benign vascular tumors of the spleen include
hemangioma, lymphangioma and hamartoma.32,33

These tumors are rare in children; however, heman-
gioma is the most common benign primary
neoplasm of the pediatric spleen. Hemangiomas
are usually isolated and asymptomatic but may
occur as part of a Klippel-Trénaunay-Weber
syndrome or Beckwith-Wiedemann syndrome.
Hemangiomas are thought to be congenital in
origin, and consist of a proliferation of vascular
channels ranging from capillary to cavernous lined
by endothelium.32 Splenic hemangiomas are
usually small lesions less than 2 cm; however, size
is variable and splenic hemangiomasmay be single
or multiple. Smaller hemangiomas tend to be solid
and larger lesions that demonstrate cystic and solid
components with areas of fibrosis. Areas of calcifi-
cations may be present. Imaging findings depend
on size and internal characteristics. On ultrasound,
lesions vary from hypoechoic to hyperechoic rela-
tive to the splenic parenchyma, with associated
cystic areas and significant blood flow noted on
Doppler imaging. If calcification is present, poste-
rior shadowing may be seen. On CT, the solid
components show homogeneous or mottled
enhancement (Fig. 9). On MR imaging, the lesions
appear hyperintense or isointense on T1-weighted
images and hyperintense on T2-weighted images.
Areas of hemorrhage may be present in larger
hemangiomas. Contrast-enhancement patterns of



Fig. 9. A 3 year old boy with splenic hemangioma. The mass was asymptomatic and discovered by the child’s
pediatrician during a routine physical examination. (A) Longitudinal ultrasound showed the mass to be exophytic
from the spleen, and solid. Small hypoechoic areas (arrows) did not fill with color, and likely represent areas of
necrosis, hemorrhage, or stagnant flow. (B) On color Doppler imaging, abundant vascular flow is seen within the
mass.

Fig. 10. A 9 year old boy with diffuse lymphatic mal
formation involving multiple organs. Coronal short
tau inversion recovery image shows multiple small
high signal lesions with the spleen (white arrows).
Left retrocrural lymphatic malformation (black arrow)
and vertebral lesions (asterisk) are also seen.
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splenic hemangiomas vary depending on lesion
size. On dynamic post-contrast imaging, small
hemangiomas usually show homogenous en-
hancement. Centripetal enhancement may be
seen in larger lesions but is less conspicuous than
that of liver hemangiomas. Well-defined enhancing
peripheral nodules are not usually present in larger
hemangiomas.33,34

Splenic lymphangioma, or more correctly
“lymphatic malformation of the spleen,” is a rare
benign tumor that occurs in children, with adult
cases being reported less frequently. Lymphangio-
masarecharacterizedbyendothelium-linedspaces
filled with proteinaceous material, and may appear
as unilocular or multilocular cystic lesions or may
be part of diffuse lymphangiomatosis.35 The lesions
vary in size from a few millimeters to large cystic
masses with internal septations and debris. No
significant vascularity is present, and therefore
enhancement of the septa is minimal on post-
contrast imaging. Subtle linear calcifications are
better depicted on CT imaging. On MR imaging,
these lesions have low signal intensity on
T1-weighted images and high signal intensity on
T2-weighted images (Fig. 10). Isointense to hyper-
intense signal may sometimes be seen on
T1-weighted images because of proteinaceous
content.36

Splenic hamartoma is a benign lesion composed
of disorganized splenic red pulp elements. Some
consider this a neoplasm or possibly a posttrau-
matic lesion, whereas others believe that it might
arise as an acquired proliferative process.32

The lesions have been reported in association
with tuberous sclerosis. On ultrasound, splenic
hamartomas are usually solid, relatively homoge-
nous masses, and are hyperechoic relative to the
spleen parenchyma (Fig. 11). A cystic component
may be present. Doppler imaging shows hypervas-
cularity likely related to the red pulp component37;
however, hamartomas do not show hypervascular-
ity to the degree seen with hemangioma. On
contrast-enhanced CT, splenic hemangiomas
appear isoattenuating to splenic parenchyma. On
MR imaging, hamartomas are isointense on T1-
weighted images, heterogeneously hyperintense



Fig. 11. A 5 year old boy with a splenic hamartoma. The mass was discovered incidentally during evaluation of
abdominal trauma. (A) Ultrasound shows a large solid mass. A small area of cystic change is noted (arrow). Other
images showed the mass to be exophytic from the spleen. (B) On CT, the mass appears solid, with small areas of
low attenuation corresponding to the ultrasound.
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on T2-weighted images, and show heterogeneous
enhancement on dynamic post-contrast imaging
with more uniform delayed enhancement.36,38

Lymphoma

Lymphoma is the most common solid malignancy
of the spleen in children. Both Hodgkin disease
and non-Hodgkin’s lymphoma affect the spleen.
Lymphoma may present as a solitary mass, multi-
focal lesions, or diffuse involvement with spleno-
megaly. Lesions appear hypoechoic and hypo
attenuating relative to the splenic parenchyma.
On MR imaging, the lesions are isointense on T1-
weighted images and isointense to hyperintense
on T2-weighted and short T1 inversion-recovery
imaging (Fig. 12). Hodgkin disease may present
with similar characteristics to those of splenic
parenchyma, and diffuse infiltration may not be
apparent on imaging studies. Involvement of lymph
nodes and other organs often suggests the diag-
nosis of lymphoma. Imaging with 18F-fluorodeoxi-
glucose positron emission tomography (18F-FDG
PET) is helpful for identifying splenic involvement,
particularly in patients with a normal-sized spleen
or absent focal lesions.39

Other than lymphoma, metastatic disease to the
spleen in children is rare. Metastatic neuroblas-
toma to the spleen has been reported.

Cysts

Congenital cysts of the spleen, also called true
cysts or epidermoid cysts, are epithelial-lined and
form because of an infolding of peritoneal
mesothelium or a collections of peritoneal meso-
thelial cells trapped within the splenic sulci.40

Congenital splenic cysts are usually solitary. On
ultrasound, they are anechoic or hypoechoic and
may contain thin septations or debris.41 On CT
andMR imaging, splenic cysts follow fluid attenua-
tion or signal intensity. Acquired splenic pseudo-
cysts are much more common than congenital
epithelial-lined splenic cysts. Imaging cannot
distinguish acquired from congenital cysts;
however, patients with acquired cysts usually
have a history of trauma.

In addition to acquired pseudocysts, other non-
neoplastic differential diagnoses related to the
spleen include splenomegaly from nonneoplastic
causes, congenital anomalies of the spleen, and
infection, including splenic abscess.
Gastrointestinal Tract

Tumors of the gastrointestinal tract are rare in chil-
dren, and benign tumors are more common than
their malignant counterparts. Benign lesions
include polyps, hemangiomas, neurofibromas, leio-
myomas, gastrointestinal stromal tumors, and
lipomas. The most common malignant tumor is
lymphoma,andothermalignant tumorsareexceed-
ingly uncommon. Adenocarcinomas are rare, but
may occur isolated or in association with syndro-
mes such as familial adenomatous polyposis
syndrome, Peutz-Jeghers syndrome, and Lynch
syndrome (hereditary nonpolyposis colorectal
cancer syndrome) (Fig. 13), and in patients with



Fig. 12. An 8 year old boy with history of ataxia telangiectasia and diffuse large B cell lymphoma. MR imaging
was used rather than CT because of the increased sensitivity to radiation in patients with ataxia telangiectasia. (A)
Coronal T2 weighted image shows splenomegaly with numerous hypointense lesions (asterisk) relative to the
splenic parenchyma. (B) Coronal post gadolinium T1 weighted with fat saturation image. The splenic lesions
show hypoenhancement relative to adjacent normal parenchyma.
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a longstanding diagnoses of ulcerative colitis or
Crohn disease.
Carcinoid tumors are neoplasms of neuroendo-

crine origin, most commonly arising from the
appendix but may occur in the small bowel. Fewer
than 10% of patients present with carcinoid
syndrome, and the tumors are occasionally found
incidentally in the appendix without a preoperative
Fig. 13. A 17 year old girl with subsequent diagnosis of
Contrast enhanced CT coronal reformatted image shows a
circumferential wall thickening of the third and fourth p
patic and extrahepatic biliary ductal dilatation is seen (a
pancreatic head. (B) A follow up contrast enhanced CT axi
a 2 cm lobulated soft tissue mass in the sigmoid colon (bla
diagnosis.Metastaticdisease fromcarcinoid is rare
in children.42
Lymphoma

Both non-Hodgkin’s lymphomas and Hodgkin
disease can affect the small bowel and, less
frequently, the colon. Burkitt lymphoma is the
Lynch syndrome and duodenal adenocarcinoma. (A)
soft tissue mass in the ampullary region, with irregular
ortions of the duodenum (arrows). Resultant intrahe
sterisk). The mass abuts the posterior aspect of the
al image in the pelvis performed 3 months later shows
ck arrow). Pathology was consistent with an adenoma.
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most frequent subtype of non-Hodgkin’s lympho-
mas in children. In the WHO classification, three
clinical variants of Burkitt lymphoma are
described: endemic (found in equatorial Africa),
sporadic, and immunodeficiency-associated. The
sporadic form occurs in North America, and the
immunodeficiency-associated type occurs in pa-
tients with congenital immunodeficiencies, such
asWiskott-Aldrich syndrome, ataxia-telangiectasia,
or X-linked lymphoproliferative disease, and also
in allograft recipients.43 Lymphoma may also
occur as a manifestation of posttransplant lym-
phoproliferative disorder.44

Common sites of gastrointestinal tract involve-
ment by lymphoma are the distal small bowel,
ileum, cecum, and appendix.45 Mesenteric and
retroperitoneal lymph nodes can also be involved.
Patients may present with abdominal pain,
a palpable mass, intussusception, or intestinal
obstruction (Fig. 14). Abdominal radiographs
may be unremarkable or may show bowel obstruc-
tion or mass effect. On ultrasound, diffuse involve-
ment of the bowel by lymphoma is seen as
predominately hypoechoic concentric bowel wall
thickening. Enlarged mesenteric or retroperitoneal
lymph nodes often suggest the diagnosis. Ultra-
sound may depict an intussusception, and
suggest an underlying lead point. Contrast-
enhanced CT at initial diagnosis allows assess-
ment of the bowel, abdominal lymph nodes, and
solid organs. Infiltration of the bowel is seen as
a concentric bowel wall thickening, frequently
associated with dilatation of the bowel lumen
and enlarged lymph nodes (Figs. 15 and 16). Infor-
mation on initial CT is used to determine the extent
of the disease locally and distantly, which
Fig. 14. An 8 year old boy with diffuse large B cell
lymphoma. He presented with vomiting and abdom
inal pain. A contrast enhanced CT axial image shows
an ileocolic intussusception with a large soft tissue
mass (M) causing incomplete mechanical bowel
obstruction.
contributes in the disease staging process once
the diagnosis is established. 18F-FDG PET is
increasingly used in the initial staging and follow-
up of patients with lymphoma.46
INTESTINAL POLYPS

The most common type of polyp in the pediatric
population is the isolated juvenile polyp. Juvenile
polyps are commonly diagnosed in patients
younger than 10 years, and clinical presentation is
painless rectal bleeding. More frequently, juvenile
polyps occur in the rectosigmoid colon and may
be single or multiple. Colonoscopy and polypec-
tomy with histologic review is the current
management.47 Juvenile polyposis syndrome is
a rare autosomal dominant condition with an
increased risk ofdevelopinggastrointestinal cancer.
This condition may be considered if more than five
juvenile polyps are present in the colon, or if juvenile
polyps are seen throughout the gastrointestinal
tract, or in patients with a family history of juvenile
polyposis and any number of polyps.47

Peutz-Jeghers syndrome is an uncommon,
autosomal dominant syndrome with variable
penetrance characterized by hamartomatous
polyps and mucocutaneous hyperpigmentation.
Polyps most commonly occur in the small bowel,
but may also occur in the stomach or colon.48

Median age of presentation with polyps is 11 to
13 years. Clinical manifestations include anemia,
intussusception, and bowel obstruction.49,50 Pa-
tients with this syndrome have a higher risk for
intestinal and extraintestinal malignancies, in-
cluding colon, upper gastrointestinal tract and
small bowel, pancreas, breast, ovarian, and testic-
ular cancers. Imaging studies are oriented to
screen for polyps and other malignancies. Patients
may present acutely with intussusceptions from
a polyp lead point (Fig. 17).

Familial adenomatous polyposis syndrome is an
autosomal dominant disorder related to mutation
in the adenomatous polyposis coli gene (APC
gene).47 Patients develop hundreds of adenoma-
tous polyps in the colon. Virtually all patients with
familial polyposis syndrome will eventually
develop adenocarcinoma of the colon or rectum.
The average age at presentation is 16 years for
adenoma and 39 years for carcinoma. Colon carci-
noma rarely occurs in patients younger than 20
years.47 Patients also develop other gastrointes-
tinal adenocarcinomas and may have extraintesti-
nal manifestations, including desmoid tumor,
osteomas, congenital hypertrophy of the retinal
pigmented epithelium, nasopharyngeal angiofi-
bromas, lipomas, and fibromas. Patients with
familial adenomatous polyposis syndrome have



Fig. 15. A 10 year old girl with Burkitt lymphoma presenting with long standing abdominal pain and anemia.
Axial contrast enhanced CT images from the lower abdomen (A) and upper pelvis (B) show multiple enlarged
mesenteric lymph nodes (arrowheads) and concentric bowel wall thickening and dilatation of the bowel lumen
along the distal ileum (asterisk).
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an increased incidence of hepatoblastoma.
Several distinct mutations within the APC gene
have been associated with other polyposis
syndromes, including the attenuated familial
adenomatous polyposis, Gardner syndrome, and
Turcot syndrome. The attenuated phenotype is
Fig. 16. A 14 year old boy with diffuse large B cell
lymphoma. Coronal reformatted image from
contrast enhanced CT shows concentric bowel wall
thickening and aneurysmal small bowel involvement
with an intussusception (arrow). Multiple enlarged
retroperitoneal and intra abdominal lymph nodes
are also present (asterisk).
characterized by fewer polyps, later onset of
polyps, and later onset of cancer. Gardner
syndrome is characterized by the development
of desmoid tumors. Turcot syndrome is character-
ized by central nervous system neoplasms,
including cerebellar medulloblastoma and glio-
blastoma multiforme. Colonoscopy and upper
endoscopy are used to evaluate patients with
familial polyposis and related syndromes. If
contrast studies such as double-contrast enema
or upper gastrointestinal series are performed,
polyps appear as numerousmucosal filling defects
of variable size.51 Imaging evaluation of extraintes-
tinal manifestations includes abdominal ultra-
sound and/or MR imaging or CT studies.
Isolated leiomyomas, lipomas, hemangiomas,

vascular malformations, and neurofibromas may
occur within the gastrointestinal tract. Hemangi-
omas may appear isolated, or as a manifestation
of diffuse hemangiomatosis, or in association
with Kippel-Trénauney syndrome or Osler-
Weber-Rendu disease. Likewise, neurofibromas
may appear as isolated masses or in the context
of neurofibromatosis.
GASTROINTESTINAL STROMAL TUMORS

Gastrointestinal stromal tumors (GISTs) are the
most common mesenchymal neoplasms of the
gastrointestinal tract in adults but rarely occur in
children. Histologically, these tumors are charac-
terized by a spindle cell subtype or epithelioid
architecture. Tumors may arise as a manifestation
of tumor predisposition syndromes, including
Carney triad (GIST, pulmonary chondroma, and
functioning extra-adrenal paraganglioma),52

Carney-Stratakis syndrome (paragangliomas and



Fig. 17. A 12 year old boy with Peutz Jeghers syndrome who presented with recurring abdominal pain and vom
iting. (A) Overhead image from a barium small bowel follow through study shows multiple polypoid filling
defects scattered within the small bowel (arrows). (B) Spot image during fluoroscopy shows a transient small
bowel intussusception from a polyp asterisk.
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GIST), or may be associated with neurofibroma-
tosis type I. Pediatric GISTs present during the
second decade of life, most commonly affect girls,
and are located predominately in the stomach.53

Tumor size varies in the reported cases from rela-
tively small to large masses up to 35 cm
Fig. 18. A 9 year old girl with a GIST who presented with a
roscopy shows a large mass originating from the distal l
enhanced CT, the mass is solid (asterisk). (Courtesy of D.G
(Fig. 18).54 Metastatic disease to lymph nodes
and liver and multifocality of GIST have been
described in pediatric population.54

Many nonneoplastic conditions may mimic
a tumor of the gastrointestinal tract. Differential
considerations may include duplication cyst,
nemia, rectal bleeding, and abdominal pain. (A) Fluo
esser curve of the stomach (arrows). (B) On contrast
. Bates, Columbus, OH.)
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intussusception, inflammatory bowel disease
(Crohn disease, typhlitis, complicated appendi-
citis), and hematoma.
SUMMARY

Although tumors arising from the spleen, pancreas,
and gastrointestinal tract in the pediatric popula-
tion are relatively uncommon, imaging plays an
important role in diagnosis, staging, and treatment
planning.
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Hepatobiliary tumors are uncommon in the pedi-
atric population, representing 5% to 6% of the
abdominal tumors. Approximately one-third of
hepatic lesions are benign. Metastatic liver tumors
are more common than primary disease.1

The investigation of hepatobiliary tumors usually
begins with an ultrasonographic (US) examination.
This technique is readily available without ionizing
radiation and does not need sedation. Therefore,
US isanoutstanding imagingmodality for screening
and follow-up. Doppler and color Doppler interro-
gation are part of the examination to assess vascu-
larity of the lesions and vascular anatomy.

The role of computed tomography (CT) is
limited, in the pediatric population, because of an
increase in the risk of radiation-induced cancer.
Therefore, discussion of CT protocols is not the
focus of this article.

Magnetic resonance (MR) imaging is a compre-
hensive imagingmodalitywithmultiplanar capability
to assess the liver parenchyma, gallbladder, and
biliary tree and is free of ionizing radiation. MR
imaging provides an assessment of the signal char-
acteristics, vascularity, and pathophysiology of
different tumors because of its superior soft tissue
contrast resolution that includes the use of
gadolinium-enhanced techniques. One has to take
into consideration the need for sedation or general
anesthesia in infants, toddlers, and young children.

MR imaging protocol consists of T1-weighted
and T2-weighted fat-saturated sequences in mul-
tiple planes. Breath-hold T2-weighted single-shot
fast-spin echo is useful to assess the biliary tree.

Some institutionsstill useT1spinechosequences
with and without fat saturation. Two-dimensional
dual gradient-echo in-phase and opposed-phase
MR images are useful in the evaluation of diffuse
and focal fatty infiltrations.
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There is a trend toward 3-dimensional T1-
weighted gradient-echo breath-hold sequences
pregadolinium and postgadolinium administration
because of improved spatial resolution. Acquisition
as multiphase dynamic gadolinium-enhanced
imaging is essential for the assessment of tumor
vascularity, vascular anatomy, and segmental
anatomy for surgical planning.
BENIGN TUMORS
Infantile Hepatic Hemangioma

Infantile hepatic hemangioma (IHH) has also been
referred to, in the literature, as hemangioendo-
thelioma.2 IHH is themost common benign vascular
hepatic tumor in the first year of life and the third
most common hepatic tumor in children.3 This
tumor may present with palpable masses, hepato-
megaly, or thrombocytopenia. Multifocal lesions
may be asymptomatic or may present with a high-
output cardiac failure because they demonstrate
a variable high-flow shunting. These lesions may
be associated with cutaneous hemangiomas.4

In 2007, a new classification was proposed.4

Hepatic hemangiomas are divided into focal
(Fig. 1),multifocal (Fig. 2), anddiffuse lesions. These
hemangiomas have a proliferative phase and then
a phase of involution.5 Alternatively, rapid involuting
congenital hemangioma (RICH; Fig. 3) is already
developed in the newborn and regresses in the first
year of life.6 RICH also differs from adult hepatic
hemangioma, which does not involute.2

MR imaging appearance of IHH is usually a low
signal on T1-weighted sequences and a very high
signal on T2-weighted sequences. The char
acteristics vary according to the presence of
high-flow vessels, thrombosis, and large vas-
cular spaces. Following intravenous gadolinium
spital, McGill University, Montreal, Quebec, Canada
t, Montreal, Quebec, H3H 1P3, Canada.

rights reserved. ra
di
ol
og
ic
.th

ec
li
ni
cs
.c



Fig. 1. (A) Color Doppler interrogation demonstrates increased vascularity within a heterogeneous lesion in the
right hepatic lobe. (B) T1 weighted image shows hypointense lesion (arrow) with high flow vessels. (C) Fat
saturated T1 weighted image demonstrates avid enhancement of the lesion (arrow) with areas of signal void.
(D) The same lesion (arrow) is hyperintense on T2 weighted sequence.

Faingold et al680
administration, they may enhance from the
periphery to the center or homogenously.2

US usually demonstrates hypoechoic lesions.
Some lesions may be hyperechoic or with calcifi-
cations. Doppler interrogation shows abnormal
vessels and may show evidence of shunting.2

Most lesions resolve spontaneously and can be
followed-up with MR imaging and US.
In case of cardiac failure or severe thrombocyto-

penia, one may consider medical therapy. Emboli-
zation following angiography is the next step, in
case medical therapy fails.

Mesenchymal Hamartoma

Mesenchymal hamartoma is usually seen in chil-
dren up to 2 years of age and is considered the
second most common benign hepatic tumor.
Mesenchymal hamartoma can be cystic/multicys-
tic or can have a more predominant stromal
component with a Swiss cheese appearance. It
is considered a developmental lesion containing
mesenchymal tissue with bile ducts.
Mesenchymal hamartoma is usually cystic and

septatedwithUSandmaycontainasolidcomponent.
The MR imaging appearance is of low signal on

T1-weighted sequences and of very high signal on
T2-weighted sequences.1 The solid component
may show some degree of enhancement after
intravenous gadolinium administration and may
have a low T2 signal.

Hepatic Adenoma

Hepatic adenoma (HA) is an uncommon benign
hepatic tumor in the pediatric population,



Fig. 2. (A) Axial T1 weighted postgadolinium image showing multiple enhancing lesions of different sizes
throughout the liver. (B) Coronal T2 weighted image demonstrates hyperintense lesions. (C) Color Doppler US
shows one of the hypoechoic lesions with increased flow.
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predominantly associated with certain predispos-
ing conditions, such as glycogen storage disease
type 1 and Fanconi anemia, and those patients
using oral contraceptives or anabolic steroids.7

HAs can be single or multiple (Fig. 4), and the
presence of 4 or more lesions is referred to as
hepatic adenomatosis. HA is more commonly
Fig. 3. Newborn with large RICH. (A) Axial T2 fat saturate
neous mass with flow voids within the left hepatic lobe.
(B) Fat saturated T1 weighted image demonstrates perip
the center of the lesion (arrow).
asymptomatic; however, patients may present
with hepatomegaly and abdominal pain secondary
to tumoral necrosis/hemorrhage. In rare cases, HA
may also rupture, causing hemoperitoneum. On
US, the HA is of variable echogenicity and may be
hypoechoic, isoechoic, or hyperechoic to the liver.8

CT without intravenous contrast shows these
d MR image shows large hyperintense and heteroge
The indicator represents measurement of the lesion.
heral enhancement with no significant vascularity of



Fig. 4. MR imaging sequences showing multiples HAs of variable sizes in a 15 years old adolescent boy with
a history of glycogen storage disease type 1. (A) Axial, breath hold, spoiled gradient recalled (SPGR) image shows
3 well delineated lesions that are slightly heterogeneous but with predominantly high signal intensity, involving
the segments 4 and 2. (B) Axial, fat suppressed, breath hold, T2 weighted, fast relaxation fast spin echo sequence
demonstrates the lesions to have heterogeneous but predominantly high signal intensity. (C) Postcontrast, axial,
fat suppressed, breath hold, SPGR image shows significant enhancement of the adenomas.
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lesions to be predominantly hypodense. Both CT
and MR imaging show most HAs to have a peak
enhancement during the arterial phase,with a rapid
washout that may become isodense or isointense
to the liver on the delayed phase. HA may present
variable signal intensity characteristics on MR
imaging, depending on the presence of internal
hemorrhage, necrosis, or fat. T1-weighted MR
sequences may show a signal intensity varying
from hypointense to hyperintense. The out-of-
phase T1-weighted sequences are useful to assess
for the presence of a signal drop of the tumoral fatty
component. On T2-weighted sequences, HA is
predominantly hyperintense, but some may also
be isointense to the liver.9,10 Large adenomas may
show areas of heterogeneous enhancement
secondary to internalnecrotic/hemorrhagicchanges.
Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) accounts for 2%
to 6% of the hepatic tumors in childhood; usually
these are tumors with less than 5 cm in diameter.
Most cases occur in women. FNH usually presents
asa single lesion; however, it canbemultifocal in up
to 20% of cases. FNH is surrounded by dense
fibrous septa with a central prominent scar.1 On
US, it appears asawell-delineatedmass, isoechoic
to the liver with a more-hyperechoic central scar.11

Color Doppler evaluation shows the increased
vascularity of the fibrous septa and the central
portion of the tumor, resulting in the spoke wheel
pattern. The nonenhanced CT shows the lesion to
be predominantly isodense to the liver. On MR
imaging, FNH is usually isointense to the liver on
both T1- and T2-weighted sequences; sometimes
it may also be mildly hypointense on T1-weighted
or mildly hyperintense on T2-weighted sequences.
The central scar appears hyperintense on T2-
weighted sequences. Contrast-enhanced CT and
MR imaging show an intense arterial enhancement
that becomes isointense to the liver on the delayed
sequences and also on delayed enhancement of
the central scar (Fig. 5).10,12



Fig. 5. MR imaging showing the presence of a large FNH involving the left hepatic lobe in a 15 years old adoles
cent girl. (A) Axial, breath hold, spoiled gradient recalled (SPGR) image shows the lesion to be isointense to the
hepatic parenchyma, with the central scar showing low signal intensity. (B) Axial, fat suppressed, breath hold,
T2 weighted, fast relaxation fast spin echo image demonstrates the lesion to have a slightly higher signal to
the liver and the central scar to have a hyperintense signal intensity. (C) Postcontrast, axial, fat suppressed,
breath hold, 3 dimensional, SPGR image shows significant enhancement of the lesion in the arterial phase. (D)
Delayed, postcontrast, axial, fat suppressed, breath hold, T1 weighted image shows the lesion to be almost
isointense to the liver and the delayed enhancement of central scar (arrow).
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MALIGNANT TUMORS
Hepatoblastoma

Hepatoblastoma is the most common primary
hepatic neoplasm of childhood and accounts for
79% of all liver tumors in children.13 The typical
presentation is that of an asymptomatic abdominal
mass in a young child, usually younger than
3 years,14 with a peak incidence seen between
the ages of 18 and 24 months. Rarely, the patient
may present with an acute abdomen at instances
of tumor rupture. An increased incidence has
been noted in patients with Beckwith-Wiedemann
syndrome, hemihypertrophy syndromes, and
familial adenomatous polyposis coli.15 Low–birth
weight infants have also been found to have an
increased incidence of this tumor.16,17

The tumor is usually awell-circumscribedsolitary
lesion (Fig. 6) with a nodular surface and usually
involves the right hepatic lobe, but it can be multi-
focal (Fig. 7) in up to 15% of cases.18 The average
size at the time of diagnosis is 10 to 12 cm. Metas-
tases, when they occur, are usually encountered in
the lungs and local lymph nodes and only rarely in
the brain and bony skeleton. Approximately 10%
to 20% of cases are found to have metastatic
disease at the time of diagnosis.18 Elevated a-feto-
protein (a-FP) levels are present in asmany as 90%
of patients.19 On US, the lesion is usually hypere-
choic, and, occasionally, intravascular tumor
thrombus is seen, which can extend as far as the
right atrium. On CT, calcifications can be seen in
about half the cases. With intravenous contrast,
the lesions show slight enhancement compared
with nearby liver parenchyma in the early phase of
imaging, only to become isodense to hypodense
with respect to liver parenchyma on delayed
imaging.8 The appearance of hepatoblastoma on



Fig. 6. Hepatoblastoma. Gray scale (A) and color Doppler (B) US images demonstrating a large circumscribed
heterogeneously slightly hyperechoic mass in the right lobe of liver with some internal flow, associated with
splaying of intrahepatic vessels. (C) Enhanced CT image in portal venous phase imaging depicting the heteroge
neous nature of the mass with central necrosis.
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MR imaging varies with the histologic type. The
epithelial type has a more homogeneous internal
nature and appearance, whereas themixed epithe-
lial/mesenchymal type is more heterogeneous,
containing fibrotic bands. On MR imaging,
Fig. 7. Multifocal hepatoblastoma MR imaging. T2 weig
images show heterogeneous lesions in the liver that are s
intense with poor enhancement on T1 weighted postgad
conventional spin echo sequences, the lesions
show a hypointense signal relative to adjacent liver
parenchyma on T1-weighted images. Occasion-
ally, however, small hemorrhages can be seen as
foci of increased signal intensity. On T2-weighted
hted (A) and postgadolinium T1 weighted SPGR (B)
lightly hyperintense on T2 weighted image and hypo
olinium image.
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images, the tumors appear heterogeneously
hyperintense in signal. Areas of fibrosis appear as
bands of hypointense signal on both T1- and T2-
weighted sequences. Spoiled gradient recalled
pulse sequences or MR angiography (MRA) can
help delineate the effect of the tumor on vessels,
such as displacement or encasement, and also
help determine whether there is vascular invasion.

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the second
most common malignant liver tumor, accounting
for 35% of all primary hepatic malignancies. There
are 2 age peaks in the pediatric population: one
peak at 12 to 14 years of age and a second less-
frequent peak at 2 to 4 years of age.8 The typical
presentation is that of a palpable abdominal
mass. Conditions predisposing to cirrhosis, such
as biliary atresia, infantile cholestasis, hepatitis,
glycogen storage disorders, hemochromatosis,
hereditary tyrosinemia, a1-antitrypsin deficiency,
porphyria cutanea tarda, and Wilson disease, are
associated with an increased risk for developing
HCC.1,8 Elevation of serum a-FP levels is seen in
up to 80% of pediatric patients with HCC.20 Up
to 50% of patients present with metastases at
the time of diagnosis.21

Both focal and diffuse forms of HCC can be
encountered. In the focal form, smaller lesions,
generally not exceeding 3 cm in diameter, appear
on US as hypoechoic circumscribed foci, whereas
the larger lesions appear either hyperechoic or
heterogeneous. Up to 40% of these lesions show
internal calcifications with posterior shadowing.
On color Doppler interrogation, flow is seen at
the periphery of the lesion but without distortion
of the hepatic vasculature. On multiphase CT,
HCC appears as a mass showing precocious
enhancement in the arterial phase with rapid
subsequent washout on delayed imaging with
capsular enhancement.22 Invasion of hepatic
vessels can also be seen. On MR imaging, HCC
usually appears hypointense to isointense with
respect to liver parenchyma on T1-weighted
images and isointense to hyperintense on T2-
weighted images. On postgadolinium images, the
behavior of the lesions is as on CT, with early arte-
rial phase enhancement of the mass with rapid
washout and capsular enhancement on delayed
imaging.10 MRA is an excellent tool for depicting
neovascularity, tortuous feeding vessels, tumor
blush, and even signs of arteriovenous shunt.23

Fibrolamellar Carcinoma

This histologic variant of HCC is generally seen in
adolescents and young women. The appearance
on US is that of a well-circumscribed lobulated
mass of variable echogenicity containing a central
more-hyperechoic scar.24 On CT, calcifications
can be seen within these lesions. On multiphase
imaging, the arterial phase shows the central
scar, which can be hypervascular. Delayed portal
venous phase images can show the lesion as isoat-
tenuating, hypoattenuating, or hyperattenuating.
On MR imaging spin echo sequences, fibrolamellar
HCC appears hypointense on T1-weighted images
and hyperintense on T2-weighted images. The
internal scar appears as a central stellate region
that retains contrast on portal venous phase
images because of the slow washout.25 Because
this central scar is fibrous, the signal is low on
both T1- and T2-sequences, and this feature is
a key to distinguishing between this entity and FNH.

Undifferentiated Embryonal Sarcoma

Undifferentiated embryonal sarcoma (UES) is the
third most common hepatic malignancy, com-
prising 6% of all pediatric liver tumors. This tumor
typically presents as a rapidly growing abdominal
mass, sometimes associated with pain, in an older
child, usually 6 to 10 years.26 Metastatic disease,
when present, usually involves the lungs and
bones. A clinically important feature is that serum
a-FP levels remain in the normal range. According
to some investigators, UES is believed to be
the malignant counterpart of mesenchymal
hamartoma.27

The key imaging finding with this entity is that
there is discordance between the appearance on
US and on CT, with the former clearly solid with iso-
echoic or hyperechoic appearance and the latter
more as a well-delineated, multiseptated, fluid-
appearing structurewith enhancing solid septations
and a pseudocapsule. On MR imaging, UES has
a heterogeneous multiseptated cystic appearance,
with hypointense signal on T1-weighted images
and hyperintense signal on T2-weighted images.28

A pseudocapsule with peripheral enhancement,
because of compressed adjacent hepatic paren-
chyma, can also be seen in the early arterial phase
of imaging, whereas delayed images best reveal
any enhancing tumor nodules.8

Liver Metastases

Metastases to the liver (Figs. 8 and 9) are most
commonly from tumors arising from other intra-
abdominal organs. In children, the most common
tumors metastasizing to the liver are neuroblas-
toma and Wilm tumor.29

The main role of imaging is detection, character-
ization, and staging. The lesions tend to be
multiple. The US appearance can be variable but



Fig. 8. Metastases from neuroblastoma in 2 different patients. (A) CT image shows hypodense lesion in the right
hepatic lobe with significant associated retroperitoneal tumor. (B) Enhanced CT demonstrates large liver with
heterogeneous and hypodense parenchyma in keeping with diffuse metastatic disease from left adrenal
neuroblastoma.
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is more often hypoechoic. On CT, the appearance
is also protean but tends to be hypodense as
compared with adjacent liver parenchyma and
shows variable degrees of enhancement,8 all de-
pending on the primary tumor. The contrast-
enhanced appearance can vary from targetlike to
fairly intense and homogeneous enhancements.
MR imaging is a highly sensitive modality for the
detection of liver metastases, and it has been
shown to be more sensitive and more specific
than other modalities. The MR imaging character-
istics depend to a large extent on the tumor of
origin. On MR imaging, most liver metastases
Fig. 9. Metastases from desmoplastic small round cell tum
numerous vaguely hypoechoic mass lesions around the p
main portal vein and left branch portal vein. On CT im
Nodular masses in the region of the gastrohepatic ligame
with peritoneal implants.
display moderately hypointense signal on T1-
weighted images and moderately hyperintense
signal on T2-weighted images. Even tiny metas-
tases are often clearly depicted on nonenhanced
fat-saturated T2-weighted images because liver
metastases have extracellular matrices containing
abundant free water. Occasionally, metastases
with intratumoral hemorrhage or necrosis or those
containing mucin may show mixed signal intensity
on T1-weighted images, and those metastases
with intratumoral fibrosis or necrosis may exhibit
decreased signal intensity on T2-weighted
images.30
or in the left lower quadrant. US image (A) showing
eriphery of the liver and within the liver along the
age (B), the peripheral lesions appear extracapsular.
nt and along the anteromedial stomach are consistent
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An abdominal mass in a child in the first year of life
is usually of renal origin. The most common renal
masses in the perinatal period are nonneoplastic
and include hydronephrosis and multicystic dys-
plastic kidney. Only 20%of renalmasses in the first
year of life are true neoplasms.1 Themost common
solid neoplasm in this age group is themesoblastic
nephroma. Other neoplasms occur, but these are
far less common; these includeWilms tumor, rhab-
doid tumor of the kidney (RTK), and ossifying renal
tumor of infancy (ORTI). Beyond the first year of life
and during the first decade, primary tumors of the
kidney become more common. With the develop-
ment of new therapeutic regimens and standardi-
zation of treatment protocols, the cure rate for the
most common renal neoplasm, Wilms tumor, has
risen from 10% in 1920 to more than 90% today.2

This article reviews the role of imaging in the diag-
nosis, staging, and follow-up of children with renal
neoplasms. Pertinent epidemiologic, clinical, and
histopathologic considerations are reviewed, and
current recommendations for management are
presented.
WILMS TUMOR
Epidemiology

Wilms tumor is a malignant neoplasm that arises
from persistent embryonal tissue. It is the most
common abdominal malignancy in children.3 It
occurs with an annual incidence of 7.8 cases per
million children less than the age of 15 years.4

This is equivalent to approximately 400 to 500
newly diagnosed cases per year. There is no racial
or gender predilection. Approximately 80% of chil-
dren with this tumor present between 1 and 5 years
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of age, with a peak incidence between 3 and 4
years of age.5 In a large, multicenter, international
retrospective data review of 750 children diag-
nosed with a renal tumor in the first 7 months of
life, Wilms tumor was identified in 58%, making
this the most common tumor in this age group
(however, congenital mesoblastic nephroma was
more commonly seen in the first 2 months of
life).6 The most common presentation is an inci-
dentally discovered abdominal mass. Approxi-
mately 5% to 7% of patients with Wilms tumor
have bilateral disease.7 Most bilateral tumors
occur synchronously8; metachronous tumors do
occur, although these are less frequently diag-
nosed. One explanation is that metachronous tu-
mors are treated and cured with chemotherapy
before they can be diagnosed.9 Bilateral tumors
have been correlated with an earlier presentation,
a high incidence of associated congenital anoma-
lies, and a higher incidence of nephroblasto-
matosis than seen in unilateral Wilms tumor.8,10

Children with Wilms tumor and associated con-
genital anomalies tend to present at an earlier
age. Up to 12% of children with Wilms tumors
have associated congenital anomalies.10 The in-
cidence of coexistent genitourinary anomalies
is highest (5%), followed by hemihypertrophy
(2.5%) and aniridia (1%).10,11 Of those with genito-
urinary anomalies, children with cryptorchidism or
hypospadias have the strongest association with
Wilms tumor (2.8% and 1.8% respectively).11

Wilms tumor is 1.96 times more common in horse-
shoe kidney than in the general population
(Fig. 1).12 Wilms tumor has been reported to arise
in multicystic dysplastic kidneys; it has been sug-
gested that these kidneys should be monitored
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Fig. 1. (A C) Contrast enhanced transaxial abdominal CT with coronal and sagittal reformats in a 9 year old boy
with Wilms tumor of the left moiety of a horseshoe kidney.
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for any deviation from the normally expected
course of progressive involution.13,14

Children with hemihypertrophy have a 3% inci-
dence of Wilms tumor. These tumors may develop
ipsilateral or contralateral to the hypertrophy.8

Wilms tumor is the most common abdominal
neoplasm in children with Beckwith-Wiedemann
syndrome. The combined incidence of this and
other abdominal tumors (hepatoblastoma and ad-
renal cortical carcinoma) in this syndrome is
approximately 10%.15 Thirty-three percent of chil-
dren with sporadic aniridia develop Wilms tumor,
and these tumors are often bilateral.8 Other con-
genital anomalies associated with Wilms tumor
include theWAGRsyndrome (Wilms, aniridia, geni-
tourinary abnormalities, and retardation), Drash
syndrome16 (male pseudohermaphroditism, glomer-
ular disease, andWilms tumor), Bloom syndrome17

(diminished growth and immunity, facial telangiec-
tasia), trisomy,17,18 and imperforate anus with rec-
tourethral fistula.19 There is a 3% incidence of
musculoskeletal malformations (club foot, rib
fusion,hipdysplasia) inchildrenwithWilms tumor.20
Histopathology

The gross appearance of a Wilms tumor is that of
a large, bulky, solidmass surrounded by a pseudo-
capsule of compressed renal parenchyma. Foci of
hemorrhage, necrosis, and cyst formation are
commonly found, especially if the tumor is large
or has previously been treated with radiation or
chemotherapy. Tumors tend to arise in the per-
iphery of the kidney, sparing the central collecting
system. This location may account for the large
size (approximately 500 g) these tumors attain
before diagnosis, because findings of gross hema-
turia and compromised renal function are usually
lacking. Wilms tumor uncommonly may arise
from the renal pelvis or calyces as a polypoid
lesion. The incidence of hematuria in these chil-
dren is stated to be much greater than in those
with the more typical parenchymal origin of Wilms
(87% vs 25%) and, in contrast with classic Wilms
tumor, only 37.5% present with an abdominal
mass.21 Most Wilms tumors arise in a single loca-
tion within the kidney, although they may occa-
sionally be multicentric in origin. If 2 or more
masses are discovered within the same kidney,
there is a greater likelihood of nephroblastomato-
sis in the contralateral kidney.22

Extrarenal Wilms tumors are rare. They are
believed to arise from extrarenal displacement of
metanephric or mesonephric rests.23 The most
common extrarenal locations are within the retro-
peritoneum, inguinal region, pelvis, and thorax.
Their behavior and histology are identical to an in-
trarenal tumor location. The mean age at diagnosis
is 3.6 years.24

The classic Wilms tumor shows triphasic
histology, containing epithelial (tubular, glomerular),
blastemal (small round cells), and stromal (spindle,
myxoid) cell lines. However, not all tumors contain
all cell lines, and theproportion aswell as thedegree
of differentiation of cell lines is highly variable from
one tumor to the next.25 The prognosis of children
with Wilms tumor is heavily dependent on the pres-
ence of anaplasia. A Wilms tumor with favorable
histology lacks anaplastic changes, whereas one
with unfavorable histology shows extreme nuclear
and mitotic atypia characteristic of anaplasia.
Approximately 90% of Wilms tumors are of favor-
able histology. The distribution of anaplasia (focal
vs diffuse), rather than absolute quantity, has been
found to be a more sensitive indicator of clinical
outcome in Wilms tumor; it has been found to be
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more significant than tumor staging in assigning
a prognosis.26 Anaplastic histology generally pre-
dicts apoor response tochemotherapy and is asso-
ciated with an increased risk of recurrent disease.27
Box 1
National Wilms Tumor Study Group staging system f

Stage I (43% of patients)

� In stage I tumor, all of the following criteria must b

� Tumor is limited to the kidney and is completely
� The renal capsule is intact.
� The tumor is not ruptured or biopsied before rem
� No involvement of renal sinus vessels.
� No evidence of tumor at or beyond the margins

Stage II (20% of patients)

� In stage II Wilms tumor, the tumor is completely r
beyond the margins of resection. The tumor exten
following criteria:

� There is regional extension of tumor (ie, penetrat
of the soft tissues of the renal sinus).

� Blood vessels within the nephrectomy specimen
the renal sinus, contain tumor.

(Note: rupture or spillage confined to the flank, inclu
stage II and is now included in stage III.)

Stage III (21% of patients)

� In stage III Wilms tumor, there is residual nonhema
confined to the abdomen. Any 1 of the following

� Lymph nodes within the abdomen or pelvis are in
thorax or other extra-abdominal sites is a criterio

� The tumor has penetrated through the peritone
� Tumor implants are found on the peritoneal surf
� Gross or microscopic tumor remains after surge

surgical resection on microscopic examination).
� The tumor is not completely resectable because
� Tumor spillage occurs either before or during su
� The tumor is treated with preoperative chemothe

biopsy, or fine needle aspiration) before remova
� The tumor is removed inmore than 1 piece (eg, tu

gland; a tumor thrombus within the renal vein is
imen). Extension of the primary tumor within ven
ered stage III, even though outside the abdomen

Stage IV (11% of patients)

� In stage IV Wilms tumor, hematogenous metastase
tases outside the abdominopelvic region are pres
gland is not interpreted as metastases and staging d

Stage V (5% of patients)

� In stage V Wilms tumor, bilateral involvement by tu
made to stage each side according to the criteria lis
4-year survival is 94% for those patients whose mos
those whose most advanced lesion is stage III.

Reprinted from National Cancer Institute: PDQWilms tumor a
MD: National Cancer Institute. Date last modified February 8
treatments/Wilms/HealthProfessional. Accessed August 7, 20
Anaplastic changes are found in 4% of Wilms
tumors. Anaplastic Wilms tumor occurs in an older
age group and is associatedwith a higher incidence
of lymph node metastases at diagnosis.28
or Wilms tumor

e met:

resected.

oval.

of resection.

esected, and there is no evidence of tumor at or
ds beyond the kidney as shown by any 1 of the

ion of the renal sinus capsule or extensive invasion

outside the renal parenchyma, including those of

ding biopsy of the tumor, is no longer included in

togenous tumor present following surgery that is
may occur:

volved by tumor. (Lymph node involvement in the
n for stage IV.)
al surface.
ace.
ry (eg, tumor cells are found at the margin of

of local infiltration into vital structures.
rgery.
rapy and was biopsied (using Tru-cut biopsy, open
l.
mor cells are found in a separately excised adrenal
removed separately from the nephrectomy spec-
a cava into thoracic vena cava and heart is consid-
.

s (lung, liver, bone, brain), or lymph node metas-
ent. (The presence of tumor within the adrenal
epends on all other staging parameters present.)

mor is present at diagnosis. An attempt should be
ted earlier according to the extent of disease. The
t advanced lesion is stage I or stage II, and 76% for

nd other childhood kidney tumors treatment. Bethesda,
, 2011. Available at: http://cancer.gov/cancertopics/pdq/
09.
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Staging of Wilms tumor incorporates issues of
surgical resectability and local and distant spread
as determined by imaging and microscopic evalu-
ation (Box 1).29 Wilms tumor may extend into
contiguous vascular structures. Extension into
the ipsilateral or contralateral renal vein is com-
mon. Propagation of tumor thrombus into the infe-
rior vena cava or right atrium has been reported to
occur in 4.1% of patients with Wilms tumor; of
these, 21% show atrial extension.30 Caval th-
rombus may extend into its tributaries, including
the gonadal, adrenal, and hepatic veins. Extension
into the hepatic veins may result in the Budd-Chiari
syndrome.31 Imaging plays a major role in the
documentation of intravascular propagation of tu-
mor thrombus and may alter surgical management
considerably. Despite having to undergo a surgi-
cally difficult procedure, those children with atrial
tumor thrombus tend to have a good prognosis.32

Wilms tumor often metastasizes to regional lymph
nodes within the renal hilum and periaortic chain.
Hematogenous dissemination typically is to the
lungs and, less often, to the liver. Bonemetastases
are rare. Most tumors with skeletal metastases
previously classified as clear cell and rhabdoid
variants of Wilms tumor are now classified as
distinct neoplasms manifesting different biologic
behaviors.33,34

Clinical Features

Most children with Wilms tumor appear to be in
good health. Constitutional symptoms usually are
lacking, although occasionally these children
present with weight loss, diminished appetite,
andmalaise. Children withWilms tumor most often
present with a palpable abdominal mass. This
Fig. 2. (A, B) Sagittal sonographic images show a Wilms t
nous echotexture and is well defined. Note the claw si
vascular displacement.
presentation occurs with an incidence of between
75% and 95%.29 Approximately 25% of children
with Wilms tumor present with microscopic
hematuria.21 Gross hematuria is uncommon;
when present it may signify invasion of the collect-
ing system from a primary parenchymal lesion or,
less commonly, tumor arising from the renal pelvis
proper.21 Hypertension is present in 25% of
patients with Wilms tumor and has been shown
to be directly related to increased rennin produc-
tion by tumor cells.35

Diagnostic Imaging

Typical radiographic findings in patients with
Wilms tumor are nonspecific and include a large
flank mass with obliteration of the psoas shadow
and displacement of gas-distended bowel loops.
Calcifications may be identified in approximately
9% of tumors.36

Sonographic evaluation of Wilms tumor shows
a large mass of homogeneous echogenicity inter-
rupted by hypoechoic (or frankly cystic) regions as
well as regions of increased echogenicity. These
regions correspond with foci of tumor necrosis
and calcium or fat deposition, respectively. The
periphery of the tumor is typically well demarcated
(Fig. 2). The tumor-kidney interface may be sharply
definedbyanechogenic rimcorrespondingwith the
tumor pseudocapsule or by a hypoechoic band of
compressed renal parenchyma.37 The ipsilateral
renal vein and inferior vena cava should be exam-
ined for tumor thrombus; its presence may alter
the clinical staging and surgical approach, espe-
cially if there is involvement of the supradiaphrag-
matic vena cava or right atrium. Such patients may
benefit from chemotherapy before nephrectomy to
umor of the right kidney. The tumor shows heteroge
gn of compressed renal parenchyma superiorly, and
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promote shrinkage of the intravascular tumor and
facilitate subsequent surgical removal. The contra-
lateral kidney must be carefully inspected for
synchronous tumor or congenital anomalies; unilat-
eral agenesis or ureteropelvic junction obstruction
may alter operative management.

Abdominal computed tomography (CT) scan is
more sensitive than ultrasound in identifying tumor
extent and nodal and liver involvement.38 However,
its specificity for Wilms tumor is low because
imaging features may show considerable overlap
with those of non-Wilms tumor.39 Wilms tumor is
seen as a large, well-defined mass of heteroge-
neous attenuation. Areas of low attenuation coin-
cide with tumor necrosis and/or fat deposition.
Calcifications may be identified on precontrast
studies. There is minimal enhancement of tumor
tissue relative to the adjacent rind of compressed
renal parenchyma (Fig. 3). Capsular invasion may
be suggested by a pattern of exophytic growth
and contour irregularity.10 CT scan may identify
regional adenopathy, although it cannot differen-
tiate tumor replacement from reactive adenopathy.
Acute hemorrhage within a Wilms tumor may be
seen as a fluid-fluid level. As with ultrasound,
contrast-enhanced CT scan allows evaluation of
the renal veins and inferior vena cava for tumor
thrombus. It has been reported to be slightly less
sensitive than ultrasound, although data from the
National Wilms Tumor Study (NWTS)-III reveal
that neither modality is sensitive in showing tumor
thrombus.30

Chest CT scan has been shown to be superior to
plain films in the detection of lung metastases from
Wilms tumor. CT scan can identify lesions not
visible on chest radiography and is more sensitive
in the detection of calcifications within a nodule
(Fig. 4).10,40 However, the role of chest CT in the
initial staging of Wilms tumor has historically
been widely debated.41,42 It was designated as
Fig. 3. (A C) The same patient as in Fig. 2. Contrast enhan
tion showing a large Wilms tumor of the right kidney with
chyma indicating slowly progressive growth. Note hetero
an elective study in the NWTS-IV. It was required
in the NWTS-V protocol, although all discordant
lesions (eg, those that are visible only on CT
scan) were ignored and were not considered in
staging and management decisions.40 Current
Central Oncology Group (COG) protocols call for
the use of chest CT for documentation and
follow-up of pulmonary metastases.43

MR imaginghasbeen shown tobeavaluable tool
in Wilms tumor imaging. As with CT scan, it can
accurately identify the primary tumor and its renal
origin, although it cannot distinguish betweenWilms
tumor and other primary intrarenal neoplasms
found in a similar age group.MR imaging can accu-
rately assess tumor size, gross composition, and
regional spread, although, as with all other imaging
modalities, it cannot define subtle capsular
invasion.44,45 Wilms tumor shows signal intensities
consistent with prolonged T1 and T2 relaxation
times. The tumor typically appears of heteroge-
neous signal intensity because of the presence of
blood, tissue necrosis, fat, and cystic change.
Gadolinium-enhanced T1-weighted images show
inhomogeneous enhancement of tumor tissue
with an overall diminished enhancement pattern
relative to the brightly enhancing normal renal
tissue. Tumor borders are more accurately defined
following contrast administration.

MR imaging cannot differentiate tumor-replaced
regional lymph nodes from those that are enlarged
because of reactive hyperplasia; in either case,
they show the same signal intensity as the primary
tumor.44 MR imaging can accurately identify the
presence of liver metastases and caval thrombus.
Weese and colleagues46 compared MR imaging,
CT, and ultrasound in the detection of tumor
thrombus and found MR imaging to be superior
to other modalities. Advantages compared with
US and CT scan include the use of specific flow
sequences in the search for tumor thrombus and
ced abdominal CT with coronal and sagittal reforma
a characteristic claw sign of compressed renal paren

geneous internal architecture and caval displacement.



Fig. 4. (A C) Contrast enhanced abdominal CT showing a large heterogeneous mass of the left kidney with
pulmonary metastases consistent with a stage IV Wilms tumor.
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multiplanar imaging in evaluating caval displace-
ment by tumor; vessel examination is not
hampered by overlying bowel gas as may be the
case with US.44

Screening is recommended for those children
at high risk for developing Wilms tumor. These
children include those with sporadic aniridia, hemi-
hypertrophy, Beckwith-Wiedemann syndrome, Dr-
ash syndrome, WAGR, and nephroblastomatosis.
US is the modality of choice and should be per-
formed every 3 to 6 months until the child is
between 6 and 10 years of age.10 CT scan is the
modality of choice for surveillance of children with
resectedWilms tumors.Most relapses occurwithin
the chest and abdomen,47 and 94% of relapses
occur within the first 2 years following diagnosis.48

It is therefore recommended that CT scan of the
chest and abdomen be performed 3 times per
year for 2 years following initial diagnosis.10

Management

Nephrectomy followed by postoperative adjuvant
chemotherapy remains the mainstay of treatment
of unilateralWilms tumor inNorthAmerica.Because
recent treatment methods have produced consis-
tently high levels of disease-free survival, current
COG protocols are intended to refine chemothera-
peutic regimens to reduce overall morbidity.
The type of chemotherapy and the need for

additional abdominal orwhole lung irradiation varies
according tohistologicgrade, stageatpresentation,
biologic markers such as loss of heterozygosity at
chromosomes 1p and 16q, and response to initial
treatment.49 Chemotherapy may be administered
before surgery to facilitate resection of tumor asso-
ciatedwith caval and/or atrial tumor thrombus.50 By
promoting tumor shrinkage, preoperative chemo-
therapy has also allowed resection of tumors initially
considered unresectable from imaging findings.
Radiation to the tumor bed and across the midline
may be used in certain circumstances, and whole-
abdominal radiation is used in the setting of gross
tumor spillage at surgery and/or peritoneal tumor
implants. Treatment of bilateral Wilms tumors is
conservative; rather than unilateral nephrectomy
(the kidney with the largest tumor burden) and
parenchyma-sparing resection of the other kidney,
the current surgical approach is to attempt bilateral
kidney salvage through directed, imaging-guided
excision.51 This approach has resulted in a 4-year
survival, which is comparable with the previous
surgical approach, and provides the additional
benefit of a lower incidence of complicating renal
failure.50

It is noteworthy that, in Europe, staging and initial
management of patients with Wilms tumor is ac-
cording to the Single Integrated Operational Plan
(SIOP) protocol, which involves neoadjuvant
chemotherapy for presumed Wilms tumor based
on characteristic imaging findings, followed by
nephrectomy. In a review of Wilms tumor manage-
ment, Sonn and Shortliffe49 describe several ad-
vantages of the SIOP protocol including the
reduction of tumor volume and diminished risk of
intraoperative rupture. Furthermore, these investi-
gators comment on reported tumor downstaging
that may occur with preoperative chemotherapy.
Criticisms of this approach include the poten-

tial for an incorrect initial imaging diagnosis of
Wilms tumor and the institution of inappropriate
therapy, as well as the potential for undertreat-
ment owing to incorrect tumor staging following
chemotherapy.50

NEPHROBLASTOMATOSIS
Epidemiology

Nephrogenic rests represent islands of primitive
blastemal elements that persist in the kidneys
beyond 36 weeks’ gestation and have the potential
of malignant transformation into Wilms tumor.
Nephroblastomatosis is defined as the presence
of multifocal or diffuse nephrogenic rests.22 It has
been identified in 41% of patients with unilateral
Wilms tumor and in 94% and 99% of meta-
chronous and synchronous bilateral tumors, re-
spectively.22 Perilobar nephrogenic rests (PLNR)
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are associated with such entities as Beckwith-
Wiedemannsyndrome,Perlmansyndrome, trisomy
18, and hemihypertrophy. Intralobar nephrogenic
rests are less common than the perilobar type,
although there is a higher association with Wilms
tumor. These rests are found in association with
sporadic aniridia, WAGR syndrome, and Denys-
Drash syndrome.52 Nephrogenic rests have been
noted in fewer than 1% of normal perinatal
autopsies.53

Histopathology

Nephrogenic restsmay be classified as perilobar or
intralobar from their location. Perilobar rests lie
within the peripheral cortex or columns of Bertin.
Theymay be unifocal, multifocal, or diffuse in distri-
bution and are further subdivided into dormant,
sclerosing, hyperplastic, or neoplastic types.
Dormant and sclerosing rests are not considered
premalignant. The finding of perilobar nephrogenic
rests is associated with a 1% to 2% incidence of
Wilms tumor; the incidence of Wilms tumor in
kidneys with intralobar nephrogenic rests is 4% to
5%.54 Nephrogenic rests may become grossly
visible with hyperplastic or neoplastic transforma-
tion. Histologically, hyperplastic nephrogenic rests
may be identical to Wilms tumor. The absence of
a fibrous pseudocapsule may help to distinguish
these from a small Wilms tumor.55

Imaging

Sonographic evaluation of the kidneys for nephro-
blastomatosis lacks the sensitivity of CT scan and
MR imaging.52 The affected kidney(s) may be
enlarged and have an indistinct corticomedullary
junction. It may contain focal areas of diminished
echogenicity or may be diffusely hypoechoic,
Fig. 5. (A, B) A 3 year old with bilateral DHPLN. Both kidn
hancing/poorly enhancing nephrogenic rests. Note norma
corresponding with focal or diffuse nephro-
blastomatosis.56 Differential diagnosis of diffuse
nephroblastomatosis on ultrasound includesWilms
tumor, renal lymphoma, leukemia, and polycystic
kidneys.

CT scan with contrast enhancement shows
a pattern of poorly enhancing peripherally based
lesions in cases of focal perilobar nephroblastoma-
tosis. In cases of diffuse hyperplastic perilobar
nephroblastomatosis (DHPLN), CT scan show
diffuse rindlike proliferation and therefore enlarge-
ment of the kidney(s) with homogeneously poor
enhancement compared with the attenuated but
otherwise normal renal tissue (Fig. 5).57 MR im-
aging of nephroblastomatosis reveals diminished
signal intensity relative to normal renal cortex on
all imaging sequences. There is variability of signal
intensity within the histologic subtypes, and the
higher signal intensity of the highly cellular, hyper-
plastic, and neoplastic subtypes (isointense to
Wilms tumor) contrasts with the hypointense foci
of sclerotic nephroblastomatosis.54 MR short-tau
inversion recovery sequences therefore show the
bright signal intensity of DHPLN and Wilms tumor
as contrasted with the low signal intensity of scle-
rotic PLNR. Gadolinium enhancement adds to the
conspicuity of these lesions. Foci of nephroblasto-
matosis show a uniformly nonenhancing pattern
following gadolinium administration; this contrasts
with the heterogeneous pattern of enhancement
seen with Wilms tumor and may serve to differen-
tiate the two.54,57 In a study of 12 patients with
nephroblastomatosis, the overall sensitivity of
gadolinium-enhanced MR imaging in lesion detec-
tion was 57%.54 Wilms tumors tend to take on
a rounded contour; this may further help to distin-
guish these from the lenticular shape of nephro-
genic rests.57
eys are enlarged by a thick peripheral rind of nonen
l enhancement of compressed renal parenchyma.
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Management

Imaging plays an important role in the manage-
ment of children with nephrogenic rests because
many cannot be reliably identified at surgery.
Patients are followed by imaging for a minimum
of 7 years, at a maximal interval of 3 months.43 A
biopsy may not be able to distinguish these from
Wilms tumor. Nephroblastomatosis in conjunction
with Wilms tumor is treated according to the stage
of the tumor, as per the NWTS protocol.
Although nephrogenic rests may spontaneously

involute, current recommendations for treatment
of nephrogenic rests call for chemotherapy with
vincristine and dactinomycin. Even with treatment,
Wilms tumor develops in approximately 50% of
these children within an average of 36 months
following diagnosis. Of these, approximately
33% are of anaplastic histology, perhaps because
of selection of chemotherapy-resistant tumors.43

These patients, therefore require close follow-up
for lesion transformation. Bilateral nephrogenic
rests that attain a larger size on follow-up exami-
nations are excised surgically with sparing of
normal renal tissue.

CLEAR CELL SARCOMA OF THE KIDNEY
Epidemiology

Formerly considered a highly aggressive variant of
Wilms tumor, clear cell sarcoma of the kidney
(CCSK) is now recognized as a distinct tumor
from a histologic and clinical standpoint. This
tumor was first described in 1970 by Kidd, who
noted its tendency to metastasize to bone.58,59

Clear cell sarcoma represents approximately 4%
of all childhood renal neoplasms and has a marked
male predilection.60 It has been reported in chil-
dren as young as 3 days of age and in adults as
old as 57 years; however, its peak incidence is
similar to that of Wilms tumor and lies between 3
and 5 years, or slightly younger.61 As distinct
from Wilms tumor, CCSK has not been reported
in association with sporadic aniridia, hemihyper-
trophy, or nephroblastomatosis. There have been
no reports of bilateral tumors.25

Histopathology

The classic histologic pattern (90%) consists of
nests/cords of ovoid, epithelioid, or spindled cells
with bland nuclei separated by a distinctive, evenly
spaced fibrovascular network that hasbeen likened
to a chicken-wire appearance.55 On gross inspec-
tion, these tumors are solid, but may contain cystic
areas andmaymimicmultilocular cystic nephroma.
They do not have a pseudocapsule and tend to infil-
trate the normal adjacent renal parenchyma.62
Recently, a translocation t(10;17) and deletion 14q
have been described in CCSK, suggesting that
they may play a role in its pathogenesis.63

Metastatic disease at presentation is uncommon,
in contrastwithWilms tumor.Another differentiating
feature, historically, has been its propensity to
metastasize to bone, in addition to local nodal
spread and pulmonary metastases. Metastases to
thebrain have also been reported andmayhave ex-
ceeded bonemetastases as themost common site
of recurrence in recently released reports from the
NWTS-5 and SIOP93-01/GPOH.64

Imaging

There are no specific imaging features of CCSK to
help distinguish it from Wilms tumor. Both tumors
are seen as heterogeneous masses of renal origin
on US, CT scan, and MR imaging. They may
enhance and contain foci of cystic necrosis.65 Ex-
tracapsular tumor spread occurs in approximately
70% of patients. In contrast with Wilms tumor,
extension into the renal vein is rare and occurs in
less than 5% of cases.66 Skeletal metastases
have been variably described as having an osteo-
lytic or osteoblastic appearance.67

Management

The approach to treatment of children with CCSK
differs considerably from treatment of Wilms
tumor with favorable histology. Current standard
of care following nephrectomy and lymph node
dissection is based on results from the NWTS-5.
For stages I to IV, this includes a 4-drug regimen
of vincristine, doxorubicin, cyclophosphamide,
and etoposide. Overall survival is 100% for stage
I tumor, 97% for stage II, 87% for stage III, and
45% for stage IV tumor.58 In previous years,
long-term relapses (up to 10 years) were common-
place but, with current chemotherapeutic regi-
mens, relapses after 3 years are uncommon.68

RHABDOID TUMOR OF THE KIDNEY
Epidemiology

RTK is the most aggressive malignant neoplasm of
the kidney in children, and accounts for 2% to 3%
of all renal neoplasms in theNWTS.69 Its name is de-
rived from a histologic similarity to skeletal muscle.
AlongwithanaplasticWilmsandCCSK, it is included
in the unfavorable histology category of theNWTS. It
isseenonly inchildhood,withmostcasesdiagnosed
during the first year of life. There is a slight male
preponderance.69 Fever and gross hematuria are
presenting symptoms in approximately 50% to
60% of these patients, respectively.70 Hypercal-
cemia secondary to increased parathormone levels
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hasalsobeen reportedasanunusual clinical finding;
this usually resolves spontaneously following tumor
resection.71

Histopathology

Unlike Wilms tumor, RTK usually arises from the
central medullary portion of the kidney and
involves the renal hilum.33 These tumors often
are large at presentation (>9 cm) and spread
throughout the renal parenchyma. Invasion of
the renal vein is common. Metastatic spread to
the lungs and liver is common, as with Wilms
tumor, and metastases to the brain and skeleton
also have been reported.69 An association of RTK
with synchronous or metachronous embryonal
tumors of the central nervous system is distinc-
tive to this type of renal tumor.52 These tumors
are mostly of posterior fossa origin and include
medulloblastoma and primitive neuroectodermal
tumor.72

Imaging

These tumors have a similar appearance to Wilms
tumor and, in most instances, they are indistin-
guishable from each other. Several distinguishing
features are suggested: the presence of subcap-
sular fluid (44%), tumor lobules separated by
areas of low-density hemorrhage or necrosis
(44%), and calcifications outlining tumor lobules
may suggest the diagnosis of RTK (Fig. 6).33

Subcapsular fluid collections, representing tumor
necrosis or hemorrhage, are noted in 50% to 70%
of cases. Although these collections are charac-
teristic, they may also be found in those with
Wilms tumor and CCK.59 The finding of a centrally
located tumor with involvement of the hilum is
characteristic.33,69 Local or distant dissemination
and/or vascular invasion may be detected on
cross-sectional imaging, although this does not
Fig. 6. (A, B) Rhabdoid tumor of the right kidney. Note cu
(Courtesy of Archana Malik, MD.)
serve to distinguish RTK from other primary renal
neoplasms of children.

Management and Prognosis

Of all primary pediatric renal tumors, the prognosis
of children with RTK is the poorest. Most patients
present with advanced stage disease (stage III–IV).
A young age at presentation has been correlated
with a poorer outcome.70 There is a high rate of
local tumor recurrence following surgical resec-
tion. An 80% mortality was reported in a series
of 111 children with RTK.69 Of 31 patients with
RTK reported by the NWTS-III, there was a 4-
year survival rate of only 25%.48

PRIMITIVE NEUROECTODERMAL TUMOR
OF THE KIDNEY
Epidemiology

Primitive neuroectodermal tumor (PNET) of the
kidney is a rare, small, round cell tumor belonging
to the Ewing family of tumors. The mean age at
diagnosis is 24years.Clinical presentation includes
flank pain, hematuria and a palpable mass, in
declining order.73 Metastases are most often to
the regional lymph nodes, lung, liver, and bone.

Histopathology

PNET of the kidney usually presents as a large
mass with the cut surface showing foci of hemor-
rhage and necrosis. The tumor may be surrounded
by a fibrous capsule and may contain calcifica-
tions. The histologic hallmarks of PNET are small,
round to ovoid hyperchromatic cells often ar-
ranged in nests, with the formation of rosettes or
pseudorosettes.73 Ewing sarcoma and PNET
share a common and unique t(11;22) chromo-
somal translocation that produces the EWS-FLI1
fusion gene, which acts as a transcription factor
to drive cellular proliferation.74
rvilinear calcifications and subcapsular fluid (arrows).
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Imaging

There are no specific imaging findings for PNET
of the kidney. The tumor may be isoechoic/
hypoechoic to normal renal parenchyma on so-
nography. CT shows large mixed-density lesions
with mild to moderate enhancement. On MR
imaging, these tumors appear isointense or hy-
opintense on T1-weighting imaging, and het-
erogeneous on T2-weighted imaging, owing to
foci of necrosis and hemorrhage (Fig. 7).73 Calci-
fications may occur, but are uncommon. Tumor
tissue may extend to the renal vein and inferior
vena cava. There may be invasion of the liver
and psoas muscle. Regional lymphadenopathy
is noted. These tumors do not cross the
midline.75

Management and Prognosis

Treatment of renal PNET is by a combination of
radical nephrectomy, multidrug chemotherapy,
and radiation. Despite this, prognosis is poor,
with 25% to 50% of patients presenting with meta-
static disease and a 5-year disease-free survival of
45% to 55%.74
Fig. 7. (A C) A 15 year old girl with PNET of left kidney. No
of residual functioning kidney, and extension across midli
depicting the posterior and superior extent of this tumo
weighted imaging.
OSSIFYING RENAL TUMOR OF INFANCY
Epidemiology

ORTI is a rare, benign renal tumor that, along with
congenital mesoblastic nephroma and Wilms
tumor, comprises most of the tumors occurring
in infancy. It was first described by Chatten and
colleagues76 and, since then, only 11 cases have
been reported.77 Age at presentation is from 9
days to 6 months. Gross hematuria has been re-
ported to be a characteristic presentation. Boys
are more commonly affected than girls and the
left kidney has been found to be involved more
commonly than the right (9 of 11 cases).52

Histopathology

This tumor is believed to arise from the urothelium
within the papillary region of the renal pyramids. It
then extends into the collecting system of the
kidney in a polypoid fashion. It is usually less
than 2 to 3 cm in diameter. Microscopic analysis
shows 3 components: osteoblasts and spindle
cells surrounding an osteoid core.77 Mature
osteoid elements are said to be more character-
istic of older patients.
te heterogeneous attenuation, anterior displacement
ne to encase aorta. (D, E) Coronal CT and MR imaging
r. Note the heterogeneous signal intensity on MR T1
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Speculation regarding the origin and natural
course of these lesions include the ossifying
potential of urothelial cells, and a similarity of the
spindle cell component to intralobar nephrogenic
rests.52 It is hypothesized that these lesions may
therefore lie within the pathologic spectrum of
Wilms tumor, although no cases of this transition
have been reported to date.52

Imaging

Abdominal ultrasound may show an echogenic,
shadowing mass with or without associated
hydronephrosis.

On contrast-enhanced CT imaging, ORTI most
often appears as a calcified (ossified) renal mass
within the collecting system, having the appear-
ance of a staghorn calculus (Fig. 8).52 Filling
defects may be seen within the outline of the
contrast-filled collecting system in lieu of, or in
combination with, these calcifications. There may
be partial obstruction of the collecting system.
This tumor typically does not distort the renal
outline and shows poor contrast enhancement.

Management and Prognosis

ORTI is considered a benign tumor and has been
historically treated with nephrectomy or partial
nephrectomywithout chemotherapy or radiation.78

There have been no incidences ofmetachronous or
contralateral Wilms tumor to date.

RENAL MEDULLARY CARCINOMA
Epidemiology

Renal medullary carcinoma (RMC) is a recently
described, highly aggressive tumor seen almost
exclusively in patients with sickle cell trait or sickle
SC disease. The age range at presentation is 10
Fig. 8. ORTI, left kidney. Note the central ossified
density (arrow). (Courtesy of Archana Malik, MD.)
to 39 years. It presents with a triad of clinical symp-
toms including hematuria, flank pain, and a pal-
pable mass. In children, male/female ratio is 3:1.
Gender predilection disappears beyond 25 years.
Recent reports have postulated a relationship bet-
ween chronic hypoxia and tumor development.79

Histopathology

These tumors arise at the renal pelvic-mucosal
interface and rapidly proliferate to fill the renal
pelvis and invade adjacent vessel and lymphatics.
Intrarenal satellite lesions have been found in
many resected specimens.80 These tumors are
variable in architecture, containing drepanocytes
(sickle cells), foci of hemorrhage and necrosis,
and prominent stromal desmoplasia with
inflammation.

Imaging

A review of the CT and MR imaging findings of
RMC describes features that are considered to
be characteristic, including a centrally located
lesion with invasion of the renal sinus, peripheral
caliectasis, and retroperitoneal lymphadenopat-
hy.81 In this series of 6 patients with RMC, Blitman
and colleagues81 reported on the similarity in
radiographic appearance of these lesions. All
were right sided and showed an infiltrative pattern
with obstructive caliectasis. Most lesions ex-
hibited regional lymphadenopathy, hemorrhage,
and necrosis. A reniform outline was usually
maintained.

MR imaging is felt to be slightly superior to CT
scan because of its multiplanar capability in the
assessment of parenchymal extent and nodal
invasion. MR imaging is also felt to be superior in
showing intratumoral hemorrhage and liver
metastases.81 Evaluation with ultrasound exclu-
sively is cautioned because of alterations in renal
echogenicity that may be attributed to other, non-
neoplastic lesions.81,82

Management and Prognosis

The overall survival in patients with RMC is dismal.
In a review of 28 published cases from 1995 to
2003, survival averaged 32 weeks (range 2–68
weeks) from diagnosis.83 In a more recent series
of 9 patients, overall survival ranged from 4 to 16
months using a variety of chemotherapeutic
regimens.80

CONGENITAL MESOBLASTIC NEPHROMA

Congenital mesoblastic nephroma (CMN) is the
most common solid renal tumor in the newborn
period. This tumor is now recognized as a distinct



Fig. 9. Ultrasound of mesoblastic nephroma. Longitu
dinal image of the left kidney shows a well
circumscribed solid mass of mixed echogenicity within
the inferior pole.
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entity from Wilms tumor, characterized by a more
benign clinical behavior and lack of the malignant
epithelial components typical of Wilms tumor.25 It
is considered a predominantly benign lesion, but
one with some malignant potential.

Epidemiology

The tumor usually presents as a palpable abdom-
inal mass in young infants, with a mean age at
presentation of approximately 3 months. Hema-
turia is occasionally noted.84 There is a male pre-
dominance. Unusual presenting findings include
hypercalcemia85 and hemorrhagic cyst.86 Hyper-
tension caused by hyperreninism has been re-
ported in 9 cases, 6 of whom were neonates.87

The tumor often is congenital and may be associ-
ated with maternal polyhydramnios (10%), be-
lieved to be related to impaired gastrointestinal
function, increased renal blood flow, or impaired
renal concentrating ability, with or without
hypercalcemia.88

Histopathology

The tumors may be large (8–30 cm) and may
replace much of the normal kidney. They tend to
infiltrate locally, have poorly defined margins,
and lack a capsule.89,90 Microscopically, the
tumors are composed of benign connective tissue
and mature spindle cells that infiltrate between,
and tend to entrap, intact nephrons.89 A more
aggressive variant of this tumor is more densely
cellular, with a high number of active mitoses;
this variant occurs primarily in infants older than
3 months and carries a less favorable prognosis
with greater potential for local recurrence and
metastasis.10 Necrosis is uncommon except with
this more aggressive variant.

Imaging

Ultrasound characteristically shows a well-
defined, solid renal mass, which is usually homo-
geneous in echotexture, unless there is associated
hemorrhage or necrosis (Fig. 9). CT scan is impor-
tant to show the mass and nodal metastases, foci
of calcification, and fat. MR imaging shows low
signal intensity on T1-weighted images and high
signal intensity on T2 weighting. These findings
may be indistinguishable from those of Wilms
tumor. Because of entrapment of renal tissue or
urine within the mass, there is occasional contrast
excretion within the mass on cross-sectional
imaging.10 Following resection, imaging plays
a role in evaluation for local recurrence or distant
metastases, particularly in children with the more
aggressive, cellular subtype of tumor.
Management and Prognosis

Therapy consists of nephrectomy, with wide
margins to ensure adequate resection of the infil-
trative tumor. With the conventional, benign type
of histology, prognosis is excellent and generally
no further therapy is required.84 In patients with
the cellular subtype of mesoblastic nephroma,
there is the potential for metastasis or local recur-
rence, which is greater when diagnosis and resec-
tion have occurred after the age of 3 months.25 In
such patients, chemotherapy may be indicated,
particularly when there is extensive local invasion
or recurrence following resection. Multimodal
treatment (surgery, radiation, and chemotherapy)
may rarely be necessary in patients with distant
metastases.84

MULTILOCULAR CYSTIC RENAL TUMOR

The term multilocular cystic renal tumor refers to 2
types of generally benign renal tumors: cystic
nephroma (CN) and cystic poorly differentiated
nephroblastoma (CPDN).91 These are well-
circumscribed, discrete lesions consisting entirely
of cysts and septae, without solid tumor compo-
nents except for the septae. These lesions are at
one end of a spectrum of nephroblastoma, but
behave in a benign fashion.92 These tumors follow
a generally benign course; nephrectomy alone
usually is curative, and no adjunctive chemo-
therapy is recommended.

Epidemiology and Clinical Features

The lesion presents as an abdominal mass in
a young child between the ages of 3 months and
4 years. Most children present in the first 2 years
of life, with a male predominance; boys are almost
always less than 4 years of age. Girls usually are
more than 4 years old and show a biphasic age
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distribution: 4 to 20 years of age and fifth to sixth
decades. The most common symptom in children
is a painless abdominal mass. The mass may
increase in size slowly and progressively, or may
show rapid growth. Systemic symptoms are
uncommon in children.93

Histopathology

CN and CPDN are indistinguishable on gross
examination. The masses are often large, aver-
aging 8 to 10 cm in diameter; they are single,
unilateral, and involve only part of a kidney.10 Indi-
vidual cysts may vary in size frommicroscopic to 2
to 4 cm.94 There is no communication between
cysts or with the collecting system. Two histologic
subtypes are seen: cellular CPDN (potentially
malignant) and classic CN (benign).92 CPDN
resembles CN in every feature except that the sep-
tae contain blastemal cells, with or without other
embryonal stromal cells. There are no solid
elements (other than septae) in this lesion, differ-
entiating this entity from Wilms tumor and other
renal neoplasms, which may contain cystic spaces
caused by hemorrhage and necrosis.94

Imaging

Just as CN and CPDN cannot be distinguished on
gross examination, they are also indistinguishable
radiographically. Plain film findings may show
a soft tissue mass with displacement of bowel.
Small curvilinear calcifications occasionally may
be visible.92 Ultrasound shows a complex intrare-
nal mass with acoustic enhancement. Septations,
dividing the mass into discrete anechoic locules,
may be seen if the cysts are of sufficient size
(Fig. 10). However, when individual cysts are
small, sonography may show numerous internal
echoes but no distinct loculations.93 The finding
of a peripheral crescentic rim of renal tissue
Fig. 10. Multilocular CN. Longitudinal ultrasound of
the right kidney shows multiple septations within
a cystic mass.
surrounding a well-defined mass, as well as splay-
ing or displacement of the renal collecting system,
is helpful to confirm the renal origin of the tumor.94

On CT scan, a sharply circumscribed, multisep-
tated mass is shown, with cystic spaces between
the septae (Fig. 11). The contents of the cysts may
be similar to, or slightly greater than, water attenu-
ation. In some tumors, the cystic spaces are very
small, resulting in the appearance of a solid soft
tissue mass. Enhancement of septae may be
seen following intravenous contrast; however, no
filling of cystic spaces with contrast occurs.93

MR imaging shows an encapsulated multilocular
renal mass, with the capsule showing low signal
intensity on all pulse sequences, variable signal
intensity of cyst contents on T1-weighted images,
and high signal intensity of cyst contents on T2-
weighted images.95

Management and Prognosis

All cases of CN follow a benign course. However,
CPDN may show more aggressive behavior with
a potential for recurrence following resection.
Because these 2 entities cannot be distinguished
by imaging or by gross appearance, the treatment
is complete surgical resection, with careful nonin-
vasive imaging for follow-up. If the tumor proves to
be renal cellular CMN with gross residual disease
or after recurrence, these patients receive adju-
vant chemotherapy.92 In most series, the prog-
nosis is excellent, with metastases being rare.10

RENAL CELL CARCINOMA

Renal cell carcinoma (RCC) is primarily a tumor of
adulthood; although it can be seen in children
more than 5 years of age, only 0.3% to 1.3% of
all cases of RCC present in childhood. RCC repre-
sents a small percentage (2.3%–6.6%) of all renal
neoplasms in childhood. Wilms tumor is more
common than RCC in the first decade of life,
whereas Wilms tumor and RCC are equally
uncommon in the second decade of life.96 RCC
has been reported in a child as young as 3 months
of age. Histologically, RCC in children is identical
to that seen in adults. The tumor probably origi-
nates in the epithelium of renal tubules. It forms
a solid mass that may contain hemorrhage,
necrosis, cystic degeneration, calcification, or
fibrosis. It invades the kidney parenchyma, forms
a pseudocapsule, distorts renal architecture, and
spreads to contiguous nodes and to the adjacent
retroperitoneum. Metastases to lungs, liver, brain,
or skeleton are present in 20% of patients at diag-
nosis. Compared with Wilms tumor, RCC in chil-
dren is more likely to metastasize to bone and
more likely to be bilateral.96 The classic triad of



Fig. 11. (A, B) Multilocular CN. (A) Transaxial contrast enhanced CT shows a large cystic mass arising from the
right kidney, with multiple septations. (B) Gross specimen.

Geller & Kochan702
flank pain, hematuria, and palpable mass seen in
adults usually is not present in children. Presenting
symptoms include a palpable mass and hematuria
(40%).97

The clinical course of RCC presenting in child-
hood is similar to that seen in adults. There is
some controversy as to whether radical surgery,
including nephrectomy and lymphadenectomy, is
warranted. This approach has been advocated in
pediatric patients because those with isolated
lymph node metastasis have better survival rates
than adults with disease at similar stages.98 RCC
is more likely to metastasize to bone and more
likely to be bilateral in the adolescent age group
than is Wilms tumor; however, RCC cannot be
distinguished from Wilms tumor from imaging.96

The tumor is a solid intrarenal mass on sono-
graphic imaging (Fig. 12).
The 2 most important prognostic factors are

stage of disease and age of presentation.99

Management remains primarily surgical. In select
patients, partial nephrectomy is effective in
providing local control. The current trend is toward
nephron-sparing techniques.100

The association of RCC with von Hippel-Lindau
syndrome has been described, with the youngest
reported case being a 16-year-old boy. Keeler
and Klauber101 found malignant cells in the lining
of several renal cysts in a 16-year-old boy with
vonHippel-Lindau disease andRCC; the investiga-
tors proposed that the presence of cysts in von
Hippel-Lindau may indicate risk for progression to
solid mass. Any teenager with a renal mass should
be examined for other signs of von Hippel-Lindau
disease.96 Screening with ultrasound in early
adolescence is advocated for patients with von
Hippel-Lindau, and kidney-sparing surgery is rec-
ommended if masses develop.101

Several cases of RCC associated with tuberous
sclerosis have been reported.102 In contrast with
adults, RCC in children with tuberous sclerosis
seems to behave in a more benign fashion, and
the cases reported had no recurrences at amedian
3.5-year follow-up. Isolated cases of RCC also
have been reported in very young patients with
other risk factors. RCC has been reported in a 3-
year-old child with Beckwith-Wiedemann syn-
drome, appearing as a hyperechoic mass on US
and having high attenuation on CT scan.103 RCC
has also been reported in a 2-year-old child
following chemotherapy for neuroblastoma.104
ANGIOMYOLIPOMA

Angiomyolipomas (AMLs) are benign hamartoma-
tous masses in the kidney that contain fat, smooth
muscle, and abnormal blood vessels in varying
proportions.
AML is uncommon in the general population

(1%–2%); when found in children, they are almost
exclusively associated with tuberous sclerosis. Up
to 80% of all patients with tuberous sclerosis,
including adults and children, have AMLs. AMLs
are the most common renal lesion in tuberous
sclerosis (50%–75%), far outnumbering cystic
lesions (17%) and RCC (1%–2%).97 AML is seen
at a younger age and is more often symptomatic
in patients with tuberous sclerosis; these tumors
are more likely to be multifocal, bilateral, and of
greater size than in patients without tuberous scle-
rosis. The tumors can expand and compress
surrounding renal tissue. Between 20% and 27%



Fig. 12. (A, B) RCC. Longitudinal ultrasound of the left kidney in a 5 year old child shows a solid, poorly vascu
larized echogenic mass arising from the lower pole. (C, D) Corresponding contrast enhanced abdominal CT in
axial and coronal reformatted plane shows a well defined, low attenuation mass extending from the interpolar
region through the inferior pole, terminating as an exophytic, nonenhancing mass.
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of AMLs smaller than 4 cm, and 46% of those
larger than 4 cm, can be expected to grow if fol-
lowed for as long as 5 years.105

The vessels in the tumor have deficient elastic
walls and tend to be tortuous and to develop small
and large aneurysms prone to spontaneous
bleeding. The appearance of symptoms is corre-
lated with the size of the tumor. Masses less
than 4 cm in diameter usually are asymptomatic,
but those larger than 3.5 or 4 cm often cause flank
pain, hematuria, and anemia, and carry a signifi-
cant risk for catastrophic hemorrhage. AMLs
increase in size during adolescence, most notably
in girls, suggesting possible hormonal modulation
of tumor growth.106 Hemorrhage is rare in patients
less than 10 years of age, but, in the second and
third decades of life, bleeding may be severe
enough to produce hypovolemic shock in up to
10% of patients.107

Imaging studies can be diagnostic if a character-
istic fatty component is identified. Ultrasound
shows brightly echogenic fatty foci, which are
easily identifiable in the renal cortex (Fig. 13).
However, small masses lying near the renal sinus
may be missed. In small lesions, CT scan with
thin sections and single-voxel measurements
may be helpful to confirm the diagnosis.108 MR
imaging provides superior soft tissue contrast of
renal and extrarenal abnormalities (hemorrhage,
perinephric collections, renal cysts, hepatic
AMLs) and is the best alternative to ultrasound in
children with tuberous sclerosis (Fig. 14).109

Conservative management is recommended for
patients with known masses smaller than 4 cm,
with serial US examination every 6 months to 1
year. Partial nephrectomy or selective catheter
embolization is advocated for masses larger than
4 cm.110 Selective arterial embolization is the treat-
ment of choice, because it has been shown to
shrink most tumors and control symptoms in
83% to 90% of renal tumors.111 In addition, selec-
tive embolization can be directed to a site of acute
hemorrhage and can be repeated as necessary
with maximum sparing of functional renal tissue.



Fig. 13. Large AML of the right kidney in a patient with tuberous sclerosis. There is a large, well defined, hyper
vascular lesion of mixed echogenicity within the superior pole of the right kidney (A, B). Longitudinal images of
the left kidney show multiple tiny echogenic foci and fewer, larger anechoic lesions consistent with angiolipomas
and cysts, respectively (C, D).

Fig. 14. (A, B) The same patient as Fig. 13. Corresponding T2 weighted MR images. Note low signal intensity of
large AML containing bright internal septations. Also note cysts with high signal intensity and small angiolipomas
with low signal intensity.
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It has been suggested that postprocedural
imaging at 1 to 3 months and again at 6 to 12
months should be used to evaluate for regression
or regrowth. Ultrasound evaluation is recommen-
ded in patients with tuberous sclerosis every 2 to
3 years before puberty and yearly after that.112

LYMPHOMA AND LEUKEMIA

There is still debate about the existence of primary
lymphoma of the kidney.113 Although the kidneys
contain no lymph tissue, rare cases of lymphoma
confined to the kidney have been reported, usually
showing multinodular renal enlargement on ultra-
sound or CT imaging.114 Diagnostic criteria are
unclear, and the possibility of metastasis from
another site lingers when there is extrarenal
involvement. Nevertheless, Arranz Arija and col-
leagues113 reported 3 cases, including 2 in children,
and proposed that renal biopsy and abdominal
imaging findings should be sufficient to guide
therapy without the need for staging laparotomy.

Lymphoma commonly involves the kidney
secondarily from direct retroperitoneal extension
or hematogenous metastases. In children, non-
Hodgkin lymphoma, especially Burkitt, is more
likely to involve the kidney.115 Between 24% and
40% of cases of non-Hodgkin lymphoma occur
primarily at extranodal sites; however, primary
renal lymphoma is a rare condition.

Lymphoma usually presents with an abdominal
or chest mass with adenopathy. When the kidney
is involved, the most common radiologic pattern
is multiple parenchymal masses or nodules that
occasionally distort the renal contour and collect-
ing system (Fig. 15).52

The patient may present with renal failure, or
renal failure may be induced on initiation of chemo-
therapy because of breakdown of malignant cells
and massive excretion of uric acid. Leukemic
Fig. 15. Large cell lymphoma. Contrast enhanced
axial CT image showing multiple hypodense nodules
throughout both kidneys.
infiltration of the kidneys may cause bilateral,
diffuse renal enlargement. Renal symptoms such
as hypertension or renal failure are rare.
MISCELLANEOUS RENAL TUMORS

Renal invasion by extrarenal neuroblastoma can be
diagnosed accurately by CT examination of the
abdomen. A 20% incidence of extension of ab-
dominal neuroblastoma into the kidney is re-
ported.116 It is more common in patients with
higher stage (III or IV) tumor and with undifferenti-
ated histology. Extension may occur by tumor
spread along vessels or by direct infiltration of the
renal capsule, especially theupper pole contiguous
with the adrenal gland.116 Neuroblastoma arising
within the kidney is rare. The lesion may resemble
Wilms tumor on imaging examination, although, in
50% of cases, the mass is not completely sur-
rounded by renal parenchyma. The appearance at
surgery may resemble Wilms tumor and, in some
cases, the lesion initially has been confused with
undifferentiated Wilms tumor. The histologic
finding is invariably highly anaplastic, and there is
rapidly progressive clinical deterioration.117

Nephrogenic adenofibroma is a rare renal
neoplasm first characterized in 1992.118 The
mean age at presentation is 13 years, although
the tumor has been reported in patients as young
as 15 months and as old as 83 years.52 Patients
present with a mass, hypercalcemia, polycy-
themia, hypertension, or hematuria. The mass
has been confused with Wilms tumor, but the
histology is a distinctive proliferation of spindled
mesenchymal cells, with nodules of embryonal
epithelium. Unlike Wilms tumor, nephrogenic ad-
enofibroma is not encapsulated. The active prolif-
eration of Wilms tumor is absent. In addition,
nephrogenic adenofibroma lacks immunoreac-
tivity for muscle-specific actin and fails to immu-
nostain for desmin, findings that separate it from
similar-appearing mesoblastic nephroma. Clinical
symptoms resolve following nephrectomy.

Nephrogenic adenofibroma may be indistin-
guishable from Wilms tumor by imaging. Ultra-
sound may show a well-defined solid mass that
is hypoechoic or hyperechoic or even cystic with
a mural nodule. It is hypovascular by Doppler
imaging. Noncontrast CT shows an isoattenuating
or hyperattenuating mass with small flecks of
calcification.119
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The adrenal glands are small organs that are located
in the retroperitoneal space,within the fascia ofGer-
ota, superior and medial to the upper pole of the
kidneys. During fetal life, because of the presence
of the prominent fetal cortex, they are proportion-
ately much larger than in adults, being approxi-
mately one-half to one-third the size of the
kidneys. Normal adrenal glandscanalready bevisu-
alized prenatally, both with ultrasound (US) and with
magnetic resonance (MR) imaging. Their prominent
fetal size remains evident in early neonatal life
(Fig. 1). With the physiologic atrophy of the fetal
adrenal cortex, the glands lose one-third of their
weight by the endof the secondweekof life.Beyond
this age, usually from late infancy, the adrenal limbs
are normally thinner than the adjacent crura of the
diaphragm. Therefore, they are much more difficult
to detect with US, but can be easily visualized on
computed tomography (CT) or MR imaging.

US is the primary modality for imaging the
abdomen in children, including those with known
or suspected abnormalities of the adrenal glands.
Conventional plain radiographs have become ob-
solete for this purpose; however, subtle, often inci-
dental findings on abdominal radiographs can be
suggestive for the presence of adrenal tumors. CT
and MR imaging are required for lesion character-
ization, more accurate assessment of tumor size,
to determine relationship to adjacent tissues and
anatomic structures, and to differentiate benign
from malignant masses.
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Functional imaging modalities, such as positron
emission tomography (PET) and single-photon
emission CT (SPECT) can be used for the primary
diagnosis, and for the evaluation of recurrent and
metastatic disease. In recent years, the combina-
tion of nuclear medicine modalities and anatomic
imaging in PET-CT has been shown to have a large
impact on the management of the pediatric onco-
logic population as well.1–4 PET-CT has been
shown to have significantly higher sensitivity than
PET alone in the detection of distant metastasis in
several malignant diseases, including neoplasms
of the adrenal gland.5
ADRENAL MASSES

Adrenal masses may occur as a result of neo-
plasms, hemorrhage, infection, or cysts. Such
lesions are often discovered incidentally; therefore,
the evaluation and management of these inciden-
tally detected adrenalmasses are discussedbriefly
later in this article.

Primary adrenal neoplasms can be categorized
by their origin and function. They may arise from
the medulla or cortex, and they can be hyperfunc-
tioning or nonfunctioning. Primary medullary neo-
plasms originate from the neural crest, and, in
addition to the adrenal gland itself, may occur
anywhere along the sympathetic neural chain.
This group of neoplasms includes neuroblas-
toma, ganglioneuroblastoma, ganglioneuroma, and
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Fig. 1. Normal neonatal adrenal gland. (A) Transverse US scan shows the Y shaped right adrenal gland (arrows)
with characteristic hypoechoic peripheral component and a thin central hyperechoic band. (B) Axial T2 weighted
MR image shows both adrenal glands (arrows) with a peripheral hypointense component and a central hyperin
tense band. These peripheral and central components of different echogenicity on US and of different signal
intensity on MR imaging do not correlate with the cortex and medulla. At this age, most of the adrenal gland
is formed by fetal cortex, whereas the microscopic medulla is not definable. The central echoes seen on US are
related to vessels and connective tissue.
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pheochromocytoma. Neoplasms that arise from the
adrenal cortex include adrenocortical carcinoma
and adenoma. Other, much rarer, neoplasms that
may occur in children include smooth muscle tumor
in patients with acquired immune deficiency
syndrome (AIDS), and teratoid rhabdoid tumor.
In addition to masses of adrenal origin, there are

extra-adrenal masses in the suprarenal fossa,
which, because of their location, may be difficult to
differentiate from masses arising primary from the
adrenal glands. The most common of these extra-
adrenal suprarenal masses in the pediatric age
group include intra-abdominal extralobar pulmo-
nary sequestration and retroperitoneal lymphatic
malformations.

MEDULLARY NEOPLASMS

Neuroblastoma, ganglioneuroblastoma, and gan-
glioneuroma are histologically related entities that
arise from the primordial neural crest cells of the
sympathetic nervous system, and are referred to
collectively as neuroblastic tumors.6 However,
they are distinct entities with different degrees of
cell maturation and differentiation, and thus are
associated with different biologic behavior.
Neuroblastoma is the most frequent and most

malignant of the 3 tumor types. It contains the least
differentiated malignant small round cells. Ganglio-
neuroma is the most mature, and is a benign entity,
whereas ganglioneuroblastoma shows mixed his-
tology, and is considered to beborderlinemalignant.
NEUROBLASTOMA

Neuroblastoma is the most common extracranial
solid neoplasm in children, accounting for 10% of
all pediatric neoplasms, and 15% of all childhood
mortality from neoplasms.7 In three-quarters of
pediatric cases, neuroblastomas arise in the ab-
domen, with one-third of these in the adrenal gla-
nds. The remainder of the neuroblastomas may
occur anywhere along the sympathetic nerve chain
from the neck to the pelvis.8 Considering its inci-
dence, neuroblastoma represents the second
most common intra-abdominal neoplasm after
Wilms tumor and the third most common pediatric
tumor after leukemia and tumors of the central
nervous system.
The typical age of presentation for neuroblas-

toma is between 1 and 5 years (90% of cases),
with a median just less than 2 years of age. Up to
50% of cases occur in the first months of life, and
can occur during the antenatal period, in which
case it may be detected on fetal US and MR
imaging (Fig. 2). Perinatal neuroblastoma has
some particular features and its diagnosis is
usually challenging because of specific entities
seen at this age, particularly adrenal hemorrhage
and extralobar pulmonary sequestration that may
mimic its appearance. For these reasons, it is
briefly discussed separately later in this article.
Neuroblastoma has no sex predominance.

Rarely, the disease may be familial, or may be
associated with neurofibromatosis, aganglionosis



Fig. 2. T2 weighted coronal prenatal MR image of
a fetus (gestational age 3114 weeks), in whom US
screening detected a large cystic mass in the left
adrenal region. MR imaging confirms the finding of
a predominantly cystic mass, with multiple septations
and fluid fluid levels (arrows). The lesion was oper
ated after birth and the diagnosis of cystic neuroblas
toma with intracystic hemorrhages was established.
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of the colon (Hirschprung disease), Beckwith-
Wiedemann syndrome, and central hypoventila-
tion syndrome.9

Clinically, neuroblastoma most commonly pres-
ents as a palpable mass, but may be detected inci-
dentally on abdominal US or radiographs or in
association with minor abdominal trauma. Abdo-
minal radiographs can be entirely unremarkable;
however, they may show subtle findings, such as
broadening of the paravertebral line (Fig. 3), or
some mass effect with or without calcifications.
When symptomatic, children typically present
with signs related todirect tumor growthor invasion
into the neighboring structures, or with symptoms
secondary to metastatic disease. In addition, sym-
ptoms in association with hormone production,
such as catecholamines and vasoactive intestine
polypeptides (VIP), may be observed. The in-
creased serum catecholamine levels can lead to
high blood pressure, whereas the increased level
of VIP may manifest in diarrhea. Urinary catechol-
amines are increased in 90% of the cases beyond
infancy,10 so their measurement is helpful when
neuroblastoma is suspected. A less common, but
typical and specific, paraneoplastic syndrome is
opsoclonus-myoclonuswith nystagmus and ataxia
(Kinsbourne syndrome), which is the result of
a distant, nonmetastatic effect on the cerebellum.

Local invasion can occur into the liver, kidneys,
and through theneural foramina into thespinalcanal,
causing cord compression symptoms, depending
on the levelof invasion (Fig. 4). Neuroblastomas typi-
cally show encasement and displacement of the
vascularstructures (seeFig.3;Fig.5), andonly rarely
invasion of the vasculature (Fig. 6) or ureter.

Distant metastases are present in half the cases
at the time of the diagnosis, the pattern of which is
age related. The most common sites of metastatic
disease are lymph nodes, bone marrow, liver, and
skin (blueberry muffin skin) (see Figs. 3 and 5;
Fig. 7). Metastasis to skin, bone marrow, and liver
are more common in infants. Symptoms caused
by metastatic disease also include skeletal pain
that can mimic arthritis. Proptosis and periorbital
ecchymosis (raccoon eye) may be present in
cases with metastasis in the orbits (see Fig. 3).

At present, there are 2 systems used for the
stagingof neuroblastoma. Theoriginal International
Neuroblastoma Staging System (INSS) was first
established in 1988 and revised in 1993.11 It is
a surgically based staging system based on tumor
resectability, lymph node metastasis, and meta-
static sites. However, patients with locoregional
disease can have different INSS stages, based on
the degree of surgical resection. In addition, non-
operated patients cannot be staged accurately.
Therefore, the International Neuroblastoma Risk
Group (INRG) Task Force developed new guide-
lines for a preoperative staging system, which are
based on clinical criteria and a detailed list of
imaging-defined risk factors (IDRF), according to
the location of the tumor.12 The main difference
between the 2 systems is that INSS is based on
surgical resection, the INRG staging system
(INRGSS) is based on the preoperative imaging
characteristics of the tumor, and that lymph node
involvement and midline involvement are not in-
cluded in the staging criteria in the latter. Currently,
these IDRF and INRGSS should be used at the time
of the diagnosis.

According to the INRGSS criteria, stage L1
applies to localized tumor not involving vital struc-
tures, as defined by the list of IDRF, and confined
to 1 body compartment. Stage L1 corresponds to
stage 1 in the INSS. Stage L2 refers to locoregional
tumor with presence of 1 or more IDRF, and corre-
sponds to stages 2A, 2B, and 3 in the INSS. Stage
M and MS of the INRGSS correspond to stage 4
and 4S in the INSS respectively, with a difference
in the age limit (infants younger than 12 months in
stage4,andyounger than18months in4S). Imaging
modalities required for staging include either CT or
MR imaging, and 123I-meta-iodobenzylguanidine
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Fig. 4. Bilateral adrenal neuroblastoma in a 4.5 year
old boy. Axial contrast enhanced CT image shows
a large left adrenal mass (M) that extends into the
spinal canal through a widened neural foramen
(arrow). The spinal cord is slightly displaced to the
right. The most cranial aspect of the right sided
mass is also seen containing a tiny intralesional calcifi
cation (arrowhead).

=
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(MIBG) scintigraphy. The prognosis is highly de-
pendent on the stage of the tumor. According to
the INRGSS, patientswith anL1 stage have a signif-
icantly higher overall survival rate than patients with
an L2 stage.13 However, the patient’s age and the
location of the tumor are also important determining
factors.14 The best prognostic factors are younger
age (<1 year, especially those diagnosed in fetal
life), lower stage, and extra-abdominal tumor origin.
In these cases, the survival rate is approximately
80%, as opposed to 5% in those patients with
distant metastasis. Genetic markers, such as the
presence of a high amplification of N-myc onco-
genes, allelic host chromosomes, and a diploic kar-
yotype, arealsoassociatedwithapoorprognosis.15

A more favorable prognosis is seen with an aneu-
ploic N-myc oncogene, well-differentiated tumor
stroma, a normal short arm of chromosome 1, and
triploid karyotypes. Based on these parameters,
tumors are categorized by the INRG as high, inter-
mediate, or low risk.
Fig. 3. Left adrenal neuroblastoma in a 2 month old gir
(A) Upright plain radiograph of the abdomen shows sub
This finding should always raise suspicion for the presenc
CT in coronal (B) and axial (C) planes shows a large left sid
dense with multiple calcifications (arrowheads) (C) that w
feature of neuroblastoma is the encasement of the vess
Contrast enhanced coronal CT scan of the head shows oste
tion for metastasis of neuroblastoma. There is also metast
parietal bone. (E, F) meta Iodobenzylguanidine (MIBG) sca
primary lesion in the left adrenal gland, as well as in the
femurs, indicating metastatic disease. Multiple foci in the
Therapy options depend on the stage at the time
of the initial diagnosis and on tumor size. Patients
less than 18 months of age at the time of the diag-
nosis, with favorable tumor biology and no distant
metastasis, are often curable with surgery alone.16

Surgery, chemotherapy, radiotherapy, and bone
marrow transplantation, or a combination of these,
play a role, especially in cases initially not am-
enable to surgery, to achieve tumor size reduction
for potential operation.

The initial diagnosis of neuroblastoma arising
from theadrenal glandor retroperitoneum is usually
performed by US, or by cross-sectional imaging.
Multidetector CT andMR imaging are the standard
imaging modalities for more accurate measure-
ment and delineation of the primary tumor and its
relationship to adjacent organs and anatomic
structures, and for showing metastatic disease;
thus, these modalities are suited for the assess-
ment of IDRF according to the new INRGSS. CT
andMR imaging are helpful in cases with a consid-
erable tumor size, where US may underestimate
the true extent of the lesion, and in cases with
very small masses, where the detection with US
maybedifficult.MR imaging is preferred for staging
and follow-up in very young children, because of
the lack of radiation exposure.

On US, the neuroblastoma usually appears as
a heterogeneous mass, with hyperechoic areas
caused by calcifications, which, when small, do
not cause typical acoustic shadowing. Hypoechoic
and anechoic areas correspond to cystic, hemor-
rhagic, or necrotic changes (see Fig. 5), and are
typically less common than in Wilms tumor. Larger
cystic areas are more often present in neonates, in
whom bilateral cystic neuroblastomawith acute in-
tracystic hemorrhage may occur (see Fig. 2;
Fig. 8).17 US is also helpful in the diagnosis ofmeta-
static disease, especially liver involvement (see
Fig. 7).

On CT, neuroblastomas present as isodense or
hypodense masses compared with the muscula-
ture, with areas of calcification in most cases
l, who presented with a 2 week history of vomiting
tle broadening of the left paravertebral line (arrow)
e of a retroperitoneal mass. (B, C) Contrast enhanced
ed adrenal neuroblastoma (arrows). The mass is hypo
ere not apparent on the plain radiograph. A typica

els, the renal arteries on these particular images. (D
olytic changes of the right orbit (arrow), a typical loca
atic disease involving the right parietal bone and lef
n shows increased metabolite activity at the site of the
periorbital region, skull, spine, pelvis, and proxima
spine and pelvis were not evident on CT.
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Fig. 5. Right adrenal neuroblastoma in a 2.5 year old boy. (A) Transverse US scan of the abdomen shows the pres
ence of a large, heterogeneous, right adrenal mass (arrows) that crosses to the left of the midline. The mass
contains a cystic hypoechoic component anteriorly (C). RK, right kidney; LK, left kidney; ML, midline. (B) Axial
contrast enhanced CT image of the upper abdomen shows the large right sided heterogeneous neuroblastoma
(arrows) with the anterior cystic component (C) as shown on (A). The mass is crossing to the left of the midline
with characteristic encasement and displacement of the vessels. Significant compression and displacement of the
liver and right kidney are also noted. (C) Axial contrast enhanced CT image of the midabdomen shows multiple
enlarged retroperitoneal lymph nodes (arrows), compatible with metastatic disease. (D) Coronal contrast
enhanced CT performed 8 months after the initial diagnosis and 3 months after completing chemotherapy shows
a small, calcified residual soft tissue mass in the right adrenal region (arrow). The right kidney has undergone
interval atrophy and the left kidney shows compensatory hypertrophy.
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(approximately 85%) (see Fig. 3).18 Calcifications
may be coarse, punctate, or linear. Intravenous
contrast material, ideally administered with a po-
wer injector, must always be used, because it
greatly facilitates the delineation of the exact size
and extent of the tumor, as well as its relation to
surrounding vessels. Contrast enhancement also
shows the vascularity of the lesion, and helps to
depict hemorrhagic, cystic, or necrotic areas
within it. Multiplanar reformations facilitate better
delineation of the tumor from adjacent organs to
determine invasion. CT also shows the typical
encasement and displacement of the mesenteric,
renal, and retroperitoneal vessels, the presence
of lymphadenopathy (see Figs. 3 and 5), as well
as liver or pulmonary metastasis. Compression of
the renal vessels may lead to renal infarction and
organ atrophy (see Fig. 5). Less commonly than



Fig. 6. A 7 year old boy with right adrenal neuroblastoma. (A) Axial contrast enhanced CT image of the upper
abdomen at the time of diagnosis shows large, heterogeneous, predominantly hypodense right adrenal mass
(M) with invasion into the inferior vena cava (arrowhead). (B) Follow up axial contrast enhanced CT image of
the chest 2 years after the diagnosis shows bilateral calcified emboli in the main pulmonary arteries (arrows).
This patient already had these tumoral pulmonary emboli at the time of diagnosis and, with the chemotherapy,
they underwent calcification similar to the primary tumor.

Fig. 7. Left adrenal neuroblastoma with multiple liver metastases in a 29 day old girl. (A) Longitudinal US image
of the left upper quadrant shows a large, homogeneous mass (M) of intermediate echogenicity in the suprarenal
region. Note the spleen (S) between electronic cursors. (B) Longitudinal US image of the liver shows several
hypoechoic intraparenchymal nodules that indicate metastatic disease (arrows). (C) Coronal contrast enhanced
CT image shows the left adrenal mass (M) and multiple metastatic nodules in the liver (arrows).
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Fig. 8. Congenital cystic neuroblastoma in an 8 day
old girl with antenatal diagnosis of suprarenal mass in
the third trimester. Color Doppler US scan in the trans
verse plane shows a heterogeneous right suprarenal
mass (M) with cystic appearing hypoechoic compo
nents, as well as more echogenic areas. The absence
of internal flow may suggest the diagnosis of hemor
rhage; however, cystic or hemorrhagic neuroblastomas
may mimic this appearance, as illustrated in this case.
Therefore, thedifferentiationbetweenneuroblastoma
and adrenal hemorrhage is not possible with a single
US, and these cases require follow upaswell as correla
tion with urine catecholamines.
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in Wilms tumor, neuroblastomas may also invade
the inferior vena cava and extend up to the heart
(see Fig. 6).
On MR imaging, neuroblastomas show low

signal intensity on T1-weighted images and high
signal intensity on T2-weighted images, as well as
heterogeneous enhancement after the administra-
tion of intravenous contrast material. MR imaging
is the modality of choice to show spinal invasion
with leptomeningeal or epidural extension and
bonemarrowdisease. Intraspinal extension occurs
more often in neuroblastomas that arise in the
chest, and less commonly in those of retroperito-
neal origin, and is seldom seen in cases with an
adrenal origin. However, a significant degree of
invasionmay be present with a lack of obvious clin-
ical symptoms; thus, the evaluation of possible in-
traspinal components is essential in all cases.
Intraspinal invasion may be limited to 1 vertebral
level (see Fig. 4), or it may grow more extensively
and cause multilevel involvement with widening of
the neural foramina, even distant from the primary
tumor site.
Nuclear medicine studies, preferably 123I-MIBG

examination, are essential during the initial phase
to establish diagnosis and to search for distant me-
tastasis, particularly bone metastasis (see Fig. 3).
Alternatively, 131I-MIBG or technetium 99m (TC)
methyldiphosphonate scintigraphy may be used
for the same purpose. Nuclear medicine studies
are also used to follow response to therapy.
Imaging diagnosis is more accurate when

anatomic images, provided by CT, and metabolic
images, provided by PET, are fused, compared
with PET alone, or in a side-by-side comparison
of PET and CT images.19,20 In recent years, several
papers have shown the high impact of PET and
PET-CT in the oncologic management of the pedi-
atric patient population as well.2,3,5 Furthermore, in
addition to the use of CT, MIBG scintigraphy and
fludeoxyglucose (FDG) PET-CT have been found
to play an important role in the follow-up after
surgery and/or chemotherapy. In cases of relapsed
neuroblastomas, FDG-PET-CT was found to be
more sensitive than MIBG, because the initial
MIBG-positive tumor may became MIBG-
negative when it recurs.21,22

Follow-up imaging is required to assess for
residual tumor after surgery, response to chemo-
therapy, to decide possible operability, to assess
tumor recurrence, and to search for distant metas-
tasis. Follow-up is performedwith CT,MR imaging,
MIBG, or PET-CT. Lesions that respond to chemo-
therapy typically decrease in size significantly and
become more calcified (see Fig. 5). However, the
differentiation between residual scar and viable
tumor may be difficult with all imaging modalities,
and may require biopsy.
Perinatal neuroblastoma deserves special

mention because of its challenging diagnosis. The
antenatal diagnosis of neuroblastoma has in-
creased with the routine use of prenatal US, and
one-fifth of all neuroblastomas are diagnosed
either antenatally or in the first 3 months of life
(see Fig. 2).23 Most of these neuroblastomas are
localized tumors with favorable biologic features,
showing a 4-year survival of greater than 95%,
and are associated with a high rate of spontaneous
regression. Increase of urinary catecholamines is
less common than in older children, being seen
only in 50% of cases,24 and the sensitivity of the
otherwise very sensitive 123I-MIBG examination is
not known in infancy. The main differential diag-
noses for perinatal neuroblastoma include adrenal
hemorrhage and extralobar pulmonary sequestra-
tion, aswell as primary renal tumors, such asmeso-
blastic nephroma.
In newborns, adrenal hemorrhage occurs almost

4 times more frequently than neuroblastoma.25 It
may occur in large infants or after difficult delivery.
It isalsomore frequent in infantsofdiabeticmothers,
and in those with breech delivery, perinatal as-
phyxia, or neonatal sepsis. Almost 70% of adrenal
hemorrhages present on the right side, 30% on the
left side, and up to 10% may occur bilaterally.26

US differentiation of adrenal hemorrhage from



Fig. 9. Incidentally discovered adrenal hemorrhage in a term neonate, who had an abdominal US because of
increased serum creatinine level. (A) Longitudinal US scan of the right suprarenal region at 1 day of age shows
a right suprarenal mass (arrows), which is predominantly hyperechoic, although with central hypoechoic areas.
No flow was shown on color Doppler evaluation (not shown). At this age and with this appearance, the differ
ential diagnosis includes adrenal hemorrhage and neuroblastoma. (B) Follow up US 8 days after (A) shows
enlargement of hypoechoic areas within the right suprarenal mass (arrows) suggestive of further liquefaction
of the hemorrhage. The lesion remained avascular on color Doppler interrogation (not shown). This pattern of
rapid change in the echogenicity of the lesion associated with lack of vascularity strongly favors the diagnosis
of hemorrhage rather than neuroblastoma.

Fig. 10. Intra abdominal extralobar pulmonary seques
tration in a 5 day old girl with antenatal diagnosis of
left suprarenal mass in the second trimester. The
sequestration (between electronic cursors) appears as
a diffusely hyperechoic mass in the left suprarenal
region. The normal hypoechoic left adrenal (arrows)
can be seen anterior to the sequestration.
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neuroblastoma is difficult, because both entities are
usually echogenic and may appear cystic (see
Fig. 8; Fig. 9).27,28 Furthermore, adrenal hemorrh-
age may occur within a congenital neuroblastoma,
which makes evaluation even more complicated.29

Because of the favorable biology of neuroblastoma
in neonates, an expectant approach with serial
short-term follow-up US is recommended. This
follow-up typically shows progressive cystic trans-
formation, gradual decrease in size, and appear-
ance of calcifications in infants with adrenal
hemorrhage (seeFig. 9). Another helpful tool is color
and/or powerDopplerUS,which showsabsent flow
in hemorrhages.30 However, if the mass does not
decrease in size or shows interval growth, and/or
shows increasing echogenicity, a neuroblastoma
should be considered.30

Intra-abdominal extralobar pulmonary seques-
trations are usually located in the left suprarenal
region, and appear as well-defined, hyperechoic
masses (Fig. 10), and, in some cases, with 1 or
more well-defined feeding arteries. Calcification is
usually not present; however, small cysts are often
seen, which represent components of congenital
pulmonary airway malformation.31 Extralobar se-
questrations are usually first identified in the
second trimester US, and in follow-upUS are either
stable in size or show gradual shrinking with ad-
vancing gestational age, or in the postnatal per-
iod.32 In contrast, antenatal neuroblastomas are
more frequently right sided, and are almost always
first detected in the third trimester of the preg-
nancy, with normal US in the second trimester.
The reason for this is likely that neural tissue in the
adrenal gland only appears in the third trimester
of pregnancy.32 In addition, neuroblastomas are
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more heterogeneous on US, with predominantly
cystic and/or complex appearance.32

On prenatal US, it is often difficult to localize the
exact origin of a mass in the suprarenal region.
However, on postnatal US it is usually possible
to distinguish between lesions arising from the
adrenal gland and extra-adrenal lesions in the
suprarenal fossa, which usually displace the other-
wise normal adrenal gland.33

GANGLIONEUROBLASTOMA

Ganglioneuroblastomas are composed of mature
ganglion cells and of immature cells similar to those
found in neuroblastomas, resulting in a potentially
malignant behavior. One-third of the cases arise in
the adrenal gland, one-third in the retroperitoneum,
and the remaining one-third mainly in the posterior
mediastinum, or, rarely, in the neck or pelvis.
Symptoms and imaging characteristics res-

emble those of neuroblastoma more than the
benign ganglioneuroma. Abdominal pain and dis-
tension are frequent symptoms caused by the
primary lesion or its metastasis.34 On CT, they
may be mainly solid or predominantly cystic, and
heterogeneous (Fig. 11). Heterogeneous appear-
ance is typical on precontrast and postcontrast
MR imaging.Aswith neuroblastomas, ganglioneur-
oblastomas may also have irregular margins and
may cause invasion into neighboring organs and
vessels.

GANGLIONEUROMA

Ganglioneuroma is the most mature form of the
tumors of neural crest origin and are histologically
benign. These tumors consist of mature ganglion
cells and encapsulated nerve fibers. They occur
Fig. 11. Left adrenal ganglioneuroblastoma in a 16
month old boy. Axial contrast enhanced CT image
shows coarse heterogeneous calcification within
a large mass arising from the left adrenal gland. The
imaging findings alone do not allow differentiation
from neuroblastoma.
less frequently than neuroblastomas and can arise
de novo, ormay transform frompreviousmalignant
neuroblastomas. The most common site of oc-
currence for ganglioneuroma is the posterior me-
diastinum. One-third of the cases arise in the
retroperitoneum and, rarely, in the adrenal gland.
An association with neurofibromatosis type I has
been reported.
Ganglioneuromas occur in older children, often

without clinical symptoms; therefore, they are often
incidental findings on US or chest radiographs.
When they invade the spine, neurologic symptoms
may appear caused by cord compression. Occa-
sionally, myoclonic encephalopathy, diarrhea, or
hypertonia can be seen at presentation. As op-
posed to neuroblastoma, urinary catecholamine
levels are usually not increased.
On CT, ganglioneuromas present as well-

defined, ovoid or crescent shaped masses, with
homogeneous low attenuation on images obtained
before intravenous contrast material administra-
tion, and mild to moderate enhancement on
images obtained after contrast material injection.
Calcification is seen in approximately half of the
cases.35 On MR imaging, ganglioneuromas show
low signal intensity on T1-weighted images, and
often heterogeneous high signal intensity on T2-
weighted images, because of the combination of
myxoid stroma and mature ganglion cells.35 The
content of the tumor may also have a whirl-like
appearance, as a result of the collagen fibers and
Schwann cells mixed in the stroma.34 Occasion-
ally, a fibrous pseudocapsule can be identified,
which shows low signal intensity on both T1-
weighted and T2-weighted sequences.
Ganglioneuromas cannot be distinguished from

neuroblastoma with imaging alone. The definite
diagnosis must be established based on histology.
Total resection of large tumors may be difficult,
especially when they are in close anatomic relation
to adjacent organs, or invade into the neural for-
amina. Patients with such tumor presentation are
monitored by imaging alone, particularly when
these patients are clinically asymptomatic. A
change in the appearance, or an increase in size,
is a signal for malignant transformation and should
prompt biopsy. Currently, no standard imaging
protocol exists that describes how often and how
long patients with ganglioneuromas that are
managed nonoperatively should be followed up
with imaging.
PHEOCHROMOCYTOMA

According to theWorld HealthOrganization classifi-
cation of endocrine tumors, pheochromocytoma is
definedasan intra-adrenal paraganglioma,whereas
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the term extra-axial paraganglioma is applied for
paragangliomas with an extra-adrenal location.36

Pheochromocytoma is an uncommon pediatric
neoplasm, with an incidence of only 5% in child-
hood and, thus, it accounts for less than 1% of all
tumors seen in large pediatric centers. It is a poten-
tially curable, hormonally functioning tumor that
arises from the chromaffin cells in the adrenal
gland. In the pediatric age group, 80% of pheo-
chromocytomas occur in the adrenal gland,37

and, in 25% of these, both adrenal glands are
involved (Fig. 12).38 In the remaining 20%, the
most frequent site is the upper abdomen.18 Less
common extra-adrenal sites include the sympa-
thetic chain in a cervical (formerly referred to as
glomus tumor), thoracic, or pelvic location, and,
in rare cases, theymay occur in the urinary bladder,
spinal cord, and vagina. Multiple tumors are
present in 30% to 70% of the patients, especially
in those with a positive family history for pheochro-
mocytoma. Malignant pheochromocytoma is less
frequent than in adults, and is proved by the pres-
ence of metastasis rather than by histology.
Fig. 12. Bilateral pheochromocytomas in a 9 year old girl w
episodes, and increased urine homovanillic acid. (A D) Ax
homogeneous adrenal masses (arrows), larger on the rig
hyperintense on fat suppressed T2 weighted images (C, D
Pheochromocytoma usually presents in older
children, with a mean age of 11 years,38 but has
been reported in infancy as well. Often, it is familial
and is inherited as an autosomal dominant trait.
Familial pheochromocytoma may be part of the
multiple endocrine neoplasia (MEN) type II, in asso-
ciation with medullary thyroid carcinoma and
hyperplasia of the parathyroid gland. Pheochro-
mocytoma may also occur in association with
neurofibromatosis type I, von Hippel-Lindau dis-
ease, and hemihyperplasia.

The clinical presentation is typically determined
by tumor function, which is usually caused by the
production of epinephrine and norepinephrine,
but may also be caused by the overproduction of
VIP. Symptoms include hypertension, tachycardia,
hypertensive encephalopathy, sweating, head-
aches, visual blurring, papilla edema, flushing, diar-
rhea, weight loss, or chronic diarrhea. In the rare
cases with metastatic disease, symptoms may be
caused by the metastasis.

The usual size of the tumor at the time of the
presentation ranges between 2 and 5 cm; however,
ith 6 month history of recurrent headaches, sweating
ial MR images of the upper abdomen show bilateral
ht, which are hypointense on T1 weighted (A, B) and
).
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they may exceed 10 cm. They appear as well-
defined, rounded tumors with high vascularization,
and may contain hemorrhage and necrosis. Sur-
gical resection is the treatment of choice and is
curative when the disease is benign; therefore,
accurate localization is mandatory before
operation.
The first-line imaging modality is US, on which

pheochromocytoma may present as a homoge-
neous soft tissue mass (Fig. 13), but it may also
contain heterogeneous areas, caused by hemor-
rhage, necrosis, or calcifications. MIBG scanning
must be performed, because it is more sensitive
thanUS, and can be positive, evenwhenUS shows
no abnormalities. Furthermore,MIBG is essential in
evaluating the whole body to determine multifocal
disease before surgery.17 CT and MR imaging are
useful for precise surgical planning.
On CT, pheochromocytomas have soft tissue

attenuation and typically intense contrast en-
hancement, the pattern of which may be diffuse,
mottled, or rimlike. Adrenergic blockade is not
required to prevent hypertensive crisis when using
nonionic intravenous contrast agent.17 Chest CT is
useful to detect paragangliomas in the posterior
mediastinum, and in those patients with suspected
metastasis in the lung parenchyma.
Fig. 13. Right adrenal pheochromocytoma in an 8 year o
Transverse color Doppler US image of the right supraren
(M) with some internal vascularity. The mass invades the
the upper abdomen show that the right adrenal mass (M)
on T1 weighted (B) and hyperintense on fat suppressed T2
rior vena cava medially (arrow).
On MR imaging, pheochromocytomas have low
signal intensity on T1-weighted images, markedly
high signal intensity on T2-weighted images, and
avid enhancement of contrast material, with pro-
longed washout phase.17 After successful surgical
removal, clinical and laboratory (urinary catechol-
amine levels) follow-up is needed to detect recur-
rence or de novo lesions.
ADRENOCORTICAL MASSES

Primary tumors of the adrenal cortex are rare in
children, with a worldwide incidence of 0.3/1
million/y before the age of 15 years.39 They are
significantly less common than neuroblastoma,
but more common than pheochromocytoma, and
are the most common tumors in the pediatric
adrenal cortex.40 Because reliable histologic
differentiation of cortical adenomas and cortical
carcinomas in children is not possible, the term
adrenocortical neoplasm is used to designate
benign and malignant neoplasms of the adrenal
cortex in the pediatric age group.41 Most tumors
occur before the age of 5 years, with a female
predominance, although the sex ratio is equal in
adolescents.
ld boy who presented with arterial hypertension. (A)
al region shows a rounded, solid right adrenal mass
inferior vena cava (arrow). (B, C) Axial MR images of
is of fairly homogeneous signal intensity, hypointense
weighted images (C). The mass extends into the infe



Fig. 14. Adrenocortical carcinoma in a 2 year old girl
with precocious puberty. Contrast enhanced CT image
reformatted in the coronal plane shows a large,
heterogeneous right adrenal solid mass (M) with areas
of necrosis and calcification. There is evidence of
tumor invasion into the right lobe of the liver (long
arrow), inferior vena cava (short arrow), and into
the right atrium with embolus in the right main
pulmonary artery (arrowhead).
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As opposed to adults, where adrenocortical
neoplasms are usually nonfunctioning, most pedi-
atric cases are hormonally active and manifest
with endocrine abnormalities. The overproduction
of androgens leads to the clinical symptoms of viri-
lization in girls and precocious puberty in boys.
Overproduction of glucocorticoids is less common
in young children than in adolescents or adults, but
more pediatric adrenocortical tumors cause over-
production of mineralocorticoids, compared with
adults. The detection of increased hormone levels
is not only useful for the initial diagnosis but also
for the detection of tumor recurrence during
follow-up.

Most childrenwith adrenocortical neoplasmhave
no underlying disorder; however, an association
with Beckwith-Wiedemann syndrome, Li-Fraumeni
syndrome (mutation of p53 tumor suppressor
gene), and developmental abnormalities of the uri-
nary tract have been reported.41

At presentation, the tumors areusually small, and
may not be apparent at physical examination, but
they can also be sizable, and, in such instances,
the tumors are more often carcinomas. US is the
first-line imaging method, and is particularly useful
in the detection of tumor invasion into the inferior
vena cava. For more detailed evaluation of focal
tumor invasion or tumor spread, MR imaging or,
when it is not available, CT should be used, espe-
cially when the lesion is very large (Fig. 14). The
lung is the most common site for distant metas-
tasis; therefore, chest CT should be performed at
the timeof initial diagnosis. On allmodalities, small-
er lesions are generally more homogeneous than
larger ones, which more often contain areas of
hemorrhage, necrosis, or calcification. In such
large lesions, a characteristic central scar with
linear bands may be visible, caused by the pres-
ence of foci of necrosis and calcification.

The histologic distinction between benign and
malignant adrenocortical lesions is not clearly
defined in childhood; however, there are findings
that favor malignancy, when present. These find-
ings include a size greater than 5 to 10 cm, weight
more than 200 g, and aggressive growth features,
such as local spread and invasion into the peri-
adrenal soft tissues, kidneys, or inferior vena
cava,17 or evidence of distant metastasis, most
commonly in the lung, liver, and bone.18

Surgical resection of the tumor is essential for
survival, combined with chemotherapy and radical
lymph node resection in malignant cases. The role
of chemotherapy and radiotherapy is limited.
Completely removed noninfiltrative, nonmetastatic
disease in the younger age group carries a good
prognosis. However, even clinical, laboratory,
and imaging follow-up is necessary in such cases,
because of the lack of clear histologic differentia-
tion between adenoma and carcinoma.
OTHER ADRENAL NEOPLASMS

Malignant rhabdoid tumor (MRT) is a rare pediatric
malignancy that accounts for 1.8% of malignant
renal tumors, but can also occur in the adrenal
gland.42 This is a highly aggressive neoplasm
with poor prognosis and, despite the presence of
rhabdoid features, it lacks evidence of rhabdomyo-
blastic differentiation.43 Renal and extrarenal MRT
show similar clinical and histopathologic features;
however, extrarenal MRT has no association with
brain tumors as renal MRTs do.44 The imaging
features are similar to those of neuroblastoma,
and differentiation between these 2 entities is not
possible based on imaging alone (Fig. 15).

Smooth muscle tumors have been reported in
the adrenal glands of children infected by human
immunodeficiency virus (HIV). These lesions are
leiomyomas histologically, and arise in the walls
of adrenal vessels. They may be unilateral or bilat-
eral, and their presentation may be linked to
Epstein-Barr virus infection.

Teratoma occurring in the retroperitoneum is rare
in childhood, and is extremely uncommon in the
adrenal glands,45but itmaybedetectedprenatally.46

Neonates usually present with a palpable mass



Fig. 15. MRTof the right adrenal gland in a16 year old girl. (A) Contrast enhanced CT; (B) contrast enhanced, fat
suppressed, T1 weighted; (C) coronal, short inversion time, inversion recovery (STIR); and (D) T1 weighted MR
images show a large infiltrative right adrenal mass that also involves the diaphragm, the right psoas muscle,
and adjacent retroperitoneum. The mass is heterogeneous, partially cystic, with areas of high signal intensity
on T1 weighted image (D), suggestive of intralesional hemorrhage (arrow).
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and abdominal distention, whereas vomiting and
abdominal pain may be present at a later age.
Imaging features include fatty components and/or
calcifications in a well-defined mass in cases of
mature teratomas (Fig. 16). Increased serum a-feto-
protein is worrisome for malignant teratomas.47
Fig. 16. Right adrenal teratoma in an 11 year old girl.
Axial contrast enhanced CT image shows a heteroge
neous right suprarenal mass with areas of solid and
fluid attenuation. In the anterior aspect of the mass,
small areas of calcification and fatty attenuation are
noted (arrow).
NONNEOPLASTIC ADRENAL MASSES

Adrenal masses of nonneoplastic origin are rare
beyond infancy and include hemorrhage, cyst,
and infection. Adrenal hemorrhage typically occurs
in the neonatal period (see Fig. 9) and the features
that may help in its differentiation from neuroblas-
toma have been discussed in the section of neuro-
blastoma. When hemorrhage occurs in older
children, a history of blunt trauma is often given.
Other possible predisposing factors include
bleeding diathesis, vasculitis, complications from
meningococcal infection (Waterhouse-Friderich-
sen syndrome), and adrenal angiography.



Fig. 17. A 15 year old girl with left adrenal lymphatic malformation. (A) Transverse US image shows a 5.5 cm left
adrenal cyst (between electronic cursors), medial to the upper pole of the left kidney. The cyst contains low level
echoes. (B) Transverse T2 weighted MR image shows a left adrenal cyst (C), which is hyperintense and slightly
heterogeneous.
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Adrenal cysts are in general rare, with an inci-
dence of less than 2% of autopsies.48 They are
usually asymptomatic, and found incidentally.
Most adrenal cysts are lymphatic malformations
or hemorrhagic pseudocysts (39%).48 Simple
adrenal cyst, not associated with solid, masslike
components, is rare in the pediatric age group,
and is more commonly seen in older children.49

Clinically, there is no evidence of endocrine dys-
function, hypertension, infection, or metastatic
disease. Simple cysts are rounded, thin-walled
lesions, with imaging features characteristic for
fluid-containing structures. They are hypoechoic/
anechoic on US, of fluid attenuation on CT, and
with signal intensity characteristic of fluid on MR
Fig. 18. Incidental right adrenal neuroblastoma in a 3 mon
sided grade IV vesicoureteral reflux shows a homogeneo
enhanced CT image shows the homogeneous hypodense
imaging (Fig. 17). They do not show internal
enhancement with the administration of intrave-
nous contrast material. Internal septa may be
seen in the lymphatic malformations. US in the
longitudinal plane and MR imaging in the coronal
plane have been found to be most useful to docu-
ment the extrarenal/extrahepatic location of these
cysts.49 Management depends on age and is
usually conservative.
INCIDENTALLY DETECTED ADRENAL MASSES

Lesions of the adrenal gland depicted by any
imaging modality performed for other indications
are termed incidental adrenal masses. These
th old boy. (A) US performed for reevaluation of right
us hyperechoic right adrenal mass (M). (B) Contrast
right adrenal mass (M).
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lesions are rare, but their incidence is increasing.50

This is because of the growing number of cross-
sectional abdominal imaging examinations, and
also because of the increasing sensitivity of
imaging modalities, which can now easily detect
lesions less than 1 cm in size.51

The most common incidental adrenal masses in
adults are benign adenomas, the most common
incidental adrenalmasses in children aremalignant
neuroblastomas, and benign cortical adenomas
account for less than 0.5% of all incidental adrenal
masses in this age group (Fig. 18).52 However,
there are no specific, universally accepted guide-
lines to direct the management of incidental ad-
renal masses in children, and therefore the topic
is controversial.
Tumor size and imaging appearance reportedly

do not provide sufficient information for distin-
guishing with certainty between benign and
malignant lesions.53 It is also known that early
surgical intervention has a high incidence of cure
for neonatal and infantile neuroblastomas, and, as
such, provides a significantly more favorable
prognosis.54

Therefore, it has been recommended that all inci-
dental adrenal masses detected before and after
birth should be resected, because of the high pro-
portion of malignant tumors.53 An exception may
be small lesions in children less than 3 months of
age, for whom close, cautious observation in-
cluding serial imaging studies may be permitted.53

Our experience has shown that many suprarenal
masses in young infants may disappear spontane-
ously. Therefore, we highly recommend repeated
imaging (primarily using US) at 3-week intervals,
especially if the lesions are small, in young infants,
if they remain stable or decrease in size on follow-
up, and if the markers for neuroblastoma are
absent.
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PRIMARY TESTICULAR NEOPLASMS

Testicularneoplasms representapproximately1.0%
to 1.5% of all childhood malignancies, with a peak
incidence at 2 years of age.1 Primary testicular tu-
mors are classified by their tissue of origin and are
divided into germ cell tumors, sex cord-stromal
tumors, and mixed tumors. Germ cell tumors may
differentiate into gonadal cell lines, in which case
they are called seminomatous germ cell tumors.
When they transform into undifferentiated totipoten-
tial cells they are termed nonseminomatous germ
cell tumors.

A definitive diagnosis is not typically possiblewith
radiological studies; however, imaging may be able
to limit the differential diagnosis, especially when
considered in the context of clinical history. Ultraso-
nography (US) is the initial modality of choice to
image scrotal masses. Computed tomography
(CT) is helpful for staging, but has the disadvantage
of requiring ionizing radiation. Magnetic resonance
(MR) imaging may be used for staging and as
a problem-solving technique in some cases. The
sensitivity of both sonography and MR imaging in
differentiating between intratesticular and extrates-
ticular lesion location is nearly 100%.2 Testicular
masses tend to have a nonspecific appearance of
a solid mass on all cross-sectional imaging modali-
ties.Useful generalizationsaredescribedas follows.
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Intratesticularmasses aremore likely to bemalig-
nant than extratesticular masses. Aggressive
tumors may invade the tunica albuginea, causing
a more irregular appearance. Sonography may
help distinguish simple versus reactive hydrocele,
the latter being associated with testicular neo-
plasms in 15% to 25%of cases.3–5 Reactive hydro-
celes (which may occur secondary to epididymitis,
orchitis, testicular torsion, torsion of the appendix
testis, trauma, or tumor) and invasion of the tunica
albuginea suggest extratesticular involvement and
are indications for further workup. Color Doppler
sonography can determine the vascularity of
amass andmay help to distinguish it from testicular
torsion. Hypervascularity is present in 85% of
neoplasms, although smaller tumors (<1.5 cm) are
often avascular or hypovascular.1,4 Unfortunately,
hypervascularity on color Doppler US is a nonspe-
cific finding seen in both malignancy and inflamma-
tion. Avascularity, an unusual finding in neoplasms,
suggests a diagnosis of testicular torsion.

The metastatic workup of primary testicular
masses includes CT of the chest, abdomen, and
pelvis to screen for lung and lymph node involve-
ment. It is also advisable to perform chest CT prior
to surgery as postsurgical atelectasis may imitate
metastatic lesions. Ultrasound should be used to
screen the contralateral testicle for synchronous
or metastatic lesions before and after orchiectomy.
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One condition, testicular microlithiasis (TM), has
a controversial association with testicular neop-
lasms. Although the cause of TM is unknown,
some believe that degeneration of cells in the semi-
niferous tubules may cause formation of microliths.
TM has been described in patients with unde-
scendedor delayed testicular descent. Someargue
that because TM and certain testicular neoplasms
are associated with undescended testicles, peri-
odic screening with USmay be warranted. Specific
disorders that have been associated with TM
include Klinefelter syndrome, male pseudoher-
maphroditism, Down syndrome, and pulmonary
alveolar microlithiasis (Fig. 1).6,7

Germ Cell Tumors

Germ cell tumors represent 70% to 90% of child-
hood testicular neoplasms.1 These tumors are cla-
ssified on a pathologic basis into seminomatous,
which are rare in the pediatric population, and non-
seminomatous subtypes. Nonseminomatous germ
cell tumors are further subdivided into yolk sac
tumors, teratoma/teratocarcinoma, embryonal,
and choriocarcinoma varieties.

Seminomatous germ cell tumors
Seminomas are most common in adult patients
(age in their 40s), presenting as a painless testicular
mass. These tumors are rare in the pediatric popu-
lation. Seminomas are very sensitive to chemo-
therapy and radiation, and therefore cure rates
are high.8 Seminomas tend to be uniformly hypoe-
choic, rarely undergoing necrosis or hemorrhage,
and on MR imaging are homogeneously hypoin-
tense on T1-weighted and hyperintense on T2-
weighted imaging (Fig. 2).9
Fig. 1. Testicular microlithiasis in a 3 year old male
with scrotal pain. Longitudinal sonogram demon
strates innumerable foci of increased echogenicity
with slight posterior shadowing scattered throughout
the testicle. The contralateral testicle (not shown) had
a similar appearance.
Nonseminomatous germ cell tumors

Yolk sac tumors Yolk sac tumors (endodermal
sinus tumors) represent 80% to 90% of germ cell
tumors in childhood, and up to 75% are diagnosed
by the age of 2 years (Table 1).10 Clinically, patients
present with asymptomatic testicular enlargement
and an elevated serum a-fetoprotein (AFP) level in
90% of cases.9,11

When used correctly, AFP levels canmonitor the
effectiveness of treatment, tumor recurrence, or
presence of metastasis. However, infants younger
than 6 months normally have elevated AFP. If the
AFP does not normalize in a baby younger than 6
months after resection of the neoplasm, it is not
necessarily an indication of persistent disease.
The majority of yolk sac tumors are confined to

the scrotum at presentation, with the remainder
having lymphatic metastases to regional/retroperi-
toneal lymph nodes or hematogenous spread to
the lungs. Yolk sac tumors tend to be well circum-
scribed and heterogeneous in echogenicity on
US, depending on the amount of internal hemor-
rhage, necrosis, and calcification. The appearance
on color DopplerUShas beendescribed as chaotic
and hypervascular (Fig. 3).11 Patients older than 2
years often have a worse prognosis, and stage 1
yolk sac tumors have an 80% survival rate.6

Teratomas Testicular teratomas typically occur in
boys younger than 4 years and are usually benign.1

Up to a third of teratomasmaymetastasize to retro-
peritoneal lymph nodes within 5 years of diagnosis
in postpubertal patients.10 Postpubertal teratomas
have a tendency to develop other components of
germ cell tumors (such as choriocarcinoma, semi-
noma, and embryonal carcinoma), increasing the
likelihood of malignancy. Therefore, orchiectomy
is the treatment of choice in postpubertal tera-
tomas. Testicular teratoma in a prepubertal patient
is more likely to have a benign course, which may
allow for tissue-sparing surgery.Metastaticdisease
from prepubertal teratomas (immature andmature)
has not been reported.12

Testicular teratomas contain components of all
3 germ cell layers, including bony elements and
adipose tissue. Their heterogeneity is reflected
on US where they appear as complex masses
with cystic and solid components. Bony elements
(calcifications) are typically echogenic with poste-
rior shadowing, and adipose tissue is echogenic
without shadowing. In some cases superficial cal-
cification will cause so much shadowing that the
underlying lesion is hard to visualize. This US
finding has been called “the tip of the iceberg”
sign. Corresponding findings of mixed osseous,
soft tissue, and fat attenuation are observed on
CT and MR imaging.



Fig. 2. Seminoma in an 18 year old man with shortness of breath. (A) Axial chest CT reveals innumerable low
attenuation solid masses throughout both lungs. No scrotal examination was performed on physical examination,
and bone scan was performed because of suspected metastatic disease. (B) Bone scan identifies enlarged scrotum
with focal photopenic region (arrow). No further imaging was performed and right testicular mass confirmed at
surgery.
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Embryonal carcinoma and choriocarcinoma

Embryonal carcinomas and choriocarcinomas,
although common in adults, are rarely seen in young
children and therefore are not extensively discussed
here. Embryonal carcinomas rarely occur in prepu-
bertal males, usually presenting in the late teens
and early adulthood (Fig. 4). These tumors are also
more frequently seen in the mixed form, occurring
in the pure form only in 2% to 3% of cases. Embry-
onal carcinomas have a nonspecific imaging
appearance, often being heterogeneous and poorly
marginated.13 Patients with embryonal carcinoma
may have elevated serum AFP and b-subunit of
human chorionic gonadotropin (b-HCG) levels.13

Choriocarcinomas also tend to present later in
life, usually between 20 and 40 years of age.
Patients may present with gynecomastia (10%).
Choriocarcinomas are heterogeneous in appear-
ance with cystic and solid components, and may
be hemorrhagic. Metastatic lesions may have
indistinct borders due to hemorrhage (Fig. 5).13

Sex Cord-Stromal Tumors (Leydig, Sertoli,
and Granulosa Thecal Cell)

Sex cord-stromal tumors, which include Leydig,
Sertoli, and granulosa thecal cell subtypes, repre-
sent 10% to 30% of testicular tumors.9,14 Leydig
cell tumors arise from the stroma, and Sertoli cell
tumors arise from the sexcords.9 Leydig andSerto-
li cell tumors are rare, accounting for 60%and 40%
of sex cord tumors, respectively.9 Ninety percent of
Leydig and Sertoli cell tumors are benign.9,14

Sertoli cell tumors typically present with a pain-
less testicular mass in the first year of life, and
rarely gynecomastia due to estrogen production.
Sertoli cell tumors are usually well circumscribed
and hypoechoic. A rare subtype of Sertoli cell
tumors, large-cell calcifying Sertoli cell tumor
(LCCSCT), may be associated with the Carney
complex (cardiac myxomas, skin pigmentation,
and endocrine hyperactivity) and Peutz-Jeghers
syndrome (gastrointestinal polyposis, mucocuta-
neous pigmentation). LCCSCT are well circum-
scribed and diffusely hyperechoic on US, with
heavy acoustic shadowing due to calcification
and moderate hypervascularity.15

Leydig cell tumors often secrete androgens,
such as testosterone, which cause luteinizing hor-
mone stimulation and precocious puberty. Occa-
sionally they secrete estrogen, progesterone, and
corticosteroids, which lead to gynecomastia or
Cushing syndrome. Leydig cell tumors are most
common in children aged 3 to 6 years and are
more frequent in African American males.3 On
US, they are nonspecific and similar in appearance
to Sertoli cell tumors, beingwell circumscribed and
hypoechoic (Fig. 6).

Granulosa cell tumors of the testis are very rare
in the pediatric population, but typically occur
before 1 year of age (juvenile type).The adult type
is rare and usually occurs in middle age. Biopsy
shows follicular structures with surrounding granu-
losa cells. These tumors are typically hypoechoic,
and the juvenile type has cystic and solid compo-
nents visible on US (Fig. 7).16

Gonadoblastoma (Germ Cell Plus Stromal
Cell Tumors)

Gonadoblastomas haveboth germcell and stromal
cell elements, andgenerally followabenign course;
however, approximately 10% can have compo-
nents of any of the germ cell tumors such as yolk
sac tumors.10 Gonadoblastomas have a strong
association with phenotypic females who have
a male karyotype and dysgenetic gonads. These
tumors are often bilateral and contain punctate



Table 1
Key clinical and imaging features of scrotal neoplasms

Neoplasm Age Key Clinical Features Key Imaging Features

Intratesticular Neoplasms

Germ Cell Tumors

Seminomatous
(seminoma)

30 y Rare in pediatric population Uniformly hypoechoic, hypointense on T1,
hyperintense on T2

Nonseminomatous

Yolk sac tumor
(endodermal sinus tumor)

2 y Most common pediatric testicular
neoplasm, AFP elevation

Well circumscribed, heterogeneous
echogenicity. Hypervascular

Teratoma <4 y Postpubertal more likely to be malignant Heterogeneous due to cystic/solid
components, calcifications, adipose tissue

Embryonal Late teens, adulthood Elevated AFP and b-HCG Heterogeneous and poorly marginated

Choriocarcinoma Late teens, adulthood Elevated b-HCG, gynecomastia Heterogeneous, cystic/solid components

Sex cord-stromal

Sertoli cell tumor <1 y � Gynecomastia, Carney complex, Peutz-
Jeghers syndrome

Nonspecific hypoechoic solid mass
LCCSCT: heavy acoustic shadowing due to

calcification

Leydig cell tumor 3–6 y Secrete androgens or estrogens, precocious
puberty, African American males

Well circumscribed, hypoechoic

Granulosa cell tumor Juvenile: <1 y Adult:
middle aged

Mixed cystic and solid mass Hypoechoic, solid and cystic components

Mixed germ cell/sex cord

Gonadoblastoma 5–10 y Phenotypic females with male karyotype Solid and hypoechoic

Secondary Testicular Neoplasms

Leukemia/lymphoma — Bilateral testicular enlargement; treated
leukemia/lymphoma

Decreased T2 signal intensity

Extratesticular Neoplasms

Adenomatoid tumor 20–50 y Nonspecific painless mass Hyperechoic, homogeneous

Papillary cystadenoma — Von Hippel-Lindau, bilateral w40% Echogenic

Extratesticular lipoma — Fatty lesion Hyperechoic, homogeneous, T1
hyperintense

Paratesticular
rhabdomyosarcoma

2 peaks—ages 5 and
16 y

Solid extratesticular mass with variable
heterogeneity

Hemorrhage and necrosis with increased
flow on Doppler

Abbreviations: AFP, a fetoprotein; HCG, human chorionic gonadotropin; LCCSCT, large cell calcifying Sertoli cell tumor.
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Fig. 3. Yolk sac tumor in a 5 month old male with suspected orchitis that did not resolve. (A) Transverse Doppler
sonogram shows a hypervascular, markedly enlarged hyperechoic right testis. (B) Compare with the normal left
testis (arrow). Lung metastases were present on chest CT (not shown).

Fig. 4. Embryonal carcinoma in a 16 year old male with firm scrotal mass for 2 months. (A) Longitudinal Doppler
sonogram of the left testicle demonstrates a moderately vascular, poorly defined infiltrative mass with scattered
calcifications (arrows). (B) Gross specimen confirms infiltrative mass (arrows) within the enlarged left testicle.
(C) Histologic image shows pleomorphic epithelial cells arranged in solid sheets, trabeculae, or glands. The
tumor cells contain slightly basophilic cytoplasm, and large hyperchromatic nuclei with prominent nucleoli
(hematoxylin eosin (H&E), original magnification �200).
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Fig. 5. Mixed germ cell tumor with choriocarcinoma elements in a 16 year old male with seizures. (A) Axial T2 MR
image of the brain demonstrates bilateral hypointense parenchymal masses surrounded by hyperintense edema.
Metastatic diseasewas suspected andadditionalworkupperformed. (B) Axial CT imageof the chest showsmultiple,
bilateral metastatic parenchymal nodules of varied size. Note that many of the lung nodules have hazy peripheral
margins, a finding suggestive of hemorrhage, common in choriocarcinoma. (C) Axial contrast enhanced CTof the
abdomen identifies extensive low attenuation retroperitoneal lymph nodes (arrow). (D) Transverse testicular sono
gram reveals a solid intratesticularmasswith peripheral calcification (arrow). (E) Gross specimendemonstrates a left
hemorrhagic intratesticular mass (arrows). (F) Histologic specimen shows a lesion composed of mixed trophoblasts
with pronounced cytologic atypia, extensive necrosis, and hemorrhage. Trophoblasts were b HCG positive (H&E,
original magnification �200).
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Fig. 6. Leydig cell tumor in a 15 year old white male with testicular pain. (A) Longitudinal testicular sonogram
demonstrates a well defined hypoechoic mass (arrow). (B) Histologic specimen shows diffuse sheets of large
polygonal neoplastic cells with abundant eosinophilic, slightly granular cytoplasm, and round nuclei (H&E, orig
inal magnification �200).
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dystrophic calcifications on imaging, and are often
solid and hypoechoic.4 The testis may appear hy-
perechoic in the center on US.17

Tumors of Supporting Tissues/Fascia

Leiomyoma, fibroma, hemangioma, and venolym-
phatic malformations (non-neoplastic tumor like
condition) are rare, benign tumors originating from
testicular supporting tissues. On imaging they are
typically nonspecific solidmasses, except for veno-
lymphatic malformations, which are oftenmulticys-
tic with solid components, and may contain
phleboliths (Fig. 8). Fibrosarcoma and leiomyosar-
coma are raremalignant testicular lesions that arise
from supporting structures, generally requiring
biopsy for tissue-definitive diagnosis.9

Secondary Intratesticular Neoplasms

Secondary testicular neoplasms represent less
than 10% of all testicular tumors.9 Leukemia and
lymphoma are the most common secondary
Fig. 7. Granulosa cell tumor in a 1 week old male with an
a mixed echogenicity mass in the left testicle (arrow) comp
Histologic image shows tumor composed of a nodular gro
varying sizes and shapes (H&E, original magnification �40
intratesticular neoplasms, acute lymphoblastic
leukemia being most common subtype. Because
the blood-testes barrier may prevent toxic levels of
chemotherapeutic drugs from being delivered to
the testes during cancer treatment, neoplastic cells
within the gonads remain unharmed, allowing the
gonads to be a “sanctuary site” for malignant cells.
These sanctuary sites serve as a source for future
reactivation of lymphoma and leukemia. Patients
with leukemia present with painless, usually bilat-
eral, testicular enlargement. Sonography shows
bilateral, or less often unilateral, homogeneous, hy-
poechoic testicular enlargement with disorganized
hypervascular flow (Fig. 9). Leukemia, and espe-
cially lymphoma, have a distinctive decrease in T2
signal intensity on MR imaging that differs from
most lesions, which are T2 hyperintense.4,18

Extratesticular Neoplasms

Extratesticularneoplasmsarise fromtheepididymis,
spermatic cord, and/or supporting tissue. These
undescended testis. (A) Transverse sonogram exhibits
ared with normal echogenicity of right (R) testicle. (B)
wth of granulosa cells, which focally form follicles of
).



Fig. 8. Venolymphatic malformation in a 7 year old
male with right scrotal pain. Longitudinal Doppler
sonogram shows the testicle has been replaced by
a mixture of innumerable cystic foci separated by
echogenic septations (arrows). Minimal peripheral
flow is noted.
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tumors are rare and generally benign. Only 3% of
solid extratesticular neoplasms are malignant.14

US is the modality of choice to localize scrotal
masses as intratesticular or extratesticular. Benign
epididymal neoplasms consist of adenomatoid
tumors, lipoma, rhabdomyosarcoma, and papillary
cystadenomas.
The adenomatoid tumor, which arises from the

epididymis, is the most common extratesticular
neoplasm. It is rare in children, usually presenting
between 20 and 50 years of age with a painless
scrotal mass.19 Although the adenomatoid tumor
has a wide variation of appearances on US, it is
most often hyperechoic and homogeneous.
Papillary cystadenomas are associated with von

Hippel-Lindau disease (60%), are bilateral in up to
40% of patients, and are echogenic on US.14,19
Fig. 9. Leukemia in a 9 year old male who was treated
for acute myelogenous leukemia 18 months prior.
Doppler sonogram shows a homogeneously enlarged
(8.6 mL volume), hypoechoic, hyperemic testicle.
Normal sized right testicle (volume 3.2 mL) is not
shown.
Extratesticular lipomas arise most frequently
from the spermatic cord. Lipomas are hyperechoic
and homogeneous on US. Findings on CT and MR
imaging include a low attenuation and T1 bright
signal fatty mass, respectively.19

Paratesticular rhabdomyosarcoma has two age
peaks, 5 and 16 years.14,19 Most patients present
with a painless mass and 40% have metastasis
mostcommonly to the lungs, cortical bone,or retro-
peritoneal lymph nodes.4,19 Embryonal, alveolar,
and pleomorphic are the most common histologic
subtypes of rhabdomyosarcoma. Alveolar rhabdo-
myosarcomaoccursmore frequently in the extrem-
ities and in older children, whereas the embryonal
subtype occurs more frequently in the head, neck,
and genitourinary tract. Hemorrhage and necrosis
are common, giving it a wide spectrum of imaging
appearances. Color Doppler US shows increased
flow with a decreased resistance in the solid
portions of the mass (Fig. 10). Tissue diagnosis
requires biopsy, and CT is performed for staging.
Leiomyosarcoma and liposarcoma are very rare

malignant neoplasms that may arise in the para-
testicular tissue, and because of their infrequency
are not further discussed here.

OVARIAN NEOPLASMS

About two-thirds of ovarian tumors in children are
benign,1,20 and one-third of ovarian neoplasms are
malignant. The 3 main subtypes of primary ovarian
neoplasms include germ cell tumors (60%–90%),
sex cord-stromal tumors (10%–13%), and epithe-
lial tumors (5%–11%) (Table 2).1,21 Teratomas and
cystadenomas are the most common benign
ovarian neoplasms in children, with teratomas
occurring more commonly than cystadenomas.
In general, ovarian neoplasms often have

nonspecific imaging features, making them
Fig. 10. Rhabdomyosarcoma of the epididymis in a 2
year old male with scrotal swelling. Longitudinal
sonogram reveals a well defined, mixed echogenicity,
extratesticular mass (arrows) replacing the epididymis
and displacing the testicle (T).



Table 2
Key clinical and imaging features of ovarian neoplasms

Tumor Type Age Key Clinical Features Key Imaging Features

Germ Cell Tumors

Mature teratoma 10–15 y Asymptomatic pelvic mass or pain
due to torsion/hemorrhage

Mixed calcium, fluid, fat, soft
tissue attenuation

Immature teratoma 11–14 y Asymptomatic pelvic mass or pain
due to torsion/hemorrhage

Mixed calcium, fluid, fat, soft
tissue attenuation

Dysgerminoma 16 y Most common malignant ovarian
neoplasm, radiosensitive

Nonspecific solid enhancing mass,
enhancement of fibrovascular
septae

Endodermal sinus tumor
(yolk sac tumor)

18 y Elevated AFP, rapidly growing and
may have cystic degeneration

Large pelvic mass with cystic and
solid components

Embryonal carcinoma 14 y HCG elevated, Increased AFP,
Various endocrine manifestations
(precocious puberty)

Nonspecific

Sex Cord-Stromal

Granulosa cell tumor 7.6 y Isosexual precocity Variable appearance: cystic to
solid, heterogeneous due
to hemorrhage

Sertoli-Leydig 25 y Virilization/oligomenorrhea Variable decrease in T1,
T2 signal intensity

Mixed Germ Stromal Cell

Gonadoblastoma Perinatal Dysgenetic gonads (see Table 1) Circumscribed, mottled, or punctate
calcifications

Epithelial (>20 y) — —

Cystadenoma Postpuberty Nonspecific mass Hypoechoic, thin walled, cystic

Mucinous cystadenocarcinoma Rare in pediatrics Large mass, presenting with
a distended abdomen

Large, multicystic with septations
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Fig. 11. Mature ovarian teratoma in a 15 year old
female with abdominal pain. Axial unenhanced CT
image shows a right ovarian mass with intermixed
fat, soft tissue, and calcification (arrow). Note internal
nodule of material, the so called Rokitansky nodule.
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difficult to differentiate from one another. Famil-
iarity with age of onset, clinical symptoms, labora-
tory data, and imaging features allow for a more
narrow differential diagnosis. Useful general
tendencies noted on imaging are discussed here.
US is the initial study of choice to screen for

pelvic masses due to its widespread availability
and ease of use. Although distinguishing benign
versus malignant ovarian neoplasms is often diffi-
cult, US features suggesting malignancy include
papillary projections, calcification, fluid in the cul-
de-sac, tumors larger than 100 mm in largest
diameter, lesions with irregular walls, and thick-
ened irregular septae.22

The same features indicating malignancy on US
are also present on CT. However, the mass may
be better visualized in larger patients on CT. Pre-
dominance of soft tissue components (>50% by
volume) increases the suspicion of malignancy.1

Ascites, hepatic metastases, lymphadenopathy,
and omental, mesenteric, or peritoneal implants
suggest intra-abdominal spread.Extensive omental
implants may occur, referred to as omental caking.
CT is the initial study of choice for staging, as it

allows for visualization of spread into the chest,
abdomen, and pelvis. MR imaging is superior to
CT in some cases when evaluating the pelvic
side wall and adjacent organs for invasion.21

Germ Cell Tumors

Germcell tumors usually affect postpubertal females
andpresent aspainless pelvic or abdominalmasses.
Types of germ cell tumors include teratomas, dys-
germinoma, endodermal sinus tumors (yolk sac
tumor), embryonal carcinoma,andchoriocarcinoma.

Teratomas
Teratomas, masses of germ cell origin, are more
common in adolescence than in childhood. Though
typically asymptomatic, patients may present with
an abdominal or pelvic mass, or pain secondary
to torsion or hemorrhage. Teratomas are bilateral
in 10% to 25% of cases and undergo torsion in
up to 30% of cases.20

The sonographic findings of teratomas are vari-
able depending on the contents of the lesion
present, such as sebum, serous fluid, calcium,
hair, and fat. Teratomas are often complex, ranging
frompurely cystic tocompletelysolidwithechogen-
ic calcifications and/or fat, mural nodules, floating
debris, fluid levels, or any combination of the afore-
mentioned components. Mural nodules are seen in
up to 70% of postpubertal females, the so-called
Rokitanskynodule, and40%ofprepubertal females
(Fig. 11).9,23 Acoustic shadowing on US occurs in
up to 50% of teratomas secondary to calcified
material or a matted mixture of sebum and hair.23
As with testicular teratomas, shadowing can be
extensive enough to prevent visualization of much
of the underlying lesion termed the “tip of the
iceberg sign.”23 Only 2% to 10% of ovarian tera-
tomasaremalignant.24 Imaging findingofmalignant
germ cell tumors are nonspecific overall, but some
findings tend to suggest malignancy.24 Specifically,
central necrosis within a solid mass, thickened
irregular septae, and papillary projections are
suggestive of malignancy (Fig. 12).9

On CT, ovarian teratomas reveal a variable
mixture of internal fat, fluid, and calcification, which
can be characterized by Hounsfield units. Mural
nodules, fat-fluid levels, and floating debris may
also be seen. CT is usually adequate to charac-
terize ovarian masses and define tumor extension.
Teratomas rarely rupture into the peritoneal cavity,
bladder, small bowel, rectum, sigmoid colon,
vagina, or through the abdominal wall. Acute peri-
tonitis and chronic granulomatous peritonitis due
to a chronically leaking teratoma are exceedingly
rare. Multiple small peritoneal implants and vari-
able ascitesmay simulate carcinomatosis or tuber-
culous peritonitis.25

MR imagingmay behelpful whenCT is equivocal.
MR is particularly able to identify pelvic side wall
invasion and involvement of adjacent pelvic struc-
tures in malignant ovarian masses, including tera-
tomas. Like US and CT, MR imaging reveals
a heterogeneous lesion of variable signal intensity.
Serous fluid is of low intensity on T1-weighted
and bright on T2-weighted sequences, whereas



Fig. 12. Immature teratoma in a 3 year old female with abdominal pain and distension. (A) Axial contrast
enhanced CT image through the pelvis shows a mixed attenuation mass containing soft tissue, fat (arrow),
and numerous scattered calcifications. (B) Gross image reveals a heterogeneous, nodular left ovarian mass.
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intralesional fat is of high signal intensity on T1-
weighted and T2-weighted sequences. Fat-
suppressed sequences are useful to distinguish
between intratumoral nonsuppressing hyperintense
blood products and suppressing lipid material.
Calcified structures, such as bone and teeth, as
well as hair demonstrate low T1 and T2 signal
intensity. Contrast administration shows variable
enhancement of the solid portions of the lesion
and the cyst walls. Other findings seen on CT and
US, such as fat-fluid levels, floating debris, depen-
dent layering, calcifications, and rounded mural
nodules (dermoid plugs), may also be seen with
MR imaging.1,20,21

The mainstay of treatment for ovarian teratomas
is complete surgical resection, which is curative in
the vast majority of cases. Malignant degeneration
of mature into immature teratoma is rare, occur-
ring in approximately 1% to 2% of cases.26

Ovarian dysgerminoma
Although rare, ovarian dysgerminoma is the most
common malignant ovarian germ cell tumor in
the pediatric population. The average age of
presentation is 19 years, and tumor markers
include lactate dehydrogenase and b-HCG.27,28

Because it has a nonspecific imaging appearance,
it is difficult to differentiate from other ovarian
masses. Cross-sectional imaging of ovarian dys-
germinomas shows a solid, encapsulated mass,
which may have fine stippled calcifications
(Fig. 13). Enhancement of fibrovascular septae
after contrast administration is also present. It is
bilateral in 10% to 15% of cases and is the only
ovarian malignancy that spreads via the lymphatic
system. Dysgerminoma has a good prognosis,
with greater than 80% survival. It is treated with
surgical resection of the involved ovary only and
is highly radiosensitive.21
Endodermal sinus tumors (yolk sac tumors)
Ovarian endodermal sinus tumors are rare in the
pediatric population, and are typically large at the
time of diagnosis. The average age at presentation
is between 18 and 19 years.29 Patients often have
an elevated AFP with endodermal sinus tumors
(75%). AFP, as stated in the section on testicular
endodermal sinus tumor, can be a useful marker
for evaluation of tumor recurrence.9,23 Cross-
sectional imaging with US, CT, and MR show
a large nonspecific pelvic mass with cystic and
solid components (Fig. 14). Extension into perito-
neum and adjacent structures, including the spinal
canal, is not uncommon. Surgical resection of the
involved ovary followed by chemotherapy has a re-
ported range of survival of from 92% to 39%.29,30

Embryonal carcinoma
Ovarian embryonal carcinomas are also rare in the
pediatric population, accounting for only 3%of prim-
itive ovarian germ cell tumors.31 The median age at
presentation is 14 years.23,31 Embryonal carcinomas
can secrete AFP and 50% have an elevated b-HCG
level.23,31 Various endocrine manifestations such as
precocious puberty, vaginal bleeding, amenorrhea,
and hirsutism may be present. Cross-sectional
imaging features are nonspecific. Intraperitoneal
spread is not uncommon. Treatment of embryonal
carcinoma includes surgery and chemotherapy.
Survival rates are similar to those for yolk sac
tumors.30

Sex Cord-Stromal Tumors

The most common sex cord-stromal tumors are
granulosa cell (75%) and Sertoli-Leydig cell tumors
(15%).1 Sex cord-stromal tumors metastasize by
lymphogenous spread to regional or distant lymph
nodes, and/or hematogenous dissemination to the
lungs and liver.



Fig. 13. Ovarian dysgerminoma in a 15 year old with left lower quadrant pain and distention. (A) Contrast
enhanced axial CT of the pelvis shows a homogeneous enhancing soft tissue mass (M) with a small amount of
adjacent ascites (arrow). (B) Gross specimen of the right ovary confirms a homogeneous infiltrative ovarian
mass. (C) Histologic specimen reveals nests of uniform tumor cells outlined by fibrous bands. Tumor cells have
clear cytoplasm, well defined cell borders, large central nuclei, and clumped chromatin. Sparse nonneoplastic
lymphocytic infiltrate is present within the fibrous tissue (H&E, original magnification �200).
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Granulosa cell tumors
Granulosa cell tumors are rare in children, present-
ing at a median age of 7.6 years.32 Children with
granulosa cell tumors typically present with isosex-
ual precocity (appropriate secondary sexual char-
acteristics prior to puberty) due to estrogen
secretion. Patients may also have endometrial
bleeding and uterine enlargement. These neo-
plasms are highly variable in appearance on
cross-sectional imaging with US, CT, and MR
imaging, ranging from cystic to solid, often being
heterogeneous because of internal hemorrhage
and infarct (Fig. 15).33 Surgical resection is the
mainstay of therapy, usually followed by radiation
or chemotherapy.34 Juvenile forms of granulosa
cell tumor have the best prognosis. Unfortunately
a tendency for late tumor recurrence is well docu-
mented, thus follow-up is required.35

Sertoli-Leydig cell tumors
Sertoli-Leydig cell tumors are very rare in children
(mean age 25 years), accounting for only 0.5% of
all ovarian masses.36 Patients with Sertoli-Leydig
cell tumors (arrhenoblastoma) may present with
virilization or oligomenorrhea due to androgen
production. These tumors range fromsolid to cystic
and may have a papillary component. On cross-
sectional imaging, the mass is usually well defined
and solid. On MR imaging, they may be hypoin-
tense on T1-weighted andT2weighted sequences,
often containing multiple cystic areas (Fig. 16).33

Treatment includes surgical resection of the ovary,
usually followed by chemotherapy. The prognosis
of Sertoli-Leydig tumors depends on the stage of
disease. In one study, the 5- and 10-year survival
rates were both 92%.37

Gonadoblastoma
Gonadoblastomas are mixed germ cell and sex
cord-stromal tumors. These tumors originate in
the perinatal period, but may present from age 1
year into adulthood. Gonadoblastomas are often
found in patientswith dysgenetic gonads of pheno-
typic females with an XY genotype.38 Although
gonadoblastomas are mostly benign, they fre-
quently contain components of other germ cells,



Fig. 14. Yolk sac tumor in a 2 year old female with perineal skin changes. (A) Longitudinal sonogram of the pelvis
demonstrates a heterogeneous echogenicity mass (white arrow). Also noted are the compressed bladder (B) and
small prepubertal uterus (U, [black arrow]). (B) Axial and (C) Sagittal contrast enhanced fat suppressed T1
weighted MR images reveal a heterogeneous, mixed cystic and solid, enhancing pelvic mass (M). Spine involve
ment is causing vertebra plana (arrow) and epidural extension (curved arrow). (D) Histologic section shows
mature and immature tissues derived from all 3 germ layers. In 15% of the sampled tissue, the neoplastic cells
are in ribbons, or lining irregular cystic spaces as seen in the right side and upper left corner of the picture.
The tumor cells contain clear cytoplasm and large nucleoli with fine chromatin and small nucleoli. Tumor cells
were also positive for a fetoprotein (H&E, original magnification �200).
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which put them at risk for malignant degenera-
tion in approximately 50% to 60% of patients.38

Gonadoblastomas are bilateral in 30% to 50% of
cases39; theymaydevelopcircumscribed,mottled,
or punctate calcifications visible on plain radio-
graphs and CT.40
Epithelial Tumors (Cystadenomas and
Cystadenocarcinomas)

Epithelial neoplasms of the ovary, including cysta-
denomas and cystadenocarcinomas, represent
about 10% to 17% of all ovarian neoplasms in
children.41,42Cystadenomasaredivided into serous
and mucinous subtypes. Cystadenomas present
after puberty, with the lesions being rare before 20
yearsof age.Presentingsymptoms includenonspe-
cific abdominal pain or a painless abdominal
mass.42 On sonography, ovarian cystadenomas
appear as thick-walled smoothly marginated cystic
masses with hypoechoic or anechoic contents.
These tumors have a variable appearance on MR
imaging, but are typically large cystic pelvic or
abdominal masses ranging from 4 to 20 cm in
size.9,18 Gadolinium contrast agents show enhan-
cement of the papillary projections and cystwall.6,12



Fig. 15. Juvenile granulosa cell tumor in a 7 year old female with abdominal pain. (A) Reformatted coronal
contrast enhanced CT image of the abdomen and pelvis demonstrates a mixed attenuation cystic and solid
mass with foci of internal calcification (arrow). (B) Gross specimen of the left ovary confirms a multicystic mass
with internal septations. (C) Histologic specimen reveals a cellular neoplasm with follicle formation. The tumor
cells, which are cytologically distinct from the adult granulosa cell tumor, show round or oval hyperchromatic
nuclei that lack nuclear grooves. Abundant eosinophilic cytoplasm, varying nuclear atypia, and mitotic activity
are seen (H&E, original magnification �100).

Fig. 16. Sertoli Leydig cell tumor in a 14 year old with weight loss, abdominal pain, and irregular menses. (A)
Longitudinal sonogram shows a heterogeneous, mixed solid and cystic mass in the right adnexa. (B) Contrast
enhanced CT image confirms a heterogeneous solid mass with low attenuation cystic areas. A small amount of
free fluid is seen adjacent to the mass (arrow).
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Mucinous cystadenomas rarely occur in the
pediatric population, occurring more frequently in
postpubertal females. Mucinous cystadenomas
have the potential to bemalignant mucinous cysta-
denocarcinomas, and may metastasize through
peritoneal/omental seeding. Patients typically
present with a distended abdomen. On US, CT,
and MR imaging, they appear as large multicystic
ovarian masses with septations.41 Treatment is
usually surgical, and because of the large size,
ovary-sparing surgery may be difficult (Fig. 17).
Secondary Ovarian Neoplasms

Secondary ovarian neoplasms include leukemia
and lymphoma (Fig. 18). The gonads, as discussed
in the section on testicles, may act as sanctuary
sites for surviving tumor cells after chemotherapy
administration.43 On cross-sectional imaging, one
sees unilaterally or bilaterally enlarged, often
Fig. 17. Mucinous cystadenocarcinoma in a 17 year old fem
before surgery. (A) Longitudinal sonogram of the pelvis sh
(arrows). (B) Coronal reformatted contrast enhanced CT im
several internal septations (curved arrow). At surgery the le
imen shows a multilocular lesion with focal areas of florid p
stratification, and increased mitotic activity, consistent w
The majority of the tumor reveals cysts lined by intestina
(not shown) (H&E, original magnification �200).
hyperemic, variably enhancing ovaries. History of
treated neoplasm is important for suggesting this
diagnosis.23,43
UTERINE/VAGINAL TUMORS

Uterine and vaginal tumors are rare in the pediatric
population, and are more likely to be malignant in
children than in adults. The most common uterine/
vaginal tumors are rhadomyosarcomas, which
arise from the anterior vagina near the cervix or
the cervix itself. Endodermal sinus tumor of the
vagina, and clear cell adenocarcinoma, arise from
the vagina (Table 3).

Children with rhabdomyosarcoma frequently
present with vaginal bleeding and/or protrusion of
a polypoid mass from the vaginal introitus. Three
histologic subsets of rhabdomyosarcoma are
described, including embryonal (which includes
embryonal, botryoid, and spindle cell), alveolar,
ale incidentally noted on plain radiograph performed
ows a large cystic mass with a septated mural nodule
age reveals a cystic midline pelvic mass (arrows) with
sion originated from the left ovary. (C) Histologic spec
apillary and glandular epithelial proliferation, nuclear
ith well differentiated mucinous cystadenocarcinoma.
l type mucinous epithelium without cytologic atypia



Fig. 18. Acute myelogenous leukemia in a 5 month old female with an abdominal mass. (A) Transverse color
Doppler sonogram demonstrates an enlarged, homogeneous, hypervascular right ovary. The contralateral ovary
(not shown) had the same appearance. (B) Axial contrast enhanced CT image of the pelvis confirms bilateral
ovarian enlargement (arrows) with some cystic change on the right (asterisk), and pelvic ascites (curved arrow).
(C) Histologic specimen reveals sheets of monomorphic cells with large nuclei, high cellular turnover with atypical
mitoses, and foci of cellular necrosis (H&E, original magnification �400).
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and pleomorphic/anaplastic. Embryonal and bo-
tryoid variants are typically found in the vagina or
genitourinary region in females. The embryonal
type has the best prognosis, with a 5-year survival
rate of 69%.44 Rhabdomyosarcomas may be
locally aggressive, invading the uterus and adja-
cent pelvic structures.
US is the initial screening tool used to detect

pelvic masses, and CT or MR imaging is used to
evaluate tumor extent. Rhabdomyosarcomas
usually have central areas of decreased echoge-
nicity seenwithin theuterus/vagina, due tonecrosis
or ulceration (Fig. 19). On T1-weighted MR
imaging, rhabdomyosarcomas have intensity
slightly greater than muscle and less than fat. On
T2, the signal intensity increases. On CT and MR
imaging, areas of central necrosis are commonly
seen. CT and MR are used to assess for local inva-
sion and distant metastases including evaluation
for retroperitoneal lymphadenopathy, liver, lung,
and bone metastases. Treatment of rhabdomyo-
sarcoma includes a combination of chemotherapy
for 4 to 5months followed by surgical excision and/
or radiation therapy.
Endodermal sinus tumor and clear cell adenocar-

cinomaof thevaginaoftenbecomevery largeand fill
the vaginaat the timeof diagnosis.Clear cell adeno-
carcinoma is associatedwithmaternal use of dieth-
ylstilbestrol during pregnancy. These tumors are
indistinguishable from rhabdomyosarcoma.
BLADDER MASSES

A variety of bladder masses occurs in children.
Benign lesions, most of which are rare, include
fibromas, hemangiomas, schwannomas, hema-
tomas, ureteroceles, leiomyomas, endometriomas,
and pseudotumoral cystitis of chronic granuloma-
tous disease. Malignant lesions include rhabdo-
myosarcomas, leiomyosarcomas, and transitional



Table 3
Key clinical and imaging features of uterine/vaginal neoplasms

Tumor Type Key Clinical Features Key Imaging Features

Rhabdomyosarcoma Cluster of grapes, central
necrosis, locally aggressive

Central areas of decreased
echogenicity due to necrosis

Clear cell Maternal diethylstilbestrol use Nonspecific imaging findings
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cell carcinomas. Secondary involvement may also
occur rarely, with lesions such as lymphoma
(Fig. 20). Although most of these neoplasms are
nonspecific in appearance and cannot be distin-
guished fromone another with imaging, one helpful
general sign of malignancy is invasion of the adja-
cent soft tissues. Presenting symptoms may be
related to vesicoureteral reflux, pelvic pain, or
hematuria.

Bladder lesions are initially characterized by US
and voiding cystourethrogram (VCUG), with VCUG
showing a filling defect. Color Doppler US evalua-
tion may be helpful for further evaluation, as enti-
ties such as hematoma will show a lack of
Doppler flow. MR imaging is a helpful tool to detect
disruption of the bladder wall and extension into
the adjacent pelvic side wall and soft tissues. CT
is particularly useful to assess for lung metastasis;
however, one must always be cognizant of the
associated radiation exposure in children who
will potentially require repetitive preoperative and
postoperative/follow-up imaging.

Rhabdomyosarcoma is by far the most common
malignant bladder lesion. It occurs in several histo-
logic subtypes with the most common, as stated
earlier, being the embryonal type. The appearance
on MR imaging, CT, and US is highly variable, as
one can see hemorrhagic, cystic, and solid compo-
nents (Fig. 21).
Fig. 19. Rhabdomyosarcoma in a 2 year old female
with a vulvar mass. Axial contrast enhanced CT image
of the pelvis demonstrates bladder (B) invasion from
the vulvar origin mass (arrow). The mass is predomi
nately solid with subtle internal areas of low
attenuation.
When assessing the extent of the lesion (staging)
it is important to address local and distant spread
to nodes (including size), soft tissue extension,
and adjacent organ invasion with CT or MR
imaging. Distant metastases are often seen in
cortical bone, lung, and lymph nodes. These points
are well addressed with MR imaging, as soft tissue
extension and disruption of a solid organ’s wall are
readily evaluated by checking for interruption of the
normal low signal within thewalls of organs such as
the rectum and bladder. MR imaging suffers from
the same limitations as do other cross-sectional
imagingmodalities in lymph node evaluation. Inter-
pretation is limited to the size of the node when as-
sessing for potential underlying involvement, as
metastatic normal-sized nodal disease will go
undetected.
SACROCOCCYGEAL TERATOMA

Sacrococcygeal teratoma is a complex lesion with
a varied differential diagnosis in the neonate.
Included in the list of differentials are lesions such
asneuroblastoma,chordoma, rhabdomyosarcoma,
anterior meningocele, and neurenteric cysts. These
lesions are often quite heterogeneous in nature with
foci of soft tissue, cysts, and calcifications.

Sacrococcygeal teratomas usually present in
neonates and are often seen in utero on US as
a large mass protruding from the sacrum/buttock.
Other findings include vertebral body erosion, or
a soft tissue mass with areas of calcification
seen on radiographs. The classification of sacro-
coccygeal teratomas includes 4 types, depending
on the degree to which they are intrapelvic or ex-
trapelvic in location. Type 1 is external in nature,
protruding from the sacral region. Type 2 has
both internal and external abdominal components,
but is mostly external. Type 3 is mostly intrapelvic
(internal) but has an external component. Type 4 is
entirely internal or intrapelvic (presacral) in loca-
tion. Sacrococcygeal teratomas are complex and
may be associated with sacral and anorectal
abnormalities, which is referred to as the Currarino
triad (sacral defect, anorectal malformation, and
presacral anomaly such as anterior meningocele,
teratoma, or cyst). Type 4 presacral lesions are



Fig. 20. Burkitt lymphoma of the bladder in a 15 year old male with frequency. (A) Oblique image from a fluoro
scopic voiding cystourethrogram reveals a thickened bladder wall (arrows). (B) Axial contrast enhanced T1
weighted MR image of the pelvis demonstrates a large mass (arrows) along the posterior bladder (B) wall. (C)
Sagittal T2 weighted MR image confirms a mass (arrows) along the posterior bladder wall. Note that the bladder
(B) is displaced anteriorly.

Fig. 21. Rhabdomyosarcoma in a 3 year old male with bladder distension. (A) Coronal reformatted contrast
enhanced CT image of the pelvis show a heterogeneous mass (arrow) extending from the bladder (B). (B) Delayed
contrast enhanced CT image of the pelvis shows contrast surrounding the bladdermass (arrow). (C) Histologic spec
imen of anaplastic embryonal rhabdomyosarcoma reveals pleomorphic tumor cells with bright eosinophilic cyto
plasm in a myxoid stroma. Some tumor cells contain enlarged, or multiple, hyperchromatic nuclei with atypical
mitotic figures (H&E, original magnification �200). (D) Myogenin immunohistochemistry shows patchy nuclear
positivity, typical for embryonal rhabdomyosarcoma (H&E, original magnification �200).
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Fig. 22. Sacrococcygeal teratoma in a 1 day old girl with a buttock mass. (A) Axial and (B) Sagittal T2 MR images
through the pelvis show a heterogeneous mixed signal intensity cystic and solid mass (arrows) that is mostly ex
trapelvic with some intrapelvic (presacral) extension. (C) Gross specimen demonstrates the varied appearance of
soft tissue, fat, and calcification. (D) Histologic specimen identifies cells from all 3 germ layers. There are islands of
glandular tissue (endoderm), adipose tissue (mesoderm), and glial tissue (ectoderm). No immature or malignant
tissue is present in the tumor (H&E, original magnification �40).
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associated with sacral anomalies and rectal
stenosis, so contrast enema may be helpful for
evaluation. With regard to lesion type and detec-
tion, those with type 3 and 4 designation are often
detected later because of their internal nature.
Lesions detected later are at higher risk of malig-
nant potential. It is important to note if a lesion is
cystic, because cystic lesions tend to have a better
prognosis than solid ones. In addition, females
have a better prognosis than males.

Lesionsdiagnosedafter 2monthsofagearemore
likely to contain malignant tissue. These lesions are
best evaluatedwithCTand/orMR imaging (Fig. 22).
Sacrococcygeal teratomas may metastasize to the
liver, lungs, and lymph nodes. Following treatment,
they may revert to a mature teratoma or be seen
as fibrotic masses. It is interesting that recurrence
has been seen at up to 40 years after resection,
which can be heralded by rising AFP levels.
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Imaging Pediatric
Bone Sarcomas

Sue C. Kaste, DOa,b,c,*
KEYWORDS

� Osteosarcoma � Ewing sarcoma � Chondrosarcoma
� Pediatric bone tumors
Primary malignant bone tumors are rare (8.7 cases
per million annual incidence), and account for
about 6% of all new pediatric cancer cases per
year in the United States.1 Osteosarcoma and
Ewing Sarcoma Family of Tumors (ESFT) comprise
the majority of cases (400 and 250 cases per year,
respectively).2 Patients typically present with pain
and/or swelling. Identification of the lesion not
uncommonly occurs as a result of imaging per-
formed for trauma. Diagnosis is frequently delayed
for several weeks to months, due in part to the
rarity of such tumors and that the presence of
a malignancy in an otherwise healthy adolescent
is unexpected. Continuous evolution of chemo-
therapy regimens, surgical techniques, and
imaging technology has contributed to improved
overall survival. Thus tumor management and
patient care should be provided by a multidisci-
plinary team of health care professionals that
includes radiology, oncology, orthopedic surgery,
radiation oncology, and physical therapy.3

Bone tumors are classified according to the pro-
liferating cell type. Each of the elements of which
bone is composed—cartilage, osteoid, fibrous
tissue, and marrow—can give rise to benign or
malignant tumors. Clinical and standard imaging
(radiographs, technetium-99m methylene di-
phosphonate [[99mTc]MDP] bone scan, computed
tomography [CT]) characteristics of the various
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tumor types have been previously published and
have not appreciably changedover the decades.4,5

However, imaging recommendations evolve in
concert with treatment advancements and clinical
trial regimens.6 This article reviews the 3 most
common pediatric bone sarcomas—osteosar-
coma, Ewing sarcoma, and chondrosarcoma—
and their imaging as applicable to contemporary
disease staging and monitoring, and explores the
roles of evolving imaging techniques such as
magnetic resonance (MR) and positron emission
tomography (PET)-CT.
PEDIATRIC BONE SARCOMAS
Osteosarcoma

Osteosarcoma is the most common primary
malignant bone tumor. Osteosarcoma occurs
primarily during puberty and has been associated
with rapid patient growth.7 In females, the peak
age is earlier than in males (12 years vs 16 years,
respectively).7,8 A second peak is seen in adults
older than 60 years. The reported incidence of
osteosarcoma from the 2009 report of the Surveil-
lance, Epidemiology, and End Results (SEER)
Program is 4.4 cases per million in patients up to
24 years of age, more prevalent in blacks than
whites (4.2 vs 5.0, respectively), and more preva-
lent in females than males.
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The current 5-year relative survival rate of pedi-
atric cases is 61.6%.8 Advances in therapy
improved survival from 15% to 20% when surgery
alone was used for therapy to 55% to 80% by the
1980s with the addition of chemotherapy.7,9

However, no significant improvement in survival
rates has occurred between 1994 and 2003.8

Survival has been associated with age at diag-
nosis, race, anatomic site of the primary tumor
(highest survival in bones of the hands or feet
and poorest survival seen in pelvic primary
tumors), pathologic subtypes (best in chondroblas-
tic osteosarcoma and worst in small cell osteosar-
coma), and stageof disease (localized disease best
survival; those with distant metastatic disease the
poorest), and response to chemotherapy7,8,10

determinedat the timeof definitive tumor resection.
Two-dimensional tumor size relative to the pa-
tient’s body surface area11 and/or absolute tumor
size12 may have prognostic roles.
Osteosarcoma is histologically composed of

mesenchymal stem cells that produce osteoid. In
addition to the “classic” central medullary osteosar-
coma, histologically distinct variants are also
recognized: surface (parosteal, periosteal, and
high-grade) and low-grade intraosseous osteosar-
comas.9,13 With the exception of the high-grade
surface osteosarcoma, these variants are associ-
ated with an overall more favorable prognosis.
Treatment is determined by tumor histology.

Classic osteosarcoma is treated with neoadjuvant
multiagent chemotherapy followed by surgery and
additional chemotherapy.13 Both parosteal and
periosteal osteosarcoma require surgical resec-
tion. Chemotherapy is not typically indicated for
parosteal osteosarcoma, and its role in treating
periosteal osteosarcoma is controversial.14 As
osteosarcoma is radiation resistant, radiation
therapy is typically reserved for axial unresectable
lesions and for palliative care.9 The roles of vascular
endothelial growth factor (VEGF)15 and other
signaling pathways are under investigation as
potential factors to be integrated into risk-
adapted therapy.15,16 In response to the incorpora-
tion of new treatment agents into clinical regimens,
the imaging assessment of the effectiveness of
therapy must now reflect the biological response
of tumor with robust sensitivity and accuracy.
Ewing Sarcoma

Ewing sarcoma (a member of the ESFT) is the
second most common malignant bone tumor
in pediatrics.8,13,17 These tumors are small, round,
blue cell tumors, thought to originate in neural
crest cells.17 The ESFT is estimated to have
an annual incidence in the United States of 2.1
cases per million children, accounting for about
2% of all pediatric and young adult cancers.17

These tumors may arise in either bone or soft
tissue, occur more frequently in males than in
females, and are associated with increased inci-
dence in white and Hispanic children than in black
or Asian children.17 The vast majority of ESFT
cases are associated with a t[11;22] [q24;q12]
translocation.1,17

Several prognostic factors are considered in
newly diagnosed patients with Ewing sarcoma.
The recent SEER report based on more than
1600 cases of Ewing sarcoma registered between
1973 and 2005 indicates that independently signif-
icant variables include distant disease, stage,
primary location of the axial skeleton, and primary
tumor size exceeding 8 cm as independent predic-
tors of worse overall survival.18 These investiga-
tors found no significant prognostic significance
of race or age at diagnosis. However, among
Caucasian patients female sex was identified as
an independent predictor of improved survival
(P 5 .031).18 Notable is the incidence of Ewing
sarcoma in Caucasians being 9 times higher
than in African Americans, and over the course of
this study (1973–2005) the incidence of Ewing
sarcoma increased only among Caucasians.18

Pre-teens have improved outcome compared
with adolescents, and both groups show improved
survival when compared with adults.19 Event-free
survival of patients with pelvic tumors has been
reported to range from 43%20 to 50% compared
with 61% in patients with proximal, 68% distal
extremity primary (P 5 .003),21 and 60.6% ex-
tremity tumors in general.20 More recently, Lin
and colleagues22 demonstrated that centrally
located primary disease (P 5 .002) and tumor
response to therapy (P 5 .007) are independent
predictors of local disease recurrence. Histologic
response of less than 90% necrosis was associ-
atedwith increased risk of local disease recurrence.
Patients diagnosed with metastatic disease have
a considerably worse outcome than those with
nonmetastatic disease, and those with metastasis
limited to the lungs fare better than thosewith either
bone metastasis alone or both bone and lung
metastasis, as reported by the European Inter-
groupCooperative Ewing SarcomaStudyGroup.23

As with the aforementioned factors, patients with
larger tumors have a worse survival when com-
pared with those with smaller tumors.19,21,24 A
more recent study of 21 pediatric patients who
underwent both static and dynamic enhanced MR
found that tumor volume, width, and depth, but
not length or dynamic enhancement variables, at
diagnosis correlate with the risk of metastatic
disease.25
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Chondrosarcoma

Chondrosarcoma is a rare heterogeneous group of
tumors that may arise from bone or soft tissue.
Those arising from bone account for approxi-
mately 3.6% of all primary bone malignancies in
the United States.26 The incidence of chondrosar-
coma is estimated to be 1 in 200,000 per year, with
survival ranging from 0% to 93% depending on
histologic subtype.27 From the National Cancer
database, Damron and colleagues28 reported the
5-year relative survival of all forms of chondrosar-
coma to be about 75% (range, 52%–87%depend-
ing on histologic subtype). Survival over the past
30 years has remained static.27 Prognostic predic-
tors of outcome include grade and size of tumor
and uncontaminated, wide surgical margins. The
development of local disease recurrence also
seems to portend development of distant metas-
tases and ultimately poor survival.29 These tumors
have a predilection for the proximal femur and
pelvis.30 The incidence of chondrosarcoma in-
creases with increasing age. Though most often
seen in middle-aged patients, chondrosarcoma
arises in adolescents and young adults as primary
or secondary lesions.

In an estimated 0.5% to 5% of cases,31 chon-
drosarcomas may arise in a preexisting lesion,
most notably osteochondroma or enchondroma.
Both the radiologic and histologic distinctions
between a benign osteochondroma or enchondro-
ma and malignant chondrosarcoma (grade 1) are
difficult to delineate and are associated with high
interobserver variability.13,26,32,33 Clinically, low-
grade chondrosarcoma should be considered if
a patient with enchondroma complains of pain,
especially night pain.33 Factors associated with
increased risk of malignant dedifferentiation include
the presence of multiple osteochondromas or
enchondromas,13,34 axial location, and size ex-
ceeding 5 cm.32 Ahmed and colleagues35 reported
an institutional incidenceof sarcomatousdedifferen-
tiation of 7.6% in single osteochondromas and
36.3%incasesofmultipleosteochondromas. These
investigators also found dedifferentiation of lesions
to be associated with flat bone locations and male
gender, and to develop in patients 10 to 20 years
earlier than primary chondrosarcoma.

Reported radiologic signs of sarcomatous
dedifferentiation include heterogeneous minerali-
zation, presence of a soft tissue mass, poorly
defined lesion margination, and destruction of
the cartilaginous cap.35,36 Several investigators
have associated the presence of peritumoral
edema with chondrosarcoma but not with
enchondromas.35,37–39 However, this association
occurred in only 20% of cases of clear cell variant
of chondrosarcoma reported by Janzen and
colleagues.39

Clinical and radiologic techniques for differenti-
ating between benign and malignant cartilaginous
tumors are under development. Using the onset
and rate of contrast enhancement, reports indicate
a potential role for dynamic enhanced MR in
differentiating between osteochondromas or en-
chondromas and chondrosarcomas, but this tech-
nique was less helpful in patients whose growth
plates were not yet fused.40 Feldman and col-
leagues41 have shown [18F]fluorodeoxyglucose
([18F]FDG) PET imaging to distinguish between
benign enchondromas and chondrosarcomas,
with 90.9% sensitivity, 100% specificity, and
96.6% accuracy when using maximum standard
uptake value (SUV) of 2.0 to distinguish between
benign and malignant cartilaginous tumors. How-
ever, the role of PET or PET-CT in differentiating
between benign enchondromas and chondrosar-
coma has not yet been established. Recent
identification of integrin-linked kinase expression
patterns may be able to serve as biomarkers
capable of distinguishing between enchondromas
and chondrosarcomas.42

Chondrosarcomas are classified as grade 1 to 3,
based on clinical behavior and likelihood of metas-
tasizing; central (arising from the intramedullary
space) versusperipheral (arising fromthesurfaceof
bone); and primary or secondary.26,33,34 Between
85% and 90% of chondrosarcomas are classified
as conventional chondrosarcoma,26,32,34 most of
which are further classified as grade 1 or 2 (low or
intermediate grade), and behave in an indolent
manner with low potential to metastasize. The re-
maining 5% to 10% of conventional lesions are
classified as grade 3 lesions and possess high
metastatic potential.26 Rare variants of chondro-
sarcoma include dedifferentiated chondrosarco-
ma, a low-grade tumor that degenerates into
a high-grade sarcoma. Mesenchymal chondrosar-
coma accounts for about 3% to 10% of primary
chondrosarcomas, is highly malignant, occurs in
a population younger than for conventional chon-
drosarcoma, and is associated with late local and
distant disease recurrence.30,43,44 The clear cell
variant of chondrosarcoma accounts for about
2% to 5% of all chondrosarcomas, is seen in
younger patients, has a predilection for involving
the epiphysis of femur or humerus,30,37 and may
clinically be confused with chondroblastoma.30

Myxoid chondrosarcoma is a slow-growing tumor
associated with frequent local recurrence and
metastases; it is seen in younger patients.26,44 Peri-
osteal chondrosarcoma is a very rare form that
accounts for less than 2% of chondrosarcomas.
Unlike the lesions discussed above, this variant
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arises from the cortical surface, most commonly of
the metaphysis,45 and is covered by a fibrous
sheath that is contiguous with the perios-
teum.4,32,45 As it typically is found in patients in
the second to fourth decades of life, this lesion
may be seen in adolescents; there is a predilection
for males.45

Overall, the prognosis for patients with chondro-
sarcoma is favorable. From nearly 3000 cases
captured in the SEER database, only tumor grade
and stage were found to be independent predic-
tors of survival. Patients surviving 10 years from
diagnosis were unlikely to die of disease-related
causes.27 Surgical resection is the primary means
of local tumor control.34,44 Prognosis and the likeli-
hood of local recurrence are correlated with the
adequacy of surgical resection.33,46 Radiation
therapy may be useful for treatment of positive
surgical margins, but its role has been controver-
sial in treating chondrosarcoma because of the
relative resistance of the tumor to radiation
therapy.46 Chemotherapy for advanced or meta-
static disease and its utility in variant forms
of chondrosarcoma has been of inconsistent
value.30,32,33 As these tumors are relatively resis-
tant to radiation therapy, development of novel
therapies is needed to improve disease control,
particularly in cases of metastatic disease.34

Recent genetic and molecular biological studies
have identified a variety of gene expressions,
signaling pathways, receptors, oncogene muta-
tions, and hormones that may provide targets for
the development of novel and specific therapeutic
targets.15,26,31,47,48
THE ROLE OF IMAGING

Diagnostic imaging provides information critical to
local disease staging, identification of distant
metastases, monitoring response to therapy, and
detecting recurrent disease. Imaging techniques
adhering to the ALARA principle (As Low As
Reasonably Achievable) must be used that
optimize the accuracy of diagnosis and staging
while minimizing patient exposure to ionizing
radiation.49–53 Initial evaluation is based on radio-
graphs. MR imaging is typically performed
following demonstration of a bone tumor; definitive
diagnosis requires histologic analysis.
Staging workup of the primary tumor should

ideally be performed prior to biopsy for several
reasons.5,6,54 Postoperative changes can com-
plicate imaging interpretation, therefore the use-
fulness of postoperative imaging as staging
information may be limited. Biopsy is directed by
imaging, and the biopsy approach should be coor-
dinated with the surgical approach planned for the
definitive surgical procedure. Such a practice
limits the risk of contaminating soft tissues with
tumor cells in a region that would not ordinarily
be resected. Biopsy from an approach not
included in the planned surgical field risks expand-
ing the volume of tissues, ultimately requiring
surgical resection.3 An incisional biopsy is usually
performed when malignancy is suspected, to
obtain adequate tissue for histologic diagnosis
and biological studies. The results of such studies
are now incorporated into treatment protocols.
Even in experienced hands, the histopathologic
diagnosis of these tumors is difficult to achieve
from fine-needle aspiration.55

Staging evaluation requires identification of all
disease sites. Treatment protocols often stratify
therapy based on tumor histology, size and loca-
tion of the primary tumor, involvement of other
structures, presence or absence of metastatic
sites, and skip lesions. Bone sarcomas metasta-
size hematogenously primarily to lungs and later
to bone. As bone lacks lymphatics, only rarely
has involvement of regional lymph nodes been re-
ported, and such a finding is associated with
a poor prognosis.56 Delineation of the primary
bone tumor and any involvement of adjacent soft
tissues, bony structures, and vascular structures
is important not only for disease staging but for
monitoring treatment response and planning
surgery and, when appropriate, radiation therapy.
The entire length of the involved bone must be
imaged to accurately define its extent and to
detect any skip lesions. Skip lesions represent
embolic micrometastasis within marrow sinusoids
of the same bone that are discontinuous from the
primary tumor (Fig. 1).57 Transarticular skip metas-
tases occur within the joint adjacent to the primary
tumor. Skip lesions are usually seen with high-
grade sarcomas and are prognostic of poor
survival.56,57 A preliminary report by Bruland and
colleagues58 suggests that at the time of primary
diagnosis the presence of micrometastatic bone
marrow disease determined by immunomagnetic
isolation correlates with clinical stage and disease
progression. However, such a technique is not
currently in widespread clinical use.
Preliminary diagnosis is based on radiographic

findings coupled with the clinical history.59

Contemporary imaging includes MR of the primary
site of disease. The multiplanar capabilities of MR
coupled with inherent tissue signal characteristics
optimize tumor characterization, define involve-
ment of adjacent soft tissues, delineate intrame-
dullary extent of disease (Fig. 2), and determine
local or regional metastases. In some cases, MR
may redirect clinical management by distinguish-
ing between malignant (Fig. 3) and nonmalignant



Fig. 1. Skip lesions in a 15 year old boy with osteosarcoma (arrows) of right humerus at diagnosis. Sagittal
mid humeral MR images with (A) noncontrast T1 weighted, (B) STIR (short tau inversion recovery), and (C) post
contrast fat saturated T1 weighted sequences. Note mid humeral diaphyseal focus of tumor (short arrows), histo
logically proven to be a skip metastasis. This lesion is most conspicuous on noncontrast T1 weighted sequence
and becomes indistinguishable from adjacent edema in STIR sequence. With contrast enhancement, the skip
lesion becomes intense with enhancing edema.
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(Fig. 4) disease. Dynamic enhanced MR tech-
niques obtained at the time of diagnosis provide
baseline information for following tumor response
to therapy (Fig. 5).60–62 Thus far, a prognostic
role for such techniques based on findings at the
time of diagnosis has not been established.25

CT of the chest is used for determination of
pulmonary metastases. Unfortunately, even with
the current quality of technology, the number of
CT-determined pulmonary nodules correlates
poorly with the number detected surgically, under-
estimating the number of lesions detected at
surgery by 35%.63 Only rarely can CT characteris-
tics of these nodules be definitive for metastatic
disease (Fig. 6). Histologic diagnosis is frequently
required, as the presence of pulmonary metas-
tases elevates disease staging in bone sarcomas
and, thus, alters therapy. CT is helpful in these
cases in directing surgical biopsy. Monitoring of
response of pulmonary metastases and identifica-
tion of new lesions is routinely performed with
chest CT.
Historically, [99mTc]MDP bone scans were used
for delineating sites of distant bone metastases
and for monitoring tumor response to therapy
(see Fig. 2). However, [18F]FDG (a surrogate of
glucose metabolism) PET/PET-CT is now being
investigated to determine its role in staging and
monitoring tumor response and in detecting recur-
rent and metastatic disease (Fig. 7).64–70 Prelimi-
nary results show that [18F]FDG PET/PET-CT
may be a sensitive and promising modality for
patients with bone sarcomas.41,66,67,71–73 Investi-
gation by Franzius and colleagues67 also found
that [18F]FDG PET had superior specificity, sensi-
tivity, and accuracy in detecting skeletal metas-
tases compared with bone scintigraphy, but
when they analyzed these parameters by histo-
logic diagnosis (ie, osteosarcoma vs Ewing
sarcoma), the superiority of [18F]FDG PET varied.
Identification of bone metastases by [18F]FDG
PETwas superior to [99mTc]MDP bone scintigraphy
in patients with Ewing sarcoma (sensitivity, speci-
ficity, accuracy of [18F]PET, and bone scintigraphy



Fig. 2. A 16 year old boy with osteosarcoma of distal left femur; intramedullary tumor extent is best shown on
T1 weighted sequence. Anteroposterior (A) and (B) lateral views of the left femur show aggressive periosteal
reaction (arrows) in distal left femur. (C) Coronal whole body [99mTc]MDP bone scan shows intensive metabolic
activity within the intramedullary portion of the tumor (arrow) but relative paucity around the periphery of
the extracortical extent laterally (arrowhead). (D) Coronal noncontrast T1 weighted MR sequence exquisitely
demonstrates the intramedullary extent of disease. The arrow indicates the sharp transition from normal bright
fatty marrow to dark tumor marrow. Arrowheads delineate the soft tissue portion of disease. (E) With contrast
administration, the soft tissue mass becomes well delineated but the intramedullary transition enhances hetero
geneously with marrow enhancement.
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of 1.00, 0.96, 0.97 vs 0.68, 0.87, 0.82, respec-
tively). However, in cases of osteosarcoma the
investigators found bone scintigraphy to be supe-
rior to [18F]FDG PET, having identified 5 metastatic
bone lesions not demonstrated by [18F]FDG PET.
The ability of [18F]FDG PET/PET-CT to predict
tumor grade (particularly with chondrosarcomas)
is under investigation.64,73 The information pro-
vided by [18F]FDG PET/PET-CT is particularly
useful as a means of assessing metabolic treat-
ment response coupled with anatomic and histo-
logic tumor response.

IMAGING STRATEGY

Regardless of the type of bone sarcoma, imaging is
critical to the establishment of diagnosis, staging,
and surgical planning, assessment of therapeutic
response, and off-therapy monitoring.

Imaging at Diagnosis

Imaging performed at the time of diagnosis must
define and characterize the primary bone lesion
and its impact on adjacent soft tissues, and
determine the presence of metastatic disease.
Radiographs provide the primary imaging inves-
tigation3 followed by MR of the primary site of
disease. MR imaging must encompass the primary
tumor site and the entire bone in which the tumor
resides in order to identify any potential skip
lesions.3,5 Though rare (occurring in about 2% to
6.5% of cases of high-grade osteosarcoma and
even fewer in Ewing sarcoma), skip lesions impart
a significantly worse patient outcome74–76 and
necessitate modification of the surgical procedure
(see Fig. 1).75,77 Skip lesions are distinctly sepa-
rate from the primary tumor, and may occur in
proximity to or distal from the primary tumor in
the same bone or across the joint.75,77 [99mTc]
MDP bone scintigraphy has not been shown to
be reliable in demonstrating skip metastases75–77

or other multifocal bone lesions when compared
with MR.78 MR sequences typically comprise non-
contrast T1-weighted, fat-saturated T2-weighted,
short-tau inversion recovery (STIR), and postcon-
trast fat-saturated T1-weighted sequences. These



Fig. 3. A 13 year old girl with a 3 month history of right knee pain, histologically proven to be Ewing sarcoma.
Anteroposterior (A) and lateral (B) radiographs of the right knee show a poorly defined, irregular region of meta
physeal demineralization (arrows) with minimal anterior cortical scalloping (B, arrowhead). (C) Coronal noncon
trast T1 weighted MR shows the intramedullary line of demarcation of the tumor (long arrow) with mild adjacent
poorly defined intramedullary edema (short arrow). Coronal STIR (D) and sagittal postcontrast T1 weighted
image with fat suppression (E) demonstrate the extent of the intramedullary enhancing edema (short arrows).
On these 2 sequences, the increased signal of the edema silhouettes the intramedullary tumor, making delinea
tion of tumor from surrounding edema difficult. The axial postcontrast T1 weighted image with fat saturation
(F) confirms these findings but also shows tumor extension through the medial cortex (black arrowhead). Note
the similarities in the appearance of the radiographs, soft tissue, and intramedullary edema in this case with
those in Fig. 4.
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sequences should be performed in at least 2 and
preferably 3 planes, with one longitudinal imaging
sequence visualizing the entire bone.5,6,25 Mea-
surement of intramedullary tumor may be difficult
in the presence of peritumoral edema. Noncontrast
T1-weighted sequence,79 dynamic enhanced
imaging,38,80 or combining T1-weighted with STIR
sequence can be helpful (see Figs. 1, 3, and 5)81

and may aid in distinguishing tumor from sur-
rounding edema. Most reports of skip lesions
address their significance in osteosarcoma. How-
ever, the same considerations for imaging and
surgical planning apply to the rarely reported cases
of Ewing sarcoma in which skip lesions occur; the
reported prognosis of such patients is dismal.82

Accurate determination of tumor size is predic-
tive of outcome in osteosarcoma. Absolute (but
not relative) tumor volume is associated with
a predictive value of overall survival (P 5 .018)
and event-free survival (P 5 .036) in pediatric
nonmetastatic osteosarcoma of the extremity.12

Measurement of intramedullary tumor extent
is best demonstrated using a longitudinal T1-
weighted noncontrast sequence of the involved
bone (seeFigs. 2 and 3).79 Of particular importance
in planning surgical procedures is determination of



Fig. 4. A 9 year old girl underwent evaluation for left thigh pain of several weeks’ duration with presumed diag
nosis of Ewing sarcoma family of tumors. Anteroposterior (A) and (B) lateral radiographs of the left femur
demonstrate subtle heterogeneous mineralization and layered periosteal reaction along the anterior diaphysis
(arrows). These findings correlate with increased metabolic activity shown on the corresponding [99mTc]MDP
bone scan (C). Within the increased activity, the left distal femur is a focus of more intense activity (arrow). (D)
This focus correlates with the tiny cortical abscess demonstrated on axial contrast enhanced MR (arrow) with
fat saturation, indicating osteomyelitis and confirmed by biopsy.
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tumor extension across the physis and into the
epiphysis. Similarly, tumor size at the time of
diagnosis of Ewing sarcoma is prognostically
significant for patient outcome; volumetrically
smaller tumors are associated with improved
disease-free survival.25

Dynamic enhanced MR of the primary site of
disease serves as an indicator of tumor perfusion,
microcirculation, and tumor interstitium. It serves
as a surrogate variable for assessing drug de-
livery60–62,72 but is not currently available for
routine clinical use. This technique is an additional
prognostic factor predictive of disease-free
survival in patients receiving chemotherapy for
osteosarcoma (P 5 .035).60,62 A higher initial
regional access of contrast was associated with
greater disease-free survival.61 With growing
investigation of antiangiogenesis factors as thera-
peutic agents, the use and value of dynamic
enhancement may become a key imaging tech-
nique in routine monitoring of chemotherapy
perfusion of tumor and treatment response.
A prognostically significant role of [18F]FDG

PET/PET-CT based on the intensity of metabolic
activity in the primary tumor at the time of
diagnosis has been suggested. Franzius and
colleagues66 found that the maximum intensity of
tumor to nontumor uptake in osteosarcoma was
statistically significantly correlated with overall
(P<.05) and event-free survival (P<.005); high
metabolic activity correlated with poor outcome.
Large prospective studies are needed to further
define the role of [18F]FDG PET/PET-CT in the
management of patients with osteosarcoma.
In addition to defining the primary tumor, meta-

static disease must also be determined for
complete staging. Chest CT is used for detection
of pulmonary metastatic disease. Chest CT is
considerably more sensitive than chest radiog-
raphy for detecting small pulmonary metastases.6

PET/PET-CT shows strong promise for detecting
distant metastases in cases of bone sarcoma
(see Fig. 7), but is not without limitations. It has
been shown to have up to 100% sensitivity in de-
tecting distant metastatic sites, but detection of
pulmonary lesions smaller than 5 mm in diameter
typically fall below the resolution threshold of
PET/PET-CT.83,84 Pulmonary nodules between 5
and 9 mm in size are often undetectable with
PET-CT.83 In addition, metabolic activity in benign
lesions, in sites of infection, and in normal struc-
tures, particularly in pediatric patients,may compli-
cate interpretation of FDG activity.83,85–87 Thus,
spiral CT remains the most sensitive modality
currently available for detection of pulmonary
metastases.83,86

Detection of distant skeletal metastases has
historically been performed with bone scintig-
raphy, preferably using the single-photon emission
CT technique.6 However, the use of [18F]FDG PET
or PET-CT has grown over the past several years
for staging bone sarcomas.3,6,88 In comparison
with CT and MR, PET/PET-CT has been shown
to be superior in detecting skeletal and soft tissue



Fig. 5. Dynamic enhanced MRI (DEMRI) of a 14 year old girl with osteosarcoma of distal left femur at baseline
evaluation. The left hand image is the final T1 weighted contrast enhanced dynamic set. Quantitative T1 relax
ation measures before contrast (middle image) and dynamic contrast enhanced MR (right hand image) were
both acquired as 16 slice 3 dimensional acquisitions with 5 mm thick sections covering the full extent of the
tumor. A representative section from the center of the imaging volume is shown. The middle image is the Ktrans

(transfer rate constant for contrast transfer from plasma to extracellular space [min 1]) image. The right hand
image is ve (fractional extracellular/extravascular space). (Courtesy of Wilburn E. Reddick, PhD.)
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metastases.6,68,84,89,90 PET/PET-CT may also be
valuable in detecting skeletal metastases that
demonstrate no abnormal activity by [99mTc]MDP
bone scans.88

Whole-body MR techniques are currently under
investigation for the detection of skeletal metas-
tases. Daldrup-Link and colleagues65 studied 39
pediatric patients ranging in age from 2 to 19 years
(osteosarcoma n 5 3, Ewing sarcoma n 5 20,
other n 5 16). Using whole-body spin-echo MR,
they found MR to have a higher sensitivity than
[99mTc]MDP bone scans but lower sensitivity
than [18F]FDG PET/PET-CT in detecting bone
metastases.
Imaging During Therapy

Because most pediatric patients are treated ac-
cording to established therapeutic protocols,
imaging timing is standardized by tumor type
and treatment protocol. Additional imaging may
be performed for clinical indications that arise
outside of the protocol study design. Key factors
to be addressed include change in size of the
primary tumor, change in tumor imaging charac-
teristics such as extent of necrosis, ossification,
and vascularity, response of metastases identified
at the time of diagnosis, determination of new
metastatic sites, and identification of treatment
sequelae. Establishment of new disease and/or
progression of existing disease may prompt a
change in planned therapy.

Static MR imaging provides the backbone for
monitoring disease response to therapy for pedi-
atric bone sarcomas. The clinical significance of
a change in size depends on the primary tumor
type. Osteosarcoma decreases little in size during
therapy,91 due to the dense osteoid. Historically,
radiographic demonstration of increased ossifica-
tion and improved demarcation of the soft tissue
component indicated a favorable therapeutic
response. However, neither radiographs nor CT
are able to delineate viable residual from nonviable
disease.91

Incontrast toosteosarcoma, therapeutic response
of Ewing sarcomas is indicated by a decrease in



Fig. 6. A 14 year old girl underwent evaluation of a 2 month history of right thigh pain and swelling. She was
diagnosed with high grade right femoral periosteal osteosarcoma (arrowheads). (A) Coronal STIR image of the
right thigh demonstrates massive edema (arrows) extensively involving the adductor muscles and to a lesser
extent, abductor muscles. (B, C) Staging chest CT revealed a nonspecific 4 mm nodule in the right upper lobe
(arrow), which was histologically proved to be acute necrotizing granuloma with bronchiolitis but with no
evidence of malignancy.

Kaste758
tumor volume.91,92 A reduction of less than 25%
in tumor size and/or residual soft tissue mass
correlated with a poor response.92 Investigators
found no correlation with signal intensity or its
change during chemotherapy and histopathologic
response.92

A change in the extent and pattern of peritumor-
al edema has been explored as another imaging
variable in assessing tumor response to therapy.
MR demonstration of a decrease in peritumoral
edema has been suggested as a favorable sign
of chemotherapeutic response in cases of osteo-
sarcoma38,93–95 and Ewing sarcoma92 alike.
Dynamic enhanced MR sequences demon-

strating and quantifying the degree of tumor
necrosis as an indicator of biological response is
also now possible (see Fig. 5).60–62,96 The slope of
linear regression of the regional access of contrast
is predictive of disease-free survival. After preoper-
ative chemotherapy, Reddick and colleagues61

showed that a lower regional access of contrast
to tumor was predictive of better outcome in
primary osteosarcoma. Similar findings have been
reported in series of both osteosarcoma and Ewing
sarcoma.96 MR-determined percentage of tumoral
necrosis in both osteosarcomaandEwing sarcoma
correlates well with histopathologic determination
of tumor necrosis.92,96

Also undergoing assessment of its role in deter-
mining biological response to therapy in bone
sarcomas is PET/PET-CT.72,97 The greatest expe-
rience with this technique in bone sarcomas is
using [18F]FDG. A favorable response to therapy
is indicated by a decrease in metabolic activity in
tumor sites that correlates with reduced tumor
cell viability.41,71,72,97 Brenner and colleagues71

found that patients at increased risk for local
disease recurrence or development of metastatic
disease could be identified by combining the
pretreatment SUV and histopathologic tumor
grade. Other investigators found that a reduction
in tumor to nontumor ratios of [18F]FDG PET
exceeding 30% was associated with good re-
sponse to chemotherapy and that [18F]FDG PET
was superior to [99mTc]MDP bone scans in deter-
mining histologic response to therapy in pediatric
cases.97 Similarly, Hawkins and colleagues98

found that the initial response to therapy may be
predictive of outcome as measured by a decrease
in SUV after induction chemotherapy in Ewing
sarcoma. These investigators failed to find the
same prognostic significance in cases of osteo-
sarcoma.99 More recently the sensitivity, speci-
ficity, and accuracy of PET-CT was found to be
superior to PET alone in staging and following
patients with Ewing sarcoma.68 The long-term
prognostic value of such information has yet to
be fully established.
The roles for disease staging, tumor grading,

and assessment of therapeutic response of
additional radiopharmaceutical agents such as
[11C]methionine72,100 and 30-deoxy-30-[18F]fluoro-
thymidine ([18F]FLT) are currently under inves-
tigation.41,72,101–104 Preliminary work by Buck



Fig. 7. An 18 year old man treated 6 years earlier for osteosarcoma of the right tibia underwent surveillance
PET CT for monitoring of disease recurrence. (A) Fused PET CT image showing metabolically active metastatic
osteosarcoma of the lower pole left kidney (arrows). (B) Coronal and (C) axial reformatted images from a
contrast enhanced diagnostic abdominal CT scan show the large left lower pole renal mass with tumor calcifica
tions (arrows).
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and colleagues102 found that [18F]FLT identified all
malignant bone and soft tissue tumors and
effectively discriminated between low-grade and
high-grade tumors when a maximum SUV of 2.0
was used as the cutoff value. As already dis-
cussed, noninvasive assessment and monitoring
of disease is optimized by merging biological
tumor activity with anatomic characteristics.
Under development is merging of biological infor-
mation of PET with the refined anatomic and
dynamic imaging of MR, resulting in PET-MR
(Fig. 8).105–107
Imaging During Follow-Up

Despite advances in staging and treatment of
bone sarcomas, approximately 30% of patients
with osteosarcoma will develop disease relapse,
most often involving the lungs.17,108 Local relapse
in patients with nonmetastatic extremity osteosar-
coma is independently associated with tumor
response to therapy, inadequacy of surgical
margins,109 tumor volume, age at diagnosis, and
histologic subtype.10 Most instances of disease
relapse develop within 2 to 3 years of diagnosis
but relapse beyond 4 years does occur.10,70,110

Of patients treated for Ewing sarcoma, 30% to
40% can be expected to develop local and/or
distant recurrent disease typically occurring
between 2 and 10 years after diagnosis. However,
rare cases of delayed recurrence at 16 and 19
years after diagnosis have been reported.111

More than half of these patients will have pulmo-
nary or skeletal disease.23 The recent report from
the Childhood Cancer Survivor Study found that
survivors of pediatric Ewing sarcoma had the high-
est 20-year cumulative incidence of recurrent
disease amongst 8 pediatric tumor categories,
estimated at 13% (95% confidence interval 9.4–
16.5).110 Local recurrent disease from chondrosar-
coma is not uncommon, but distant metastases
are rare and may develop years after initial



Fig. 8. PET/MR imaging of a 15 year old with proximal right humeral osteosarcoma at time of diagnosis. Multi
planar PET CT images through the right humerus and axial fat saturated T2 weighted image through the prox
imal humeral osteosarcoma merged with a comparable image from reconstructed PET CT study shows intense
abnormal metabolic activity, most prominent around the periphery of the tumor (arrowheads). Note the relative
absence of metabolic activity in the associated soft tissue edema (arrows). (Courtesy of Barry S. Shulkin, MD,
MBA.)
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treatment.9 Thus patients with bone sarcomas are
monitored for at least 5 years after diagnosis.9

Recent guidelines from the Children’s Oncology
Group Bone Tumor Committee suggest 10 years
of follow-up for the monitoring of primary and
metastatic disease.6

Local disease recurrence is often suspected
clinically because the patient returns with pain or
development of a mass. Radiographs remain the
front-line imaging study of the primary skeletal
disease site and of those suspected of metastatic
Fig. 9. (A) Chest CTwas performed 2 months after thoracot
recurrence in right lower lobe scar (arrow). (B) Note nod
McCarville, MD.)
involvement, providing important information re-
garding prosthesis integrity in patients who have
undergone limb-sparing procedures.112 Further,
radiographsareuseful fordemonstratingprocesses
that may symptomatically mimic disease recur-
rence, such as fractures. Imaging with MR, CT,
PET/PET-CT, and even [99mTc]MDP bone scans
provide information important for disease charac-
terization and detection of distant metastases.
Asymmetric weight bearing related to prior surgery,
radiation therapy, or the use of a prosthesis make
omy for pulmonary metastectomy and revealed tumor
ular expansion within the scar. (Courtesy of M. Beth
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interpretation of PET/PET-CT and [99mTc]MDP
bone scans more difficult.9 Sensitivity, specificity,
and accuracy of PET detection of bone sarcoma
recurrence are reported to be 0.96, 0.81, and
0.90, respectively, and exceed those of conven-
tional imaging techniques (1.00, 0.56, and 0,82,
respectively).113

Interpretation of the imaging findings may be
complicated by prior treatment. The usefulness
of CT and MR in detecting new or assessing
known recurrence may be compromised in the
presence of a metallic prosthesis that creates
significant artifact. Metallic artifact can be
decreased in MR by using T1-weighted turbo
spin echo and turbo STIR with high bandwidth
and short echo times.114 Chest CT is performed
serially for several years after diagnosis. The
frequency varies somewhat by treatment protocol
and tumor type, and are typically performed every
4 to 6 months for several years followed subse-
quently by less frequent monitoring.9 CT is unable
to distinguish between benign and metastatic
pulmonary nodules in children with known malig-
nant solid tumors.115 A similar dilemma occurs in
patients who have previously undergone a thora-
cotomy (Fig. 9). In one series of pediatric osteosar-
coma patients, pulmonary nodules recurred in 32
of 35 patients with a history of prior thoracotomy.
The only finding consistently found to indicate
recurrent metastatic disease was progression of
pleural thickening. The investigators also found
that the development of a pulmonary nodule in
the lung contralateral to the prior thoracotomy
was most often malignant.116

SUMMARY

Diagnostic imaging is a critical component in the
multidisciplinary management of pediatric bone
sarcomas. From diagnosis through post-therapy
monitoring, imaging identifies disease, monitors
tumor response to therapy, and guides follow-up
intervention. The evolution of imaging techniques
that combine biological and anatomic information
is ongoing and should further augment pediatric
oncologic care.
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Leukemiaand lymphomaare themostcommonand
thirdmost commonpediatricmalignancies, respec-
tively, and together account for nearly half of all
cases of childhood cancer. Although childhood
leukemia and lymphoma share similar cell lineage
origins and both are treated with risk-stratified
protocols entailing cytotoxic chemotherapy, the
clinical manifestations and imaging indications for
these malignancies vary substantially, with some
overlap.Advances in imaginghaveplayedaparticu-
larly important role in improving the assessment of
lymphoma at the time of diagnosis, during treat-
ment, and following therapy. Imaging has also
helped guide the design of clinical trials evaluating
novel treatment strategies.

Along with providing relevant details on current
classification, epidemiology, and treatment, this
article reviews the current roles of imaging in the
management of pediatric patients with leukemia
and lymphoma, with attention to diagnosis, stag-
ing, risk stratification, therapy response assess-
ment, and surveillance for disease relapse and
adverse effects of therapy. Advances in functional
imaging and integration of clinical imaging re-
search into cancer cooperative group study
protocols are also discussed to provide insights
into future applications of imaging in the man-
agement of pediatric leukemia and lymphoma
patients.
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LEUKEMIA
Classification and Epidemiology

Leukemia is the most common childhood malig-
nancy, accounting for one-quarter to one-third of
childhood malignancy cases. Nearly all childhood
leukemia cases are the acute form. Acute
leukemia is classified by the morphology, immuno-
phenotype, and cytogenetics of the leukemic cells
into acute lymphoblastic leukemia (ALL) and acute
myeloid leukemia (AML). ALL and AML account
for three-quarters and one-fifth of childhood leu-
kemia cases, respectively. Chronic myelogenous
leukemia (CML) accounts for less than 5% of
cases of childhood leukemia, whereas juvenile
myelomonocytic leukemia (JMML), a myelodys-
plastic-myeloproliferative syndrome, accounts for
less than 1% of cases of childhood leukemia.1

There is a sharp peak in ALL incidences among
children 2 to 3 years of age, with evidence that
ALL initiates in utero2 AML rates are highest in
the first 2 years of life, decline to a nadir at 6 years
of age, and slowly increase during the adolescent
years.3

ALL is subtypedby theWorldHealthOrganization
(WHO)by immunophenotypeasB-lymphoblastic or
T-lymphoblastic.4 Precursor B-cell ALL accounts
for 80% to 85% of childhood ALL. About 12% of
ALL is T-cell lineage, which is associated with older
age, male gender, leukocytosis, and a mediastinal
ospital, 6701 Fannin Street, Suite 470, Houston, TX
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mass. T-cell lineage ALL may be regarded as
a disseminated form of T-cell lymphoblastic
lymphoma in terms of malignant phenotype,
approach to therapy, andpatterns of relapse. About
2% of ALL is mature B-cell and the disseminated
form of Burkitt or Burkitt-like lymphoma.1 AML has
traditionally been subtyped into M0 to M7 forms
according to the French-American-British (FAB)
Cooperative Group morphologic-immunohisto-
chemical classification system. Acute promyelo-
cytic leukemia (APL), the M3 subtype of AML, is
notable for bleeding complications related to severe
coagulopathy. A newer classification of AML by the
WHO incorporates cytogenetic abnormalities and
specific gene mutations and provides more reliable
prognostic information.4

An increased risk of leukemia is associated with
certain genetic disorders, including trisomy 21,
monosomy7, andneurofibromatosis type 1 (partic-
ularly JMML), and DNA repair disorders such as
ataxia-telangiectasia. Of special interest to the
radiologist is the reported increased risk of
leukemia fromprenatal or postnatal radiation expo-
sure, although the magnitude of the risk is subject
to considerable uncertainty and debate.5
Treatment

Risk-based treatment assignment is used in chil-
dren with leukemia so that those children who
have a good outcome with modest therapy can
be spared more intensive and toxic treatment,
whereas a more aggressive, and potentially more
toxic, therapeutic approach can be provided for
patients who have a lower probability of long-
term survival. The 10-year event-free survival
(EFS) rate is 67% to 78% for standard and higher
risk childhood ALL with risk-adapted combination
chemotherapy and central nervous system (CNS)
prophylactic therapy (intrathecal chemotherapy
with or without cranial radiation).6 More intensive
chemotherapy regimens or hematopoietic stem
cell transplantation (HSCT) may be pursued for
certain high-risk ALL groups and marrow relapse.
Children with AML have a wide range in outcome

depending on specific biologic factors, with a 5-
year EFS rate of 40% to 58%.7 Infection, severe
hemorrhage, hyperleukocytosis-related leukosta-
sis, and resistant leukemia lead to thehighmortality.
The mainstay of AML treatment is systemic combi-
nation chemotherapy, with some form of CNS-
directed therapy incorporated into most protocols.
Induction of profound bone marrow aplasia is
generally necessary to achieve remission, and
leukocyte growth factors such as G-CSF or GM-
CSF are often administered to reduce the duration
of neutropenia, but have no significant effect on
mortality. The duration of remission is prolonged
by chemotherapy intensification and/or HSCT,
although HSCT may not be necessary in those
with complete remission and favorable prognostic
factors.8,9
Imaging Features

Fever, petechiae, lethargy, and pallor caused by
bone marrow suppression by leukemic cells are
common at presentation. These symptoms and
signs often prompt a chest radiograph. Chest radi-
ography may reveal a mediastinal mass (especially
from thymic infiltration in T-cell ALL), cardiomegaly
and pulmonary vascular plethora (related to
anemia), pulmonary air space opacification (related
to infection, hemorrhage, or leukostasis), pleural
thickening (especially in JMML), splenomegaly
(present in 75%), or skeletal abnormalities.10

More than a third of children with leukemia
present with limping, bone pain, arthralgia, or other
complaints referable to the extremities or spine.
Approximately 40% of children presenting with
acute leukemia have at least 1 radiographic skeletal
abnormality.11,12 The number of bones involved on
radiographs correlates with bone pain severity,
but symptoms correlate poorly with the location of
skeletal lesions on radiographs and asymptomatic
involvement is common, especially in non–weight-
bearing areas.12,13 Findings of leukemia on skeletal
radiographs include transverse lucent metaphyseal
bands, diffuse demineralization, subperiosteal
cortical bone erosion, periosteal reaction, lytic
bone lesions, osteosclerosis, and pathologic frac-
tures. Transverse metaphyseal lucent bands, also
known as leukemic lines, are attributable to distur-
bance of endosteal mineralization resulting in
abnormally small trabeculae adjacent to the zone
of provisional calcification. In preschool-aged chil-
dren, transverse lucent metaphyseal bands are
more specific for leukemia than for other diseases
and are most conspicuous at sites of rapid skeletal
growth such as the distal femur, proximal tibia,
proximal humerus, and distal radius (Fig. 1).12

Diffuse demineralization is common, particularly
after therapy,whereasosteosclerosis is uncommon
and usually a late manifestation after therapy. Path-
ologic fractures are most commonly observed as
vertebral compression deformities in the setting of
diffuse demineralization. Lytic bone lesions are
usually metadiaphyseal and geographic or perme-
ative. Subperiosteal resorption of the medial cortex
of the proximal humerus is commonly visible on
chest radiographs at the time of presentation, but
is nonspecific and can also be observed in the
setting of Gaucher disease, sickle cell disease,
neuroblastoma, or lymphoma (Fig. 2).14



Fig. 1. An ankle radiograph from a 7 year old girl
with precursor B cell ALL shows transverse lucent
bands (leukemic lines) along the distal tibial and
fibular metaphyses just proximal to the zones of
provisional calcification.

Fig. 2. Anteroposterior (A) and lateral (B) chest radiograp
subperiosteal resorption of the medial cortex and subtle
humeri, as well as diffuse demineralization of the vertebr
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Technetium (Tc)-99m phosphonate–based bone
scintigraphy is abnormal in 75% of patients with
ALL at diagnosis. The most common abnormality
is symmetric increased uptake in the metadiaphy-
ses of the lower limbs (Fig. 3). Other patterns
include diffuse increased uptake in a superscan
pattern with accentuation of the long bone meta-
physes, focal increased uptake at sites of cortical
bone destruction or pathologic fracture, and focal
decreased uptake at sites of osteonecrosis.15 The
addition of early phase whole-body scintigraphy
may increase the sensitivity for detection of
abnormal uptake from leukemia in the long bone
metadiaphyses, spine, and pelvis compared with
that of delayed-phase whole-body scintigraphy
alone.16 The number of regions with abnormal
uptake is positively correlated with age. There is
only modest correlation between the sites of
abnormal uptake, radiographic abnormalities, and
clinical signs and symptoms.17

On magnetic resonance (MR) imaging, malig-
nant infiltration of the bone marrow by leukemia
typically manifests as increased signal intensity
on fat-suppressed T2-weighted and short-tau
inversion recovery (STIR) sequences and de-
creased signal intensity on T1-weighted images.18

Prolongation of the T1 relaxation time correlates
with the proportion of blast cells in the marrow.19

The infiltration is usually diffuse, including involve-
ment of the epiphyses (Fig. 4). The findings are
less conspicuous in hematopoietic marrow than
in fatty marrow and consequently are more difficult
to appreciate in younger children before the phys-
iologic conversion of hematopoietic to fatty
marrow.20 ALL and AML cannot be reliably
hs of a 7 year old boy with precursor B cell ALL reveal
transverse lucent metaphyseal bands of the proximal
al bodies.



Fig. 3. A delayed phase Tc 99m methylene diphosph
onate bone scintigraphy image of the lower extremi
ties of a child with precursor B cell ALL depicts
symmetric increased radiopharmaceutical uptake in
the long bone metadiaphyses.

Guillerman et al770
distinguished from MR imaging or MR spectros-
copy. The MR imaging appearance associated
with marrow infiltration by acute leukemia is not
specific and can also be seen in settings of hema-
topoietic marrow hyperplasia and infiltrative
metastases from solid tumors such as neuroblas-
toma, rhabdomyosarcoma, and Ewing sarcoma.21
Fig. 4. An MR imaging examination of the lower extremiti
shows diffuse abnormal low signal intensity of the bon
abnormal high intensity of the bone marrow on a STIR (
B cell ALL.
Leukemic involvement of the solid viscera,
especially the spleen and thymus, is common,
and manifests as organomegaly from diffuse infil-
tration or as focal masses. Diffuse infiltration of
the thymus is characteristic of T-cell ALL (Fig. 5).
Splenomegaly and a mediastinal mass from
thymic infiltration at presentation of childhood
ALL are independent predictors of tumor lysis
syndrome.22 The constellation of splenomegaly,
hepatomegaly, lymphadenopathy, and skin rash
is characteristic of JMML.23 Nephromegaly at
presentation is usually caused by leukemic cell
infiltration, but can also be caused by renal vein
thrombosis from intravascular leukostasis.24 Focal
renal leukemic masses at presentation are usually
multifocal, bilateral, low attenuation on computed
tomography (CT), and hypoechoic on ultrasound,
and must be differentiated from lymphoma,
nephroblastomatosis, and infection. Renal infiltra-
tion is most frequent with T-cell ALL and the M4
and M5 subtypes of AML, and is often accom-
panied by extramedullary involvement at other
sites.25 Leukemic infiltration of the kidneys is
rarely associated with acute renal failure or renal
tubular dysfunction at presentation.26,27 Pancre-
atic enlargement from leukemic infiltration is
unusual.28

Brain atrophy, at least borderline in degree and
of unclear cause, can be seen by CT in 40% of
children with ALL at diagnosis.29 Even in the pres-
ence of neurologic symptoms, CNS imaging find-
ings other than atrophy are uncommon. Head CT
or MR imaging can reveal hemorrhage or infarction
es performed on a 3 year old boy with refusal to walk
e marrow on a T1 weighted image (A) and diffuse
B) image caused by marrow infiltration by precursor



Fig. 5. A coronal chest CT image of 13 year old
patient with T cell ALL shows a characteristic medias
tinal mass from diffuse leukemic infiltration of the
thymus.

Fig. 6. A coronal T1 weighted image from an MR
imaging examination in an 11 year old girl with
AML shows a soft tissue mass of the right maxillary
sinus, zygoma, and inferior orbit that is isointense to
the marrow of the diploe of the skull, consistent
with a chloroma.
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caused by intravascular leukostasis or throm-
bocytopenia.30 Cerebral hemorrhage is more
common than subdural or subarachnoid hemor-
rhage. Abnormal enhancement of the meninges
or nerve roots in a child with leukemia suggests
leptomeningeal involvement, even if CSF cytologic
studies are negative. As many as half of all cases
of acute leukemia involve ocular manifestations,
and the most frequent finding is retinal hemor-
rhage. Retinal hemorrhages related to leukemia
are usually bilateral and located in the posterior
pole.31

A potential diagnostic pitfall is aleukemic or sub-
leukemic leukemia. From one-quarter to one-third
of cases of leukemia present with anemia and
thrombocytopenia but no leukocytosis or leukemic
blasts on peripheral blood smear.11,32,33 Many of
these patients have bone or joint pain that can
masquerade clinically as osteomyelitis or arthritis
for several months and prompt referral for muscu-
loskeletal MR imaging examinations. Appropriate
recognition of bone marrow infiltration on MR
imaging can suggest the correct diagnosis of
leukemia before leukocytosis or blasts in the
peripheral blood are noted.34

Extramedullary leukemia (EML), also known as
granulocytic sarcoma or chloroma, describes
a mass of leukemic cells outside the bone marrow.
EML is more common in infants than in older chil-
dren and can precede the blast phase by up to 4
years.35 The skin, orbits, CNS, and spine are the
most common sites, and symptoms relate to
mass effect. On CT, EML masses show variable
enhancement and can be confused with other
neoplasms, hematoma, or abscess. On MR ima-
ging, EMLmasses show isointensity to hypercellu-
lar bone marrow (Fig. 6). EML is most commonly
associated with AML and is rare, occurring as an
isolated finding in less than 1% of cases of AML
and in 11% of cases along with marrow disease
at the time of diagnosis.36

A definitive diagnosis of leukemia is usually es-
tablished by bone marrow aspiration or biopsy
revealing malignant cells of myeloid or lymphoid
lineage. Definitive diagnosis can also be estab-
lished by biopsy of an extramedullary mass of
leukemic cells.
Staging and Risk Stratification

Leukemia is conceptualized as a disseminated
malignancy of the hematopoietic system and there
is no role for traditional staging based on imaging
findings as for lymphoma and solid tumors, even
for children with isolated EML whomust be treated
as if there is systemic disease. ALL is classified as
low risk, standard risk, high risk, and very high risk
from clinical and biologic features and early treat-
ment response. Higher risk ALL groups include
infants, adolescents, those with high leukocyte
counts, those with CNS disease, those with initial
induction failure or high levels of end-induction
minimal residual disease (MRD), and those with



Guillerman et al772
T-cell lineage, hypodiploidy or certain chromo-
some translocations.37 In AML, risk category defi-
nitions are in evolution. Adolescent and obese
patients are in a poorer outcome group and leuko-
cyte count at diagnosis is inversely related to
survival, whereas trisomy 21, APL subtype, and
early response to therapy are favorable factors.38

The prognostic significance of radiographic and
scintigraphic bone abnormalities is uncertain, relat-
ing to conflicting reports in the literature. It has been
reported that multiple bone involvement on radio-
graphs portends a shorter duration of remission
and survival39; that there is no correlation of radio-
logical or scintigraphic extent of bone disease and
duration of remission or survival13,17; that children
without radiographic abnormalities have an aggres-
sive form of leukemia, whereas those with a few
bone lesions have an indolent form40; and that those
with radiographic bone lesions represent a subset
with a better prognosis.33

Nephromegaly at the time of presentation is
reportedly an adverse prognostic factor for
ALL.41 Nephromegaly in childhood ALL is also
correlated with subsequent renal damage detect-
able by renal MAG-3 or dimercaptosuccinic acid
(DMSA) scintigraphy.42 Overt testicular involve-
ment at diagnosis has been considered an
adverse prognostic factor for ALL, but this may
no longer be the case with aggressive initial
therapy. Neither the presence of a mediastinal
mass at the time of diagnosis nor an incomplete
response with a residual mediastinal mass on
chest radiograph at day 35 or 70 of therapy
predicts a worse prognosis in T-cell ALL.43
Therapy Response Evaluation

Imaging is not currently relied on to evaluate
response to therapy for childhood leukemia.
However, some trends may be observed on
skeletal radiographs. The transverse metaphyseal
lucent bands usually resolve quickly with treat-
ment, whereas periostitis, cortical erosion, and
lytic bone lesions resolve more slowly, and osteo-
penia may worsen, related to steroids. Bone scle-
rosis and osteonecrosis may also develop after
therapy.
The high sensitivity of MR imaging for bone

marrow abnormalities has led to investigation of
MR imaging as a method for therapy response
evaluation. During chemotherapy for leukemia,
the bone marrow becomes hypocellular and ede-
matous. Following chemotherapy, there is progres-
sive regeneration of normal hematopoietic cells
and fat. Marked increase in the marrow fat fraction
is observed by chemical shift MR imaging in the
marrow of patients responding to chemotherapy,
whereas a low marrow fat fraction persists in the
setting of unresponsive disease. In children with
ALL who enter remission, marrow T1 relaxation
time normalizes, whereas the marrow T1 relaxa-
tion time remains prolonged in those who do not
enter remission. However, the specificity of MR
imaging is limited by the difficulty in differentiating
viable neoplasm from effects of therapy, including
hematopoietic marrow regeneration (particularly
with G-CSF or GM-CSF therapy), hematopoietic
marrow reconstitution following stem cell trans-
plantation, marrow iron overload from transfu-
sional hemosiderosis, and marrow infarction and
fibrosis.44–46 Because of these limitations, MR
imaging has not replaced marrow aspirate or
biopsy for assessment of therapeutic response in
leukemia.47
Surveillance for Relapse

The most common site of ALL relapse is the
marrow, followed by the CNS and testes. Isolated
marrow involvement occurs in 48% of cases of
relapsed ALL in children at a median time of 26
months, whereas the incidence of isolated CNS
relapse is less than 5% and the incidence of iso-
lated testicular relapse is less than 2%. Outcome
of ALL is poorer with early relapse and with iso-
lated bone marrow relapse than with later relapse
and combined marrow and testicular or CNS
relapse.48 Most AML relapses occur in the
marrow, with CNS relapse being uncommon.
Survival is substantially lower in those with shorter
remissions, and relapsed leukemia is still the
primary cause of death in patients with AML.49

In some instances, relapse of leukemia in the
vertebral marrow can be detected by MR imaging
several weeks before relapse is detected by iliac
bone marrow aspirate or biopsy, reflecting the
patchy nature of relapsed leukemia and effects
of sampling bias.50 Unlike the diffuse marrow
abnormality typical of leukemia on MR imaging at
presentation, early relapsed ALL can manifest as
well-defined nodules of low signal intensity on
T1-weighted sequences and high signal intensity
on T2-weighted and STIR sequences. In this
setting, directed marrow lesional biopsy may be
required to avoid false-negative iliac marrow
sampling.51 Although time to relapse is an impor-
tant predictor of outcome, evidence that early
detection of relapse by frequent surveillance
improves outcome is lacking.52

Extramedullary involvement is more common at
relapse than at presentation. Sanctuary sites for
leukemic cells during therapy, where relapse can
occur even in the presence of bone marrow remis-
sion, include the CNS, testes, and kidneys. CNS
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prophylaxis has greatly reduced the incidence of
CNS relapse, and surveillance imaging of the
CNS is not warranted. A possible exception is
EML, for which relapse is extramedullary in nearly
40% of cases and most often in the CNS.36

Patients with suspected testicular relapse gener-
ally go to biopsy without imaging, but occasionally
ultrasound is requested and may show hypoe-
choic, enlarged testicles with or without focal
lesions (Fig. 7). Isolated testicular relapse is rare
and testicular biopsy at the end of therapy has
failed to show a survival benefit for patients with
early detection of occult disease,53 arguing
against a role for surveillance imaging of the
testes.

Surveillance chest radiographs are sometimes
obtained to evaluate for mediastinal relapse in
patients with T-cell ALL with a prior mediastinal
mass. However, a beneficial impact of this prac-
tice on outcome has not been established.
LYMPHOMA
Classification and Epidemiology

Pediatric lymphoma, including Hodgkin lymphoma
(HL) and non-Hodgkin lymphoma (NHL), is the
third most common malignant neoplasm in child-
hood and adolescence. HL is unusual in patients
younger than 4 years of age, and typically occurs
in older children and adolescents.3 In patients
younger than 10 years of age, there is a male
predominance of HL; beyond this age the relative
incidence begins to equilibrate between the
genders and patients older than 15 years of age
have an approximately equal incidence between
boys and girls.54 There are some studies suggest-
ing an association between chronic Epstein-Barr
virus (EBV) and HL and this has led some investi-
gators to propose a distinction between the
Fig. 7. Testicular relapse of precursor B cell ALL in a 3 ye
defined masses on ultrasonography.
childhood and adolescent/young adult forms of
HL.54,55

HL is characterized by a variable number of char-
acteristic clonal multinucleated giant cells (Reid-
Sternberg [RS] cells) in an inflammatory milieu.
The WHO classification separates the uncommon
nodular lymphocyte-predominant form of HL
(NLPHL) from the common form, designated
classicHL.WHOsubtypesof classicHLarenodular
sclerosis (NS), lymphocyte rich (LR), mixed cellu-
larity (MC), and lymphocyte depleted (LD).56 The
NS subtype of HL accounts for greater than 85%
ofpediatricHLand is characterizedby lymphnodes
that have thickened capsules and dense collage-
nous bands that separate the nodes into macro-
nodules. The presence of collagen and fibrous
stroma contributes to the presence of residual
mediastinal soft tissue that is commonly seen early
after completion of therapy, even after no viable
disease remains. The MC subtype accounts for
30% of the cases in young children and can be
confused for NHL.

The characteristic RS cell in classic HL is
believed to arise from preapoptotic germinal
center B-cells that cannot synthesize immuno-
globulin and show constitutive activation of the
nuclear factor k-B pathway, conferring resistance
to apoptotic stimuli. EBV is associated with 15%
to 25% of HL in developed countries and up to
90% in developing countries, most commonly in
younger patients with MC histology. Despite this,
EBV serologic status does not seem to be a prog-
nostic factor in pediatric patients with HL,57 in
contrast with patients with NHL.

NHL of childhood is a heterogeneous collection
of lymphoid neoplasms that are not classified as
HL. Although a large number of forms of NHL are
recognized, the 4 most commonly occurring in
children include Burkitt lymphoma (BL), diffuse
large B-cell lymphoma (DLBCL), anaplastic large
ar old boy manifests as testicular enlargement by ill
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cell lymphoma (ALCL), and precursor T-cell and B-
cell lymphoblastic lymphoma (LL). In contrast with
HL, NHL is more common in children younger than
10 years of age. There is also a male predomi-
nance, particularly in older patients.58 Age-
specific incidence also varies according to disease
classification, with LL occurring with a fairly
constant rate across all age groups, whereas
ALCL and DLBCL predominate in older adoles-
cents. Although the cause of NHL is uncertain,
there is an increased incidence of lymphomas in
immunosuppressed patients. Other studies have
shown a role for EBV in the pathogenesis of lym-
phoproliferative disease and NHL. Taken together,
these findings suggest that disordered immuno-
regulation, with resultant clonal proliferation of
immature cells that have failed to differentiate,
contributes to malignant transformation in NHL.59

Each NHL subtype has characteristic pathologic
features, and recent molecular and translational
investigations have led to new understanding of
the pathobiology of NHL.54,59 BL and DLBCL are
believed to derive from lymph nodegerminal center
regions where proliferating B-cell lymphoblasts
normally differentiate. The activation of proto-
oncogenes and/or disruption of tumor suppressor
genes or hypermutation of proto-oncogenes are
believed to result in the malignant transformation
of these germinal center lymphoblasts. Consistent
with this interpretation, B-lineage cell surface
antigen CD20 shows increased expression on
both BL and DLBCL. ALCL shows expression of
CD30 and is characterized by overexpression of
the anaplastic lymphoma kinase (ALK) tyrosine
kinase, which is believed to play a role in ALCL
tumor genesis. LL, in contrast with the other pedi-
atric NHL subtypes, predominantly arises from
immature T-cells, corresponding to defined stages
of thymocyte differentiation. Less than 10%of LL is
of B-cell origin.58 When greater than 25% of the
bone marrow is infiltrated with lymphoblasts, the
disease is termed ALL rather than LL. Posttrans-
plant lymphoproliferative disease (PTLD) is seen
in the setting of both solid organ and bone marrow
transplantation, and results directly from host
immunosuppression.60,61 PTLD, which is usually
EBV-related, is not initially classified as amalignant
lymphoma and frequently responds to reduction in
immunosuppression. However, the lymphoproli-
ferative disease may progress to an aggressive
B-cell lymphoma, resulting in widespread malig-
nant disease.62
Treatment

With current treatment approaches, the 5-year
survival rate for children and adolescents
diagnosed with HL is around 95%.7 This high
cure rate has led to renewed interest in the role
that treatment-related toxicities and long-term
consequences of therapy play in overall morbidity
and mortality.63,64 The risk of death caused by
disease at 20 years from diagnosis almost equals
the risk of death from other causes, including
treatment-related effects.63

In the 1960s and 1970s, extended field radiation
therapy improved disease-free and overall survival
rates amongst patients with HL.55 However, this
so-called mantle radiation resulted in significant
late effects in the irradiated tissues. Subsequent
development of a combination of chemotherapy
regimens showed that disease-free survival could
be improved with lower dose radiation therapy
regimens, and, in certain patients with HL, elimina-
tion of radiation therapy altogether. In patients with
low-stage HL, overall survival was no different for
patients whose initial therapy was chemotherapy
alone, because of effective salvage regimens.65,66

In patients with advanced-stage HL, EFS was
higher for those who received initial chemotherapy
and radiation therapy compared with those with
chemotherapy alone.54,67 As with current standard
regimens, these early treatment regimens were
risk adapted: those with favorable-risk disease,
defined by low stage and low bulk disease,
typically receive 2 to 4 cycles of multiagent che-
motherapy with either low-dose involved field radi-
ation or no radiation, whereas those patients with
higher risk disease are stratified to receive more
intensive chemotherapy before involved field
radiotherapy.55

These risk-adapted approaches do not take into
account initial disease response, in contrast with
response-adapted approaches, in which the over-
all treatment intensity is modulated during the
course of therapy based on initial response. This
latter approach is emerging as a potential means
of further reducing therapy and potentially reduc-
ing late effects for those patients with HL in
whom cure is likely, while maintaining high cure
rates and aggressive treatment of those patients
at higher risk of relapse.64,67

Patients with NHL have lower overall survival
rates compared with HL. With current treatment
approaches, more than 85% of children and 75%
of adolescents with NHL survive at least 5 years.7

Treatment of childhood NHL depends on localized
versus disseminated disease. Localized disease is
typically defined as stage I or II disease, whereas
stage III or IV disease is generally considered to
be disseminated. In most children, NHL is widely
disseminated from the outset, and systemic treat-
ment with aggressive combination chemotherapy
is usually recommended for most patients.54,58
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Children with refractory or relapsed NHL have
a worse outcome than newly diagnosed patients,
and thus aggressive up-front therapy and early
remission remain the goal of new treatment
regimens.68

The outcome for LL is excellent, with longer leu-
kemialike therapy consisting of induction, consoli-
dation, and maintenance therapy. In contrast,
nonlymphoblastic NHL has superior outcome
with short, intensive pulse therapy. For recurrent
or refractory B-lineage NHL or LL, survival is low
(10%–20%), emphasizing the importance of
achieving cure during the initial therapy. For recur-
rent or refractory ALCL, as many as 60% of
patients can ultimately be salvaged and achieve
long-term survival.69 PTLD can involve multiple
organs and systems, and responds variably to
conventional lymphoma therapies.60–62

Radiation therapy plays little role in the routine
management of pediatric NHL, in contrast with
HL.58 Mediastinal radiation is not commonly used
for patients with mediastinal masses, except in the
emergent treatment of symptomatic superior vena
cava obstruction or airway obstruction. Even in
this instance, low-dose radiation is usually used.

Imaging Features

In HL, chest radiographs obtained for upper respi-
ratory symptoms and/or vague constitutional
symptoms, such as fever or night sweats, often
prompt the initial diagnosis. At the time of diag-
nosis, a mediastinal mass is present in more than
two-thirds of patients with HL (Figs. 8 and 9).70
Fig. 8. An 18 year old patient with HL. On the upright
posteroanterior (PA) chest radiograph, the transverse
width of the mediastinal mass exceeds one third of
the thoracic diameter, meeting the criterion for bulk
disease.
The diagnostic evaluation should always include
imaging of the chest and neck up to the level of
the Waldeyer ring. Large neck and mediastinal
masses may compress the airway and central
vascular structures. Care must therefore be taken
in sedating these patients before imaging.71 After
a careful physiologic and radiographic evaluation
of the patient has been performed, the least inva-
sive procedure should be used to establish the
diagnosis. If possible, peripheral lymph node
biopsy is preferable. Aspiration cytology is not
sufficient because of the absence of stromal
tissue, and core needle biopsies are necessary.
Surgical staging has been largely replaced by
imaging; however, mediastinoscopy or thoraco-
scopy may be needed when other modalities fail
to establish the diagnosis or if questionable areas
of involvement result in upstaging the patient and
histologic confirmation is required.

Lung involvement is seen in less than 5% of chil-
dren younger than 10 years of age and 15% of
adolescents with HL.70,72 Nodules greater than 1
cm are the most common pulmonary finding during
stagingof patientswithHL, althoughdiffuse intersti-
tial thickening and lobar or segmental consolidation
are other pulmonary manifestations of disease. The
presence of pulmonary disease usually occurs in
association with ipsilateral hilar or mediastinal
lymphadenopathy (Fig. 10). The most common
mechanisms of disease spreading into the lungs
are hematogenous and lymphangitic spread, and
less frequent, direct invasion. Pleural andpericardial
effusions are infrequent findings in HL and usually
result from lymphatic obstruction.70 Pleural effu-
sions are typically transudative and usually negative
for malignant cells. Pericardial effusion, when
present,maysuggest tumor involvement of theperi-
cardium fromdirect extension of the adjacentmedi-
astinal mass. Where pericardial involvement is
suspected, MR imaging may be superior to CT,
particularly with the advent of respiratory and
cardiac gated MR imaging.

Liver involvement by HL is almost always
associated with splenic involvement, and splenic
involvement without associated para-aortic lym-
phadenopathy is unusual (Fig. 11). Splenic in-
volvement occurs in 30% to 40% of Hodgkin
disease (HD). Splenic size is unreliable for predict-
ing splenic HD involvement.73

At diagnosis, bone marrow involvement is
unusual in HL. MR imaging and [18F]fluorodeoxy-
glucose (FDG)–positron emission tomography
(PET) are more sensitive than conventional CT for
detecting bone marrow involvement.72 Cortical
bone involvement is similarly rare in HL. When
present, lesions are typically lytic and may have
accompanying periosteal reaction.70



Fig. 9. Chest CT images of an 18 year old girl (see chest radiograph in Fig. 8) with HL depict characteristic
conglomerate lobular mediastinal lymphadenopathy.
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Historically, gallium (67Ga) scintigraphy was the
mainstay of functional imaging in lymphoma but
has now usually been replaced by FDG-PET.
FDG-PET has been shown to be more sensitive
than gallium scintigraphy for determining lung,
bone, and nodal involvement and has amuch lower
radiation dose than gallium scintigraphy.74–76

Gallium has prolonged retention in the bowel,
further limiting its usefulness in evaluating intra-
abdominal disease. Although gallium scintigraphy
approaches the sensitivity of FDG-PET for diag-
nosis and staging of neck and mediastinal/chest
nodal disease in pediatric HL, nearly all institutions
Fig. 10. A 14 year old girl with HL. CT images show
pulmonary,mediastinal, andbilateralhilar involvement.
have access to FDG-PET scanning and there is
currently little justification for gallium scanning.
FDG-PET has been studied extensively in adult

lymphoma77 and, to a lesser extent, in pediatric
populations.72,78 The overall consensus from
multiple studies is that FDG-PET is more sensitive
than CT for involvement of normal-sized lymph no-
des and extranodal disease, including the spleen,
liver, and bone marrow (see Fig. 11; Fig. 12).79–84

Combined FDG-PET/CT imaging retains the high
sensitivity of FDG-PET for detecting disease, but
improves the specificity, with coregistered fused
images resulting in the highest sensitivity and
specificity at detecting disease and correlating
sites of abnormal FDG uptake with specific
anatomic regions.80,82,85,86

False-positive FDG uptake is well recognized
and can result from rebound thymic hyperplasia,
hypermetabolic brown fat, muscle, hyperplastic/
recovering marrow and/or spleen, gonadal and
breast cyclic hormonal stimulation, and sites of
recent surgery or infection (Fig. 13).87,88 The char-
acteristic patterns of nonspecific uptake are well
recognized by experienced radiologists and nu-
clear medicine physicians and the use of coregis-
tered FDG-PET/CT has proved invaluable for
identifying and eliminating areas of false-positive
uptake from the diagnostic evaluation.88 In some
instances, background uptake can be reduced.
For example, brown fat uptake can be largely elim-
inated by warming the patient, and, in challenging
cases, premedicating the patient with fentanyl
and/or benzodiazepines.89

Among pediatric NHL, BL most commonly
presents with intra-abdominal visceral disease,
and widespread extranodal involvement is often
present. The initial imaging evaluation is usually
directed at assessment of symptoms referable to
abdominal involvement. Involvement of the perito-
neum, solid abdominal organs, and bowel with
complicating intussusception can be seen (Figs.
14 and 15).



Fig. 11. Axial and coronal contrast enhanced CT images of the chest and abdomen, respectively, show a large
mediastinal mass with accompanying diffuse splenic involvement and mesenteric lymph node enlargement in
this patient with HL. The accompanying FDG PET image shows diffuse FDG uptake throughout the mass in
both the chest and abdomen.
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Asmany as 75% of patients with LL present with
a mediastinal mass and dyspnea, wheezing,
stridor, or dysphagia.58 The mediastinal enlarge-
ment in LL is attributable to diffuse thymic involve-
ment and does not show the typical nodular
heterogeneous appearance more characteristic
of HL and other forms of NHL (Fig. 16). These
tumors grow rapidly and patients with LL may
deteriorate quickly because of airway compres-
sion and impairment of venous return, particularly
when patients are placed supine or sedated. In this
population of patients, diagnostic imaging may not
be possible because of the tenuous clinical status
of the patient, and pleural fluid and/or bone
marrow aspiration may be the only means of accu-
rately diagnosing these patients.

ALCL is often associated with systemic symp-
toms and signs such as fever and weight loss,
and a prolonged waxing and waning course before
diagnosis. A mediastinal mass may be seen in up
to 40% of patients with ALCL, and, when present,
is often accompanied by large pleural and pericar-
dial effusions. ALCL can also involve lung, skin,
and bone,54 and often presents with extensive
multifocal disease (Figs. 17 and 18).

DLBCL has a less characteristic clinical pattern
compared with other NHL subtypes. Most patients
with DLBCL present with localized disease. Anterior
mediastinal and/or bulky cervical/supraclavicular
lymphadenopathyaremorecharacteristicofDLBCL
than of the other NHL subtypes. Up to 70%of these
patients have a mediastinal mass, which may
produce airway obstruction and superior vena
cava syndrome (Fig. 19).54,72 In general, these
tumors are more aggressive than HL and malignant
pericardial effusions resulting fromdirect pericardial
invasion, malignant pleural effusions, and pulmo-
nary involvement may be seen (Fig. 20). Patients
with DLBCL with disease localized to the medias-
tinum may be difficult to distinguish from HL based
on imaging (see Fig. 19).54 The presence of meta-
chronous peripheral lymphadenopathy or bone
involvement makes DLBCL the more likely diag-
nosis. About 20% of pediatric patients with DLBCL
present with primary mediastinal disease (primary
mediastinal B-cell lymphoma).90 This presentation



Fig. 12. Axial CT, coronal FDG PET, and fused axial PET/CT show extensive FDG avid HL. Retroperitoneal lymph
node involvement was shown by FDG PET and PET/CT fusion, whereas the same site shown on the CT alone could
have been interpreted as unopacified bowel. This patient is the same 14 year old who is shown in Fig. 9, who also
had extensive pulmonary nodules, confirmed as FDG avid sites of disease.
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is more common in older children and adolescents.
These tumors are more aggressive and are associ-
ated with a worse outcome compared with other
pediatric large B-cell lymphomas. Growth into adja-
cent structures is common and there is a character-
istic tendency for focal involvement of the kidneys
(see Fig. 20).
PTLD can involve multiple organs or have focal

involvement. The use of FDG-PET to stage the
extent of disease and assess response to therapy
in PTLD is increasingly advocated (Fig. 21).62,91
Staging and Risk Stratification

The Ann Arbor system for staging of HL was devel-
oped to classify anatomic sites of disease based
on a combination of clinical, surgical, and imaging
findings. The Cotswold modifications of the Ann
Arbor staging system incorporated the prognostic
implications of tumor bulkiness and number of
disease sites into the staging system.92 The revised
Ann Arbor staging system is shown in Box 1.
Staging is largely based on identifying disease
above or below the diaphragm and at identifying
noncontiguous involvement of extralymphatic sites
of disease that indicate hematogenous spread.
Unique to HL is the designation of extralymphatic
disease that results from direct extension of an
involved lymph node region, which can be chal-
lenging at the time of staging. For example, contig-
uous involvement of lung adjacent to a large
mediastinal mass may be considered stage IIE
rather thanstage IVdisease.However, thepresence
of a malignant pleural effusion that is cytologically
positive for HL would be considered stage IV. For
areas of questionable noncontiguous extralym-
phatic involvement, pathologic confirmation may
be requiredbeforeassignment tostage IV.Thepres-
ence of B symptoms (fever, night sweats, weight
loss) is included in the staging of the patient, and
influences whether the patient is assigned to a low
or intermediate/high-risk treatment regimen.
The posteroanterior (PA) upright chest radio-

graph is still used for determining the presence of
bulk disease (mediastinal mass > one-third of the
maximal transthoracic diameter) (see Fig. 8).55

However, the Cotswolds modification of the Ann
Arbor classification also defines lymph nodes
greater than 10 cm in maximal dimension on CT
imaging as bulky. Despite various attempts, the



Fig. 13. A 15 year old patient with stage IV HL. Baseline FDG PETand CT show extensive disease, including pulmo
nary lesions. At the end of therapy, FDG uptake has resolved, except for presumed background brown fat uptake
in the neck. Residual CT abnormalities were interpreted as scar tissue in view of the negative FDG PET scan. By 4
months after completion of therapy the patient’s pulmonary relapse was obvious by CT and confirmed by FDG
PET. Rx, treatment.

Fig. 14. Sporadic BL has a proclivity for widespread extranodal involvement, as illustrated by the presence of
masses in the pancreas and right kidney on an abdominal CT image (A), proximal right tibial bone marrow on
an T1 weighted MR image (B), and lumbosacral epidural space on a sagittal STIR MR image (C) in this 8 year
old boy.

Leukemia and Lymphoma 779



Fig. 15. An 8 year old girl with BL. Coronal CT reconstruction shows thickening of the distal ileum and cecum
(arrows). Two days later, the patient presented with abdominal pain. An ultrasound examination showed an
intussusception. A contrast enema confirmed the intussusception, which was successfully reduced. When the
intussusception recurred, she was taken to the operating room where the diagnosis of BL was established.
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current definitions of bulky disease are not stan-
dardized and frequently depend on the clinical trial
protocol and the cooperative group from which
the protocol derives. For example, bulky disease,
Fig. 16. Diffuse infiltration of the thymus resulting in
a smoothly marginated homogeneous anterior medias
tinal mass that compresses the airway and occludes the
left brachiocephalic vein or superior vena cava is
a common presentation of T cell lymphoblastic lym
phoma, as shown in this chest CT image.
as defined by PA chest radiograph and CT of nodal
disease, is still recognized in the risk stratification of
patients enrolled in Children’s Oncology Group
trials and St Jude Consortium trials. However,
results from the German-Austrian Pediatric Multi-
center trial suggest that bulk disease alone is not
a prognostic factor for outcome with a risk-
adapted treatment strategy.93 Contrast-enhanced
CT and FDG-PET imaging complete the contribu-
tion of imaging to staging and risk stratification.
There is currently no role for bone scintigraphy in
the routine staging evaluation.94 Increasingly,
particularly in Europe, the use of MR imaging,
including diffusion-weighted imaging, is being
advocated to reduce radiation exposure in these
heavily imaged and treated patients.95,96

Combined FDG-PET/CT imaging provides the
most sensitive and specific means of accurately
staging patients with HL (see Figs. 11–13). For
example, in one study of children and adolescents
with HL, FDG-PET changed the staging in 15% of
the patients, most of whom were upstaged. Most
of the false negatives not detected by FDG-PET



Fig. 17. An 11 year old patient with paraspinal ALCL. CT and MR images show paraspinal mass with bone destruc
tion and invasion of the spinal canal. An MR imaging and FDG PET scan obtained while the patient was on
therapy showed a decrease in size of the mass. Although the patient did not have a baseline FDG PET scan,
the presence of FDG uptake after completion of consolidation chemotherapy suggested residual active disease.
Rx, treatment.
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had tiny pulmonary nodules shown by chest CT.97

Most discordance between CT and FDG-PET
occurs at extranodal sites, such as the lung, in
which CT is superior for tiny nodules, and the
spleen and bone marrow, in which FDG-PET is
superior.98 The highest diagnostic accuracy is
therefore achieved using a combination of FDG-
PET and CT.

Despite these advances in functional imaging,
staging with conventional imaging modalities (CT
and/or MR imaging) alone as the standard initial
staging procedure for risk and treatment stratifica-
tion has historically been sufficient to achieve cure
rates greater than 90% in pediatric HL. Therefore,
the ultimate impact of additional whole-body
imaging with either MR imaging or FDG-PET,
although promising, may be modest in terms of
changing overall cure rates of pediatric HL.
However, the incorporation of FDG-PET/CT find-
ings into radiation treatment planningmaybe signif-
icant in treatment-related toxicity, by guiding
treatment dose and target treatment volume.55,63,99

Onestudy found that involved field radiation therapy
(IFRT) volumes needed to be adjusted from FDG-
PET findings in 70%of pediatric patients with HL.98

The St Jude (Murphy) classification is used for
the staging of pediatric NHL (Box 2). This system
is based on tumor burden, and has served clini-
cians well for many years. In the past, even with
less effective chemotherapy, the St Jude system
provided a sound basis for treatment stratification.
Children with NHL, in contrast with HL, frequently
present with disseminated disease. As with HL,
CT scanning is most commonly used for the initial
staging of NHL. For specific sites of bone or CNS
disease, MR imaging is used. FDG-PET detects
additional disease in a small proportion of pedi-
atric patients with NHL (see Figs. 17, 18 and 20;
Figs. 22 and 23), but it has not been shown to
detect additional sites of disease that would result
in frequent alterations of patient stage, nor has it
been generally shown to result in any modification
of treatment.100 High cure rates result from risk-
adapted intensive chemotherapy without radiation
therapy, and it has not been necessary to map
precisely every small site of nodal disease, be-
cause patients are being treated intensively and
systemically.58 As a result, in contrast with the
adult situation, FDG-PET is not routinely included
in the diagnostic staging of childhood NHL.101

However, NHL is often disseminated at the time
of initial disease presentation and, in this setting,
early response assessment may be more useful
in predicting ultimate patient outcome rather than



Fig. 18. A 12 year old boy with ALCL. He initially presented with testicular pain, swelling, and left testicular
enlargement. Ultrasonography (not shown) revealed heterogeneous testicular echogenicity, but no focal mass;
testicular biopsy was negative for malignancy. The CT scan shown here, obtained for subsequent abdominal
pain, reveals diffuse mesenteric and retroperitoneal lymphadenopathy. Occlusion of the inferior vena cava and
obliteration of the left renal vein likely accounted for the initial left testicular complaints. FDG PET scan shows
uptake in the primary mass, as well as a left supraclavicular site. No uptake was present in the scrotum.
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extent of disease and overall tumor burden at
diagnosis (see Fig. 23). For these patients, diag-
nostic FDG-PET imaging is obtained to provide
a baseline for subsequent response assessment.
ALCL is an example of disease distribution not

fitting well into the St Jude NHL staging system
Fig. 19. Primary mediastinal large B cell lymphoma
often assumes a lobular morphology like HL and tends
to occlude the superior vena cava, as shown on this
chest CT image.
(see Figs. 17 and 18). Sites of involvement that are
unusual in childhood lymphoma, such as skin,
lung, and bone, are common in ALCL. LL is another
example of the limitations of the NHL staging
system. Most patients are stage III, with few pre-
senting with either stage I or stage II disease.
Furthermore, the outcome of patients with stage
IV disease (usually the result of bone marrow
involvement), differs little from those with stage III
disease. Because of the overall excellent response
of these patients, features such as tumor bulk,
pleural effusion, and respiratory obstruction do
not ultimately influence overall outcome.54,58 As
with LL, BL responds rapidly to aggressive che-
motherapy.58 Patients with localized disease have
anexcellent outcomeaftera short courseofaggres-
sive chemotherapy, and, with improvements in
treatment, even patients with advanced-stage
disease at diagnosis have an excellent overall
outcome. AlthoughFDG-PETscanningmaybeper-
formed during staging of patients with BL, given the
speed with which these tumors grow and enlarge,
there is little evidence that functional imaging
affects staging or outcome in this population of
patients.101



Fig. 20. (A) Axial CT images in a patient with mediastinal DLBCL, showing mediastinal mass, near occlusion of the
brachiocephalic vein, tracheal narrowing, pulmonary metastases, and bilateral renal lesions. (B) FDG PET shows
uptake in the mediastinal mass, pulmonary lesions, and renal lesions. In addition, FDG PET clearly shows 2 foci
of disease in the pancreas that are difficult to resolve by CT.
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Therapy Response Evaluation

Initial efforts to develop objective measurement
criteria for assessing solid tumors were put
forward by the WHO and used bidirectional
measurement techniques.102 These measurement
techniques focused primarily on disease staging
and determining initial disease bulk in an effort to
stratify patients into treatment groups. Early
criteria for response were also developed, and
led to categories ranging from complete response
(CR) to progressive disease, and included stable/
no change or partial response (PR) in the classifi-
cation scheme, depending on the estimates of



Fig. 21. A 12 year old heart transplant recipient with fever and increased EBV titers. CT showed extensive lymph
node enlargement in the retroperitoneum, supraclavicular regions, and mediastinum, as well as splenic involve
ment, consistent with PTLD. Disease did not respond to reduction in immunosuppression. FDG PET confirmed
extensive FDG avid PTLD. One month after chemotherapy there is no residual disease.
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change in tumor size. The WHO criteria presented
many challenges, particularly for tumors such as
HL, which frequently leave measurable residual
posttreatment scar tissue. Minimum lesion size
and numbers of lesions to be recorded were not
specified and, depending on the location of tumor,
size measurements of lymph nodes may have
been based on physical examination estimates.
In addition, these methods were devised before
the advent of the multiplanar cross-sectional
imaging techniques that are in common use today
(CT and MR imaging), and underestimates of
disease burden and the choice of measurement
technique often led to errors in establishing
disease progression or response.
Developing objective measures of treatment

response is essential to having evaluable prospec-
tive end points in early phase clinical trials and
determining whether new agents warrant further
testing. The challenge is developing surrogate
end points that accurately reflect the disease
process and response to therapy at a time when
other indicators of response (eg, change in clinical
status) may not reflect treatment response. For
example, a brisk response to chemotherapy is an
indirect determinant of biologic homogeneity
within the tumor, which, in turn, translates into
more uniform chemosensitivity across the entire
tumor volume. As a result, changes in FDG uptake
that occur soon after the initiation of therapy serve
as an in vivo chemosensitivity test, even when
significant changes in tumor volume or complete
resolution of the tumor mass are not yet seen on
morphologic imaging (Fig. 24). Studies showing
that significant reductions in tumor volume and
FDG-PET negativity are associated with favorable
outcome in both pediatric HL and NHL suggest
that rapid and homogeneous cytotoxic chemo-
therapy responsiveness may lead to improved
disease-free survival.103

Several studies of FDG-PET for response as-
sessment in pediatric lymphoma have been
reported.86,104–107 The use of FDG-PET in assess-
ing response during therapy for tumors that are
FDGavidat the timeof staging isbeing investigated.
In one study of pediatric and young adult patients
with HL or NHL, the negative predictive value of
FDG-PET during therapy was 96%, whereas the
positive predictive value was 100%.86 This obser-
vation, substantiated by other studies, suggests
that interim FDG-PET scanning during therapy is
an excellent prognostic indicator for predicting clin-
ical outcome.
An ongoing major European study in childhood

and adolescent HL is evaluating the role of interim
FDG-PET in determining the need for involved field
radiotherapy in patients who have a good early
response to induction chemotherapy (ie, those
patients who are in complete remission or in partial
remission based on CT, but FDG-PET negative).100



Box 1
Modified Ann Arbor staging system for
childhood HL

Stage I: involvement of single lymph node region (I) or
localized involvement of a single extralymphatic
organ or site (IE)

Stage II: involvement of 2 or more lymph node regions
on the same side of the diaphragm (II) or localized
contiguous involvement of a single extralymphatic
organ or site and its regional lymph node(s) with
involvement of 1 or more lymph node regions on
the same side of the diaphragm (IIE)

Stage III: involvement of lymph node regions on both
sides of the diaphragm (III), which may also be
accompanied by localized contiguous involvement of
an extralymphatic organ or site (IIIE), by involvement
of the spleen (IIIS), or both (IIIE1S)

Stage IV: disseminated (multifocal) involvement of 1
or more extralymphatic organs or tissues, with or
without associated lymph node involvement, or
isolated extralymphatic organ involvement with
distant (nonregional) nodal involvement

Anatomic lymph node regions for the purpose of HL
staging are Waldeyer ring, cervical/supraclavicular/
occipital/preauricular, infraclavicular, axillary/pectoral,
epitrochlear/brachial, mediastinal, hilar, splenic/splenic
hilar, mesenteric, para aortic/celiac/periportal/retro
crural,iliac, inguinal/femoral, and popliteal.

The designation A is for asymptomatic disease and B is
for the presence of unexplained fever, weight loss, or
night sweats. The designation E is for minimal extra
lymphatic disease from direct extension of an involved
lymph node region, originally devised to indicate ex
tralymphatic disease limited enough to be subjected
to definitive treatment by radiation therapy. The
designation E is not appropriate for cases of wide
spread or diffuse extralymphatic disease (eg, a large
pleural effusion that is cytologically positive), which
should be considered stage IV.

Box 2
St Jude staging system for childhood NHL

Stage I: a single tumor (extranodal) or single anatomic
site (nodal), excluding mediastinum or abdomen

Stage II: a single tumor (extranodal) with regional
node involvement; 2 or more nodal sites on the same
side of the diaphragm; 2 single (extranodal) tumors
with or without regional node involvement on the
same side of the diaphragm; a primary
gastrointestinal tract tumor, with or without
associated mesenteric nodes, grossly completely
resected

Stage III: 2 single tumors (extranodal) on opposite
sides of the diaphragm; 2 or more nodal areas above
and below the diaphragm; primary intrathoracic
tumors (mediastinal, pleural, thymic); extensive
primary intra abdominal disease, unresectable;
paraspinal or epidural tumors

Stage IV: any of stages I III with initial CNS or bone
marrow involvement (<25%)
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This represents an early effort to incorporate a
response-based treatment algorithm into ongoing
clinical trials of pediatric lymphoma patients. Most
of the data have been obtained after 2 cycles of
chemotherapy, although there is no evidence to
suggest that a response evaluation after 2 or 3
cycles is either superior or inferior to that performed
after 1 cycle. A very early response to therapy after 1
cycle may be more predictive than responses
measured after more prolonged therapy.

As noted earlier, the use of two-dimensional
measurement techniques does not account for
functional and metabolic changes in the tumor.
The International Harmonization Project (IHP)
was convened to address this issue in adult
lymphoma and issued revised criteria in 2007 for
complete remission, partial remission, progressive
disease, and stable disease (SD) both for HL and
NHL.77,108 Although the focus of this project was
adult lymphoma, the criteria proposed can, for
the most part, be applied to pediatric lymphomas.
A summary of these criteria is shown in Table 1. As
before, measurable extranodal disease should be
assessed in a manner similar to that for nodal
disease. For HL, the spleen is still considered
a site of nodal disease (see Fig. 11). Disease loci
that are assessable but not measurable (eg,
pleural effusions and bone lesions) are recorded
as present or absent unless it is proved by biopsy
to be negative. The major change to the response
criteria is the emphasis placed on FDG-PET in
determining response.

The most significant change of the IHP criteria
from the earlier criteria used to determine re-
sponse is the definition of CR. CR is defined by
the IHP as disappearance of all evidence of
disease, but is now primarily based on FDG-PET.
In patients with typically FDG-avid lymphomas
(nearly all patients with HL and most patients
with NHL), a posttreatment residual mass of any
size is permitted by CT or MR imaging, as long
as it is FDG-PET negative (see Fig. 24); this is
true for patients in whom the FDG-PET was posi-
tive before therapy, and even in patients with no
pretreatment FDG-PET scan, provided they have
typically FDG-avid lymphomas (such as HL). Vari-
ably FDG-avid lymphomas or those in which FDG
avidity is unknownmust have their diseased lymph
nodes and nodal masses regress to normal size
(not >1.5 cm in greatest transverse diameter, or
not more than 1.0 cm in short axis for lymph nodes
less than 1.5 cm in size at diagnosis). These



Fig. 22. A 16 year old patient with DLBCL. Axial CT and FDG PET show uptake in the mediastinal mass and
multiple diaphragmatic lymph nodes. An additional focus of disease in a small aortocaval lymph node (arrow)
would not have been detected without the use of FDG PET.
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criteria have been developed for adults but should
be applicable for most pediatric patients, although
some clinical judgment is necessary in cases with
borderline enlarged lymph nodes. Splenic and/or
liver involvement, either as diffuse enlargement
or focal nodules, should return to normal size
and nodules should disappear. However, the
determination of splenic involvement may be chal-
lenging and multiple imaging modalities may be
used to unequivocally establish the presence or
absence of residual abdominal visceral disease
(see Fig. 24). Bone marrow involvement, if present,
must have cleared based on repeat bone marrow
biopsy. Residual bone marrow abnormalities by
imaging (ie, FDG-PET or MR imaging) should be
confirmed by biopsy in order for a patient to be
considered in CR.
PR is defined by the IHP as regression of

measurable disease with no new sites of disease.
There must be at least a 50% decrease in the sum
of the product of the diameters of up to 6 largest
dominant nodes or nodal masses, which should
be clearly measurable in 2 dimensions. There
should be no increase in size of other nodes, liver,
and spleen. Splenic/hepatic nodules must regress
by not less than 50% in size. If bone marrow was
involved before therapy and clinical CR was ac-
hieved by other criteria, but there is persistent
marrow involvement, the patient is still considered
a partial responder. For partial responders, post-
treatment FDG-PET should be positive in at least
1 previously involved site. If FDG avidity at base-
line is unknown, then the CT criteria are used.
SD is defined by the IHP as failure to attain either

CR or PR, but not meeting criteria for progressive
disease. For FDG-avid lymphomas, the FDG-PET
scan should be positive at prior sites of disease
with no new areas of involvement on the posttreat-
ment CT or FDG-PET. If FDG-PET is not available,
there must be no change in the size of the previous
lesions on the posttreatment CT scan.
The appearance of any new lesion at the end of

therapy should be considered relapsed (after CR)
or progressive disease (after PR or SD) according
to the IHP unless otherwise confirmed by histo-
logic evaluation. Increased FDG uptake at a previ-
ously unaffected site or at a previously involved
site that had responded should also be considered



Fig. 23. An 8 year old patient with hip pain. MR imaging shows diffuse marrow replacement on T2 weighted and
T1 weighted images. CT shows extensive visceral and intra abdominal involvement. FDG PET confirms diffuse
abnormal uptake throughout the abdomen and bone marrow. Bone marrow aspirate showed greater than
25% infiltration of the marrow by Burkitt cells, indicating Burkitt leukemia.

Fig. 24. This patient with HL received 2 4 week cycles of therapy. Compared with the baseline examination (see
Fig. 11) there is still residual mediastinal soft tissue abnormality, although decreased from the baseline examina
tion. The spleen is now normal in size; however, punctate hypodensities are still present in the spleen. Despite
these residual CT findings, the accompanying FDG PET shows complete resolution of abnormal FDG uptake in
the mediastinal mass and in the abdomen.
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Table 1
Summary of new Harmonization Project
criteria for PET and CT in determining
response in lymphomaa

Response Criteria

CR FDG-PET completely negative
Residual lymph nodes/nodal
masses allowed, if FDG
negative

Bone marrow biopsy negative
Splenic/liver involvement must
disappear

No new sites of disease

PR PDG positivity should be
present in at least 1
previously involved site

Regression of measurable
disease; no new sites of
disease

�50% decrease in SPD of 6
dominant LNs/nodal masses

�50% reduction in splenic/
hepatic nodules, if present

Even if CR by other criteria,
positive bone marrow
biopsy is considered PR

SD Failure to achieve PR, but not
meeting PD criteria

PD/relapse Any lesion increased in size by
�50% from nadir

Any new lesion
PET should be positive in new/
progressed lesions if
�1.5 cm

Notes: New criteria include PET in definition of CR. PET
considered positive if uptake is greater than mediastinal
blood pool (lesions >2 cm), or more than local background
(lesions <2 cm).

Abbreviations: CR, complete response; LNs, lymph no
des; PD,progressivedisease; PR, partial response; SD, stable
disease; SPD.

a Based on work from the IHP.
Data from Juweid ME, Stroobants S, Hoekstra OS, et al.

Use of positron emission tomography for response ass
essment of lymphoma: consensus of the Imaging Sub
committee of International Harmonization Project in
Lymphoma. J Clin Oncol 2007;25:571 78; and Cheson BD,
Pfistner B, Juweid ME, et al. Revised response criteria for
malignant lymphoma. J Clin Oncol 2007;25:579 86.
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relapsed or progressive disease (see Fig. 13).
Lymph nodes are considered abnormal if their
short axis is greater than 1.0 cm. In most patients
with prior pulmonary nodules, new lung nodules
identified by CT are typically benign and should
be histologically confirmed to establish relapse/
progressive disease. Sites of relapse or progres-
sive disease should be FDG avid unless the lesion
is too small to be detected by PET (<1.5 cm in long
axis, or 1.0 cm with newer scanners).
Restaging at completion of therapy uses the

same response criteria used for early interim
response assessments, with CR reserved for
those patients with absence of disease by clinical
examination and imaging studies. As before,
residual abnormalities on cross-sectional imaging
are allowed, provided they remain FDG negative
and no new sites of FDG activity are identified.
Currently, visual assessment is considered

adequate for interpreting FDG-PET findings as
positive or negative when assessing response
after completion of therapy. The use of standard-
ized uptake value (SUV) measurements is still
experimental.109 The use of mediastinal blood
pool activity is currently recommended as the
reference background activity to define FDG-PET
positivity for residual masses,108,109 although this
can be challenging (Fig. 25), and a recent review
emphasizes the importance of establishing stan-
dards for background activity to avoid stage
migration purely as a result of improvements in
technology.110 The use of FDG-PET and functional
response assessment has clearly revolutionized
the response evaluation in both HD and NHL.
Studies have shown that tumor responsiveness
as determined by FDG-PET activity after 1 to 2
cycles of treatment can identify patients at
increased risk of relapse. However, studies are still
ongoing or in development in which early FDG
response assessment is or will be used to dictate
treatment approach.
If it is accepted that FDG-PET imaging is a valu-

able surrogate biomarker for assessing a response
to therapy in pediatric lymphoma, then the next
challenge is how to use this surrogate to effectively
guide therapy. The goal is to move from a risk-
adapted prediction of outcome based on staging
and baseline symptoms to a response-directed
treatment paradigm.55 To validate functional im-
aging as a useful biomarker of response, the next
era of clinical trials in pediatric lymphoma will likely
require that treatment decisions be made based
solely on functional imaging biomarker findings,
irrespective of residual abnormalities seen on
conventional cross-sectional imaging. There will
be challenges. At least 1 randomized study has
shown that the addition of radiation therapy in
patients with bulky HL and FDG-negative postche-
motherapy residual masses resulted in improved
EFS compared with patients who underwent
chemotherapy alone.111 Despite development of
the new harmonization criteria for adults, there
are no data as yet in children to direct how to incor-
porate these new response assessment guidelines
in pediatric treatment protocols. For example, it is



Fig. 25. (A) PET/CT showing increased FDG uptake in the mediastinal nodal masses of a patient with HL at diag
nosis. The uptake is clearly greater than in the mediastinal blood pool or liver. (B) After 2 cycles of therapy, a medi
astinal soft tissue mass persists. There is low level FDG uptake in the mass, as great as in the mediastinal blood
pool but less than in the liver, which emphasizes the challenge in interpreting residual FDG uptake in patients
completing their up front chemotherapy.
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unclear whether radiation treatment can be re-
duced to initial involved sites of nodal activity or
eliminated entirely for those patients with HL who
have no residual nodal activity early after response
to therapy.55 One approach, for example, would be
restricting radiation to sites of residual FDGuptake.
The goal would be to titrate therapy using the prog-
nostic value of early treatment response to reduce
treatment intensity in thosepatientswith rapid early
responses and thereby reduce toxicity while, at the
same time, intensifying treatment of those with
slowearly responses in aneffort to improvedisease
control.
These approaches, all of which require confirma-

tion in clinical trial settings, are intended to develop
response-adapted therapy to identify patients with
favorable chemotherapy-sensitive disease who
can be treated with abbreviated chemotherapy
and low-dose IFRT or no radiation therapy at all.
Alternatively, rather than entirely eliminating radia-
tion therapy, radiation therapy volumes may be
restricted to lymph node regions that were initially
involvedwith disease rather than the entire regional
nodal group.55,99 Such an approach has the poten-
tial to significantly reduce the irradiated volume of
normal tissues compared with involved field radia-
tion and, coupledwith functional imaging response
assessment, could produce significant reductions
in radiation-related late effects.
Surveillance for Relapse

Relapse occurs in approximately 20% of pediatric
patients with HL.63 Most of these occur within the
first 3 years. It has been suggested that relapses
occurring beyond 1 year after the completion of
therapy have a favorable prognosis relative to
those occurring early after completion of therapy
and therefore surveillance imaging and identifica-
tion of relapse has remained an important goal of
observation of therapy.
Rebound thymic hyperplasia, a potential mimic

of mediastinal relapse, most characteristically
Fig. 26. A chest CT image (A) obtained in an asymptoma
therapy for HL shows enlargement of an anterior media
image (B) obtained at the end of therapy, representing re
presents as an enlarging thymic mass within 6
to 8 months of completion of chemotherapy
(Fig. 26). Rebound thymic hyperplasia can show
avidity for FDG, usually in a pattern of mild, diffuse
uptake, in contrast with the intense, discrete
uptake usually associatedwith lymphoma. If a child
or adolescent has imaging findings compatible
with rebound thymic hyperplasia, continued sur-
veillance is advised rather than biopsy, especially
if there is no other evidence of recurrence or prior
neoplastic involvement of the thymus.112

In a recent pediatric intermediate-stage and
advanced-stage HL study, relapses occurred in
10.6%of thepatients,with amedian time to relapse
of 7 months.113 Most of these relapses occurred
within 18 months after completion of therapy and
most of these relapses were local, at original sites
of disease. Nearly two-thirds of these relapses
weredetectedbasedonclinical symptoms, labora-
tory tests, or physical examination findings. Only
17% of the patients, all of whom relapsed more
than 1 year after therapy, were asymptomatic and
had disease detected solely from surveillance
imaging. A review of the number of imaging studies
performed to identify these relapses revealed that
more than 400 CT scans were mandated by
protocol to detect these asymptomatic relapses.
Based on this, it has been suggested that CT, and
imaging of any kind, is overused in the routine post-
treatment surveillance of patients with HL, and
modifications in surveillance protocol are indicated
for routine long-term surveillance. A recent report
has further emphasized the considerable increase
in radiation exposure to these patients attributable
to routine surveillance imaging.114

As has been reported in adult studies, most
relapses occur in areas of initial disease and within
the first year after completionof therapy,which indi-
cates that the frequency of screening should be
greatest in the early posttherapy years. The role of
FDG-PET as a surveillance tool to detect relapse
in asymptomatic patientshasnot beenestablished.
In particular, the problem of false-positive findings
tic 15 year old patient 5 months after completion of
stinal soft tissue structure compared with a chest CT
bound thymic hyperplasia.
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remains and current recommendations do not
include the use of FDG-PET for routine surveil-
lance.77 However, if sites of disease are detected
by other imaging modalities or are suspected clini-
cally, there may be a role for FDG-PET imaging in
confirming relapse, but not as an integral part of
routine surveillance in either HL or NHL.100 In one
study, the use of FDG-PET/CT to identify recurrent
disease in asymptomatic patients with HL andNHL
led to false-positive results in 63% and 41% of
patients, respectively, for a positive predictive
value of only 53%.106 Although the negative predic-
tive value was greater than 99% in this study, the
high frequency of false positives does not allow
appropriate treatment decisions to be confidently
made based solely on FDG-PET surveillance
imaging.

There will be understandable reluctance to
reducing the intensity of surveillance imaging at
a time when treatment intensity and duration of
therapy are also being reduced. Nonetheless, all
of the available evidence suggests that aggressive
monitoring early after therapy combined with judi-
cious imaging and close physical examination and
laboratory monitoring during the surveillance
period is the most effective means of following
these patients.
TREATMENT-RELATED COMPLICATIONS

Overall survival rates are excellent for ALL,HL, local-
ized low-stage NHL, and even for some advanced-
stage NHL and AML. The goal of reducing toxic
effects of therapy is now a focus of the next genera-
tion of treatment protocols.55,115 Imaging plays
an important role in diagnosing treatment-related
complications of leukemia and lymphoma. Many of
the complications associated with leukemia and
lymphoma are shared because of the treatment of
both with cytotoxic chemotherapy with associated
marrow suppression. The complications can be
acute or late in onset, and can involve virtually any
organ system. Among the complications amenable
to diagnosis by imaging are opportunistic infecti-
ons, cerebral hemorrhage/infarction, methotrexate-
induced leukoencephalopathy, venous thrombosis,
anthracycline-induced cardiomyopathy, bleomycin-
induced pulmonary fibrosis, bronchiolitis obliterans,
radiation pneumonitis, radiation pericarditis, typhli-
tis, asparaginase-associated pancreatitis, hepatic
veno-occlusive disease, graft-versus-host disease,
hemorrhagic cystitis, posttransplant lymphoprolifer-
ative disorder, osteonecrosis, and osteoporosis. A
detailed discussion of the imaging of these compli-
cations is beyond the scope of this article.

Second malignant neoplasms, including AML,
NHL, and malignancies of breast, lung, and thyroid
within radiation fields, are all of concern.55Historical
treatment regimens for lymphoma,which used high
radiation doses and intense chemotherapy regi-
mens, had well-established rates of secondary
malignancy.54 The risk of secondary malignancy
after low-dose radiation is not well described,
because this became the standard treatment of
children only in the mid 1980s and for adolescents
in the early 1990s. With unknown latency periods
for developing second malignancies after low-
dose radiation exposure and reduced chemo-
therapy, there is noclear role for routine surveillance
imaging in these patients.
FUTURE DIRECTIONS

With isotropic voxel acquisition of cross-sectional
imaging data, the ability to generate three-
dimensional tumor representations has improved
and accurate tumor volume calculations are now
feasible, although automated measurement tech-
niques remain elusive. Nonetheless, changes in tu-
mor volume, particularly with extensive multifocal
sites of bulky lymphoma, may be an important vari-
able to correlate with FDG-PET response. It seems
overly simplistic to assume that all patients who
become FDG negative after 2 cycles of therapy,
even in the presence of large residual masses, will
be uniformly free of disease progression or relapse.
The ability to provide other criteria for response to
develop a multivariant array of imaging criteria
should allow us to best identify those patients truly
manifesting a good response to chemotherapy,
without overlooking those patients in whom more
aggressive treatment is mandated.

In the past, MR imaging of the thoracic and
abdominal cavity has been limited by motion arti-
fact and long examination times. However, with
increasing availability of faster MR imaging scan-
ning techniques and respiratory and cardiac gat-
ing capabilities, a more routine role of MR imaging
in evaluating pediatric lymphoma is becoming
feasible (Fig. 27). Whole-body MR imaging has
shown good agreement with FDG-PET/CT for
both nodal and extranodal staging of lymphoma.116

MR imaging false negatives occur with normal-
sized involved lymph nodes and spleen, disease
that is detectable by FDG-PET. MR imaging pro-
vides an alternative imaging method to CT for
anatomic disease assessment at staging and re-
staging without ionizing radiation exposure. Fur-
thermore, surveillance by MR imaging may be the
imaging modality of choice, particularly in patients
with lymphoma in whom sustained PR or CR has
occurred.

Because of high tumor cellularity and high
nuclear/cytoplasm ratios,most forms of lymphoma



Fig. 27. A 16 year old boy with stage IIA HL. Initial presentation with cough led to discovery of an anterior medi
astinal mass, for which a broad differential diagnosis existed. Chest CT, T2 weighted chest MR imaging, and FDG
PET scan show an FDG avid mass that abuts the pericardium, consistent with neoplasm. Gated cardiac MR imaging
(not shown) sequences showed that the mass was not adherent to pericardium. The mass was subsequently
excised, confirming the diagnosis of HL.
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that have been studied have high signal intensity
(ie, restricted diffusion) on diffusion-weighted MR
images.95,96 In one study, diffusion-weighted MR
imaging matched FDG-PET/CT findings in 94% of
the lymph node regions studied.117 Furthermore,
changes in diffusion characteristics may provide
an additional means of evaluating residual nodal
masses, because nodal apparent diffusion coeffi-
cient has been shown to increase following
successful chemotherapy.118 The use of whole-
body MR imaging with diffusion-weighted imaging
with background signal suppression sequences
has also been shown to provide better tissue
contrast in detecting malignant nodal involvement
compared with conventional MR imaging se-
quences.119 As these techniques are incorporated
into the evaluation of pediatric lymphoma patients,
it seems likely that changes in tumor characteris-
tics as manifested by changes in diffusion or
changes in enhancement may provide additional
surrogates of response to help further develop
a response assessment profile. Whole-body MR
imaging with diffusion-weighted imaging may
also serve as a more sensitive method to rapidly
evaluate leukemic infiltration of the bone marrow
for therapeutic response to cytotoxic chemo-
therapy.120 However, widespread interindividual
variation and restricted diffusion as a normal
finding in the pelvis and spine of children limit the
specificity of this technique, raising the risk of
false-positive interpretations.121
SUMMARY

As the most common childhood malignancy,
leukemia is frequently encountered as an under-
lying condition in subjects of pediatric imaging
studies. The most frequent indication for imaging
of childrenwith leukemia is to evaluate for complica-
tions of treatment. Occasionally, imaging findings
suggest a previously unsuspected diagnosis of
leukemia, particularly in children with nonspecific
musculoskeletal complaints or unexplained fever.
There is no current routine role of imaging in risk
stratification, therapy response assessment, or re-
lapse surveillance for childhood leukemia.
The use of imaging in guiding diagnostic

procedures, risk stratification, therapy response
assessment, and relapse surveillance in childhood
lymphoma has evolved in the last 20 to 30 years.
From a time when nearly all patients with lym-
phoma were surgically staged to a time when
nearly all patients have multiple imaging studies,
each of which provides complimentary informa-
tion, current lymphoma management requires the
integration of imaging at all phases of treatment.
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Current approaches should include a combination
of anatomic and functional imaging techniques to
predict which patients will benefit from less toxic
treatment regimens and which patients will require
augmented therapy. Patient-specific and disease-
specific imaging biomarkers to provide specific
indicators of disease activity are needed to guide
the evolution from risk-adapted therapy to
response-based therapy. The ongoing challenge
is to optimize available imaging techniques and
develop a reproducible set of validated biomarkers
and image-processing tools to best accomplish
these goals.
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