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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

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

Radiol Clin N Am 49 (2011) xi xii
doi:10.1016/j.rcl.2011.05.012
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The incidence of childhood malignancy has re-
mained relatively stable over the last 30 years.
Fortunately, survival rates have improved.' 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
stillcommon, the digital modalities of computed radi-
ography (CR) using a cassette-based system and
direct radiography (DR) using a flat-panel based

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).23

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
maximal measurement diameter of the chest cavity
on an upright chest radiograph. A mediastinal-to-
thoracic ratio of greater than or equal to 0.35 meets
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,

Department of Radiology, Children’s Hospital of Philadelphia, 34th Street and Civic Center Boulevard,

Philadelphia, PA 19104, USA
* Corresponding author.
E mail address: states@email.chop.edu

Radiol Clin N Am 49 (2011) 579 588
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0033 8389/11/$ see front matter © 2011 Elsevier Inc. All rights reserved.
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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.

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." 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

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.

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 a metallic 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 and DR using a flat-panel
based system are widely used. These technologies
will likely gain further acceptance as a result of
improvements in resolution and decreased radia-
tion exposure in conjunction with more widespread
use of PACS.23

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



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. Children with Beckwith-Wiedemann syndrome
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)

Imaging Modalities in Pediatric Oncology

has allowed shorter scanning times while maintain-
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.® 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.® When adult proto-
cols are used on children, the radiation exposure is
up to 6 times greater than is necessary to provide
quality images.”® CT scanning techniques in chil-
dren should be modified by using a combination
of factors (kVP, mA, scan time, pitch, table speed,

Fig. 3. Undifferentiated retroperitoneal sarcoma. (A) A contrast enhanced abdominal computed tomography
scan reveals a large central mass with low attenuation. The Hounsfield units ranged from 35 to 50. (B) An ultra

sound shows central blood flow, confirming a solid mass.
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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.

and rotation time) to maintain 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.’®

Optimizing these parameters for chest, abdomen,
and pelvic imaging using a weight-based approach,
the Broselow-Luten color scale has been developed
to allow easy use while adhering to the ALARA (as
low as reasonably achievable) principles.'® Al-
though the work by Frush and colleagues™® is

& Rl = b 0 o Sk

Fig. 5. Wilms tumor with inferior vena cava (IVQ)
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.’" Using proper protocols with breast
shields, there is up to a 35% decrease in radiation
exposure to breast tissue.” 2

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.'®

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 colleagues'* 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 also be remembered that appropriate training
forhand injection is necessary, since catheter rupture
can occur with hand injection.’® 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 volume of 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 to withstand high pressure. These PICCs
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-
cluding Wilms 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
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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.

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 use of 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.'®

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

Imaging Modalities in Pediatric Oncology
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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.”

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. MRl is partic-
ularly useful in determining whether a tumor is
amenable to limb salvage surgery and in planning
the appropriate surgical procedure.®1°

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
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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.

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.?’ 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 MRl is in the range of 45 minutes.
In a comparison of WBMRI with bone scintigraphy
(BS) and "®fluorodeoxyglucose (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%,
and FDG PET/CT had a sensitivity 90.0% and spec-
ificity 100%. Both WBMRI and FDG PET/CT
showed excellent agreement with the final diag-
nosis (Fig. 9).2' Additional MRI techniques that
are notin widespread use but have shown potential

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.



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.

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.?224

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-
nate BS, '2%lodine-labeled metaiodobenzylguanidine
(123 IMIBG) scintigraphy and '8Fluorodeoxyglucose
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
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helpful in evaluating response to therapy. False-
negative bone scans can occur before the devel-
opment of an osteoblastic response in early stages
of marrow metastases. 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.?®

The 123 IMIBG scan is used extensively in
the staging and assessment of tumor response
and recurrence in children with neuroblastoma
(NBL).2%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.

IBG SCAN|

Fig. 10. Metastatic neuroblastoma. (A) Anterior and
posterior views of a whole body '*iodine labeled
metaiodobenzylguanidine (1123 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.
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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.?8 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.2® PET has made a significant contribution
in the assessment of tumors that have an increased
fibrous stroma, such as nodular sclerosing Hodgkin
diesease, which comprises 70% of Hodgkin
disease in children. These tumors may respond
completely to therapy as evidenced by loss of
8FDG 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 osteosarcomai s 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.*°

When interpreting PET images, a metabolic
response to therapy is considered to be present
when the activity is equal to or less than background
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
8FDG 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

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.

lymph nodes.3! 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 4 weeks 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 by MRI 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



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.'® Currently, pediatric
PET/CT protocols have not been standardized;
however, Alessio and colleagues®? 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 the Society for Pediatric Radiology (SPR) by
a committee designed to address radiation dose in
children. This committee agreed it was important to
include medical technologists, medical physicists,
pediatricians, and CT vendors in this discussion
on dose reduction and formed the Alliance for Radi-
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 of Radiologic Technologists, and the Amer-
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 Radl-
ology containing publications from conference
presentations®® and a Web site, www.image-
gently.org. This Web 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.

Imaging Modalities in Pediatric Oncology

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.! These tumors occur
with an annual incidence of 3 per 100,000 and
are a leading cause of death in children.? 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.® 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.*

Although there is some overlap with pathologic
entities in adults, pediatric brain tumors have
a higher degree of pathologic heterogeneity.® 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.® 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.” Rather, this review is intended to provide
an overview of the typical imaging appearance of

the most common childhood tumors and tumorlike
conditions, with a focus on suggestive or differen-
tial features. Where appropriate, relevant advanced
imaging techniques (eg, magnetic resonance spec-
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 the most common
posterior fossa tumors of childhood, (second only
to medulloblastoma), accounting for 40% of all
astrocytomas in the pediatric population.*” These
tumors occur throughout childhood, with a peak
incidence from birth to 9 years of age.® Astrocy-
tomas throughout the brain occur with increased
frequency in neurofibromatosis type 1 (NF-1), and
the posterior fossa is no exception.*1° Pathology
shows juvenile pilocytic astrocytoma (JPA) in most
cases.''™"® These tumors have an excellent prog-
nosis, with a 95% 25-year survival rate.'® 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.”™'* Although cerebellar astrocytomas
frequently originate near the midline, lateral exten-
sion tends to result in a mass centered in the cere-
bellar hemisphere.'°

Approximately 50% of posterior fossa JPAs show
a classic cyst and mural nodule appearance.'® In
these cases, the mural nodule shows intense,

diffuse enhancement; the cyst approximates cere-
brospinal fluid (CSF) on all imaging sequences
(Fig. 1). The remaining tumors tend to have a hetero-
geneous, cystic, and solid appearance.’® Less than
10% are completely solid."® Solid portions of these
tumors tend to show low density on computed
tomography (CT) and high signal on T2-weighted

] el

Fig. 1. Cerebellar astrocytoma. Axial T2 weighted (A) and postcontrast T1 weighted (B) images show a cystic and
solid mass centered in the left cerebellar hemisphere. As is typical for pilocytic tumors, the solid component of the
tumor is hyperintense to brain parenchyma on the T2 weighted images and enhances after the administration of
paramagnetic contrast agent. Increased diffusion on the apparent diffusion coefficient (ADC) map (C) is consis
tent with the low cellularity of these tumors.



images relative to brain parenchyma.’”-'® 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.’® Solid components
tend to enhance, most frequently in a heteroge-
neous fashion, after the administration of contrast
agent.'” Mineralization may be seen in up to 20%
of cases.?° The use of advanced imaging modalities
in astrocytomas is discussed in the section on hemi-
spheric astrocytoma.

Medulloblastoma

Medulloblastoma is a primitive neuroectodermal
tumor (PNET) arising from the fetal granular layer
of the cerebellum or the posterior medullary
velum.?'~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.*?® The
peak age range is 6 to 11 years, although these
tumors may also occur in young adults.?528
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,®?° 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.>°

On CT, medulloblastoma appears as a midline
vermian mass, typically hyperdense to cerebellar
white matter.®'*2 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.®® 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.’®38 In most cases, medulloblastomas
show enhancement, which may be heterogeneous
or diffuse, after the administration of iodinated (CT)
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or paramagnetic (MR imaging) contrast agents.®*
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).°5°6 Distant metastases are
uncommon, but have been reported, most com-
monly to bone or lymph nodes.>°

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.**4" Medul-
loblastoma may also show an abnormal taurine
peak, a finding which has been reported to allow
for accurate differentiation from other infratentorial
tumors.*243 Other groups have used pattern anal-
yses (quantifying multiple molecular peaks) to
provide the most robust prediction of pathologic
diagnosis of infratentorial tumors.®

Diffusion tensor imaging has been used 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.***°
Moreover, the degree of decreased FA correlated
with the age at which radiation was administered
as well as with deterioration in school perfor-
mance.***° 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.*® Together,
these data support the use of FA as a noninvasive
biomarker to monitor 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.*” Although they may
occur at any age, peak incidence is from 0 to
5 years of age.*®° 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.>®
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.*®'

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

isointensity or hypointensity to gray matter on T2-
weighted images (Fig. 3).54"525% Mineralization,
necrosis, and hemorrhage are relatively common,
accounting for the characteristic heterogeneity
observed on cross-sectional imaging.?%4”°* These
tumors typically enhance in a heterogeneous
fashion.*#7% 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.* 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 distinguish Ml from glycine, which reso-
nates nearby (3.56 ppm) and may be present in
medulloblastoma.>®

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 PNETs%®
These tumors commonly show mutation or deletion
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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.

of both copies of the h\SNF5/INI1 gene that maps to
chromosome band 22g11.2, observed in approxi-
mately 70% of cerebral ATRT.%”

Theimaging 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).5%°° 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
the possibility of an ATRT.%® MRS may help to differ-
entiate ATRT from medulloblastoma: ATRT is char-
acterized by lower choline levels and the absence of
a taurine peak.®°

Brainstem Tumors

Brainstem glioma is a relatively common tumor of
childhood, accounting for approximately 25% of
posterior fossa neoplasms.®" These tumors typi-
cally present in the first decade of life, but can
occur into adulthood.® 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 vyear.t'®? On CT, diffuse

intrinsic pontine glioma (DIPG) appears as an infil-
trative, poorly marginated low-density mass
centered in the pons.* Mineralization is uncommon
and correlates with less aggressive disease.®®
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%¢
Anterior growth narrows the pontine cistern and
characteristically engulfs the basilar artery. Diffuse
tumors rarely enhance significantly after the admin-
istration of contrast.>' 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.®8° These tumors tend to show
pilocytic histology, with a substantially better
prognosis than DIPG.®® Like JPAs elsewhere in
the posterior fossa, focal brainstem gliomas
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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.

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.”®

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.”! The imaging appearance is the same as
that described for pilocytic astrocytomas in other
locations.”® 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.”® In another
study of 40 children with tectal tumors, tumor
volume at presentation was the only factor predic-
tive of tumor enlargement (P = .002).”% Lesions
with a volume less than 4 cm® were likely to follow
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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.

a benign course. All large lesions, defined as a
volume greater than 10 cm? 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.®' Peak incidence occurs
in early adulthood, with fewer than 20% of all
hemangioblastomas occurring in the pediatric
population.?® 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.?%7°

Although many 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 that might otherwise have anidentical
appearance. Along the same lines, high relative CBV
at perfusion MR imaging has been used to accu-
rately distinguish hemangioblastoma from JPA.”®
In rare instances, it may be difficult to differentiate
these tumors from an arachnoid cyst; in such cases,
the use of contrast medium may be necessary to
identify a small mural nodule.”

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 midliine.?° 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.”” Dermoids do
not enhance unless they become infected. Like
epidermoid cysts (see later discussion), dermoids
show diffusion characteristics similar to those of
brain parenchyma.”® 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.*?° 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.”®8% 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.*

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.'®'
These tumors occur throughout childhood, with
peaks in incidence from 2 to 4 years of age and
in early adolescence.'® In addition to the cerebral
hemispheres, astrocytomas also commonly origi-
nate from the thalamus, hypothalamus, and basal
ganglia.” Hemispheric astrocytoma occurs with
increased frequency in patients with NF-1.5" As
in the cerebellum, most of these tumors are low
grade. However, high-grade neoplasms including
GBM do occur; in such cases, the imaging appear-
ance is identical to that of adult high-grade primary
brain tumors.®?

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.>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.®* The cyst and mural nodule appearance
classically described in the posterior fossa is less
common in this location.85-8¢

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.*® 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.*:87:88
Mass effect is generally mild, and enhancement is
typically absent.*%-87-89

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

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.®?

In general terms, astrocytic tumors show
increased choline, decreased N-acetyl-aspartate,
and occasionally a lactate peak on MRS.*® In-
creased choline concentration and the presence
of lactate tend to be associated with more aggres-
sive tumors.®* Spectra from pilocytic tumors
(World Health Organization [WHOQO] grade | tumors)
are paradoxic in this regard, with metabolite
profiles approximating those of high-grade
tumors.®® JPA also tends to show high relative
cerebral blood volume (rCBV), a finding that other-
wise has been shown to correlate with tumor
grade.®®% 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.®® However, studies in childhood
brain tumors have been less consistent in their
findings, possibly relating to the frequency of pilo-
cytic tumors.6%°697 DW| 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.?* Increased citrate at diag-
nosis (similar to that seen in DIPG) has been re-
ported in low-grade astrocytomas that show
rapid disease progression.>®° 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.?® Although this tumor may occur
at any age, the peak incidence is from 0 to 5 years
of age.*®*® However, unlike tumors occurring in
the posterior fossa, supratentorial ependymoma
are rarely intraventricular in location. Rather, they
tend to occur in a periventricular location.
Onimaging, supratentorial ependymoma typically
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 gray matter on T2-weighted images.**"->° 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).*® These tumors account
for approximately 1% of CNS tumors in the pediatric
population®®'%° and can occur as either well-
differentiated oligodendrogliomas (WHO grade i)
or as less common anaplastic oligodendroglioma
(WHO grade lll). 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.’®! Prominent cortical thick-
ening may help to distinguish these tumors from
astrocytic neoplasms.®! 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.’™®' 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. 102193 gypratentorial PNETs occur mainly in
the first decade of life, with peak incidence from
birth to 5 years of age." 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.'®* Necrosis,
cystic degeneration, and hemorrhage are com-
mon, contributing to the heterogeneous appear-
ance of this tumor.’®*1% 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).'°57% These solid regions
also tend toward increased CBV and decreased
ADC.56%84 Enhancement after contrast adminis-
tration is the rule, and is typically heterogeneous
in appearance.’'%>1%7 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.®® 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.'%®
Ganglioglioma is characterized by the coexistence
of neoplastic glial cells, whereas gangliocytoma
consists solely of neuronal elements.’®® Together,
these tumors account for 3% of brain tumors and
6% of supratentorial tumors in children.’'® Peak
incidence is in adolescents and in young adults,
although they can present at any age.?® These
tumors tend to involve the cerebral cortex, most
commonly in the temporal lobes''"'2; 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.’'®"16 Mineralization is a common
finding on CT.""® On MR imaging, solid compo-
nents of these tumors show T1 and T2 prolonga-
tion relative to gray matter.''#"11® 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.™"”

DNET

DNETs are low-grade neoplasms that may share
a common origin with malformations of cortical
development.’'® 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.'%%"® Patients typically
present with partial complex seizures without
other neurologic findings.

On CT, DNET appears as a peripherally located,
low-density mass.''® The MR imaging appearance
is classic (ie, a circumscribed mass centered
within the cerebral cortex that shows prolonged
T1 and T2 (Fig. 8))."">""9 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
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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 = 144) shows decreased
N acetyl aspartate, markedly increased choline level, and an inverted lactate peak.

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.’’>1° 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 DNETSs. This ring sign may have some poten-
tial to differentiate these tumors from low-grade
gliomas and gangliogliomas.'?® 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.’?’ DWI may also lend support to
the diagnosis, because DNET tends to show high-
er ADC than do glial and other glioneuronal
tumors.®* This same study reported 100% accu-
racy in differentiating DNET from all other tumors
on the basis of diffusion characteristics.
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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).

Desmoplastic Infantile Ganglioglioma

Desmoplastic infantile ganglioglioma (DIG) is a rare
neoplasm characterized by glial and neuronal
elements within a prominent desmoplastic stro-
ma."?? Peak incidence is in the first year of life; occur-
rence after 3 years of age is uncommon.'2%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)."%® Solid components of
tumor, which tend to involve the meninges, show
signal intensity approximating that of gray matter as
well as intense, homogeneous enhancement. 26127

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.” Optic pathway
astrocytoma accounts for approximately 15%
of all supratentorial tumors in the pediatric pop-
ulation.” Most astrocytomas in this location show
pilocytic histology.'?® These tumors occur with in-
creased frequency in patients with NF-1."2° |denti-
fication of bilateral optic gliomas is highly
suggestive of this diagnosis.

On imaging, these tumors typically present as
heterogeneous, cystic, and solid suprasellar

masses.* 128130 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.* 128130 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.'®
Regardless of the morphology of the tumor, solid
components typically show hypodensity on CT
and hyperintensity on MR with T2-weighted
images, respectively.®®'3" 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.*°

Craniopharyngioma

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

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.3%134 Extension into the anterior, middle,
or posterior cranial fossa is common.'3°

The CT appearance is characteristic, with most
tumors showing cystic, solid enhancing, and
mineralized components.’*® MR imaging shows
amultilobulated, cystic, and solid sellar/suprasellar
mass. 3”128 Solid components enhance (as do the
cyst walls) after the administration of paramagnetic
contrast, typically in heterogeneous fashion. 37138
Although cystic components are highly variable in
appearance, T1 hyperintensity may be identified
on the basis of either high cholesterol or protein
content.’™~1%° This finding helps to differentiate
these tumors from astrocytoma, the cystic compo-
nents of which rarely show high T1 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.™#%"" |n 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.'4%-'42

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

Early in the course of disease, MR imaging may
show mild thickening and homogeneous enhance-
ment of the infundibulum (Fig. 10).741:143.144 Thjg
appearance is indistinguishable from that of
lymphocytic hypophysitis and Langerhans cell his-
tiocytosis (LCH). Clinical presentation can be help-
ful in these cases because Dl 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.’*® 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.’*®
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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.™#6:147

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.'*® 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.’*°

The appearance of pituitary adenomas is
nearly identical to that in adults, although macroa-
denomas are more common in the pediatric
population.”™® Tumors may be isointense or
hypointense (compared with the normal pituitary
gland) on T1-weighted images and isointense to

. 4 k. 2

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).

hyperintense on T2-weighted images.'®%'5" 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.'5%-52
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.'#°

Hypothalamic Hamartoma

Hypothalamic hamartoma (HH; hamartoma of the
tuber cinereum) is a rare congenital lesion
composed of nonneoplastic neuronal tissue.'%®
Patients most commonly present early in life with
precocious puberty.'54155 Epilepsy, including ge-
lastic type seizures, is another common pre-
sentation.’*® 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.57:158

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.’®* These lesions show isoin-
tensity and isointensity or slight hyperintensity to
gray matter on T1-weighted and T2-weighted
images, respectively (Fig. 11).7%%750 Contrast
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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.

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.™®

Germ Cell Tumors

Germinoma

Germinoma is the most common intracranial germ
cell tumor and the most common tumor of the
pineal region. 6162 Patients with pineal region ger-
minoma show a marked male predominance.®’
These tumors can occur throughout the first
3 decades of life, with peak incidence in ad-
olescence.” Pineal region germinoma has an iden-
tical imaging appearance to those occurring in
a suprasellar location (see earlier discussion).
Differentiation from pineoblastoma may be difficult,
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.'6®

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.®

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."
Pineoblastoma is a small round cell tumor, the
histology of which is similar to that of PNET. 165166
Peak incidence is in the first decade of life.?° Pine-
ocytoma may occur in childhood, but is more
common in adults.?®

At imaging, pineocytoma typically appears as
a partially cystic mass, commonly associated
with mineralization. Associated hydrocephalus is
uncommon.’®” These tumors tend to show hetero-
geneous enhancement after the administration of
contrast.'®® 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.* %9 Like other high-grade tumors, solid
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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.

components of pineoblastoma tend to show either
hyperdensity and isointensity or hypointensity
to gray matter on CT and T2-weighted images,
respectively.’? 168189 postcontrast sequences
show enhancement of its solid components.'7%-172

A

Poorly defined margins with adjacent parenchymal
structures are typical, consistent with its invasive
nature.’" Leptomeningeal dissemination may occur
at diagnosis or as a manifestation of recurrence.'®”
The primary differential consideration in most cases

Fig. 13. Teratoma. (A) Axial CT image shows a heterogeneous pineal region mass containing regions of both fat
and calcium. (B) Additional axial CT image (inferior to the plane in A) shows a prominent soft tissue component
that enhanced after the administration of iodinated contrast agent (not shown). Both images also show enlarge
ment of the ventricular system in this patient with obstructive hydrocephalus.



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.’”® In
these cases, mineralization may adopt an exploded
appearance. Furthermore, pineal germinoma tends
to occurin 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.'® 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.'”*
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.'”® Peak inci-
dence is from birth to 5 years of age, with CPP
tending to present earlier than carcinoma.'”6177
In children, choroid plexus tumors occur most
frequently within the lateral ventricle, particularly
the trigone.'”® 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)."7° These tumors
enhance after the administration of intravenous
contrast, typically in homogeneous fashion.®’
Mineralization may be identified in up to 20% of
cases. 8 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.'®!: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 Ml level.*° 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.'83

Imaging Tumors of the Pediatric CNS

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)."®* 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. '8

Cross-sectional imaging shows a circumscribed,
homogeneously enhancing mass in this character-
istic location.'83-18” 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.?® These
tumors are rare in children and should raise the
possibility of neurofibromatosis type 2.°° 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.'® The trigeminal nerve
is the next most common site of origin. 88

On imaging, the appearance of schwannoma is
that of an enhancing, extra-axial mass.'®'° In
most of these tumors, hyperintensity to gray
matter is observed on T2-weighted imaging.* In
some cases, a target appearance, which results
from relatively low T2 signal fibrous components
centrally, may be identified.’®' 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.*
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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.

Diffuse enhancement is typical in solid portions of
tumor.188‘19°

Meningeal Tumors

Meningioma is a rare tumor of childhood and
adolescence.®? Like schwannoma, identification
of a meningioma in a child should raise the possi-
bility of neurofibromatosis type 2.'°% 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.'®* Radiation-induced meningi-
omas have been reported as a late effect of

treatment of a variety of childhood neoplasms,
notably lymphoblastic leukemia. 95196

In the absence of mineralization, meningioma in
any location tends to show CT density and MR
signal intensity similar to that of gray matter.9”198
Intense, homogeneous enhancement is the
rule.’9%19%  Hyperostosis of adjacent osseous
structures, best appreciated on CT, is a highly
suggestive finding.?°>2°" Mineralization or, more
rarely, cystic or lipomatous components may be
observed.?%27205 Other intrinsic meningeal tumors,
including myofibroma, plasma cell granuloma, and
meningeal sarcoma, may have an identical imaging
appearance.



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 CNS may 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.?2°62%7 |n 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.?%®
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.2’® Parenchymal metastatic lesions

A
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tend to be multiple, located at the gray-white junc-
tion, and associated with prominent vasogenic
edema.?'"212 Enhancement is the rule because
nonbrain primaries are devoid of the blood-brain
barrier.?'3

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.?® The
CNS is the most frequent site of relapsed acute
lymphocytic leukemia of childhood. 24

Primary CNS lymphoma (PCNSL) is rare in chil-
dren, accounting for less than 1% of all intracranial
tumors.?'® Most are non-Hodgkin lymphomas
(NHLs) of B cell origin, frequently occurring in the
setting of immunosuppression.?'21®  PCNSL
tends to involve the brain parenchyma, may be
single or multifocal, and most commonly origi-
nates within deep gray and white matter
structures.?'® These tumors tend to show homo-
geneous hyperdensity on CT and isointensity to
gray matter on T2-weighted imaging.?'°-22° Diffuse
enhancement is common, although tumors occur-
ring in immunosuppressed patients have a greater
tendency toward ring enhancement.??! 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

Fig. 15. Metastatic neuroblastoma. (A) Axial CT image on bone windows shows extensive regions of permeative
lucency and periosteal reaction involving the calvarium. (B) The same CT image on soft tissue windows shows an
epidural soft tissue mass along the inner table of the left parietal bone.
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entities prospectively.?”> DWI tends to show
decreased diffusivity compared with brain paren-
chyma, believed to result from high cell density or
nuclear/cytoplasm ratio.’ Similar to other CNS
malignancies, an inverse correlation between
ADC and prognosis has been shown.?22 Secondary
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

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.?>* Granulocytic sarcoma
(chloroma) is an extra-axial manifestation of leu-
kemia, typically associated with a specific subtype
of myelogenous malignancy.??® Like PCNSL, these
tumors tend to show high attenuation on CT, low T2
signal, restricted diffusion, and diffuse enhancement
after contrast administration (Fig. 16).22°

Fig. 16. Granulocytic sarcoma. (A) Axial T2 weighted image shows a markedly hypointense, extra axial mass
centered in the pineal region. (B) Sagittal postcontrast T1 weighted image shows relatively homogeneous
enhancement. (C) ADC map shows markedly decreased diffusion relative to brain parenchyma, consistent with
the high cell density seen pathologically in these tumors.



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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Imaging of Pediatric

Neck Masses

Elliott R. Friedman, MD, Susan D. John, MD*

KEYWORDS
® Mass ® Neck e Children e Ultrasound ® MRI

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

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.’
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Fig. 1. Cervical lymphadenopathy. Multiple hypoe
choic nodules representing enlarged lymph nodes in
a child with Bartonella infection.

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).> 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
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Fig. 2. Adenotonsillar hypertrophy. Lateral neck radio
graph demonstrating adenoidal and palatine tonsillar
enlargement (arrows) with associated narrowing of
the nasopharyngeal and oropharyngeal airway.

Fig. 3. Hypertrophied tonsils. Axial CT shows bilateral
palatine tonsillar hypertrophy (arrows) with apposi
tion in the midline.

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.® 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.*

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.
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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.

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).° 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.® In general,

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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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.” 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).

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).

a sinus tract to the skin.® Treated TB typically
appears as fibrocalcified nodes.®

VASCULAR MALFORMATIONS AND
HEMANGIOMAS

According to the classification initially proposed
by Mulliken and Glowacki,'® 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.'® 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."" ' 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,



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.'3-15

Lymphatic malformations (LMs) are cystic
masses composed of dysplastic endothelium-
lined lymphatic channels filled with protein-rich
fluid. LMs may 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.""'2 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.’ Macrocystic LMs are most
common and are easily identified by US as
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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).'2 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. T