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Abstract: Primary pediatric brain tumors comprise a broad group of neoplasm subtypes that can be
categorized based on their histological and molecular features according to the 2016 World Health
Organization (WHO) classification of central nervous system (CNS) tumors. The majority of the pediatric
brain tumors demonstrate a singular preference for this age group and have a unique molecular profile. The
separation of certain tumor entities, including different types of embryonal tumors, low-grade gliomas, and
high-grade gliomas, may have a significant impact by guiding appropriate treatment for these children and
potentially changing their outcomes. Currently, the focus of the imaging diagnostic studies is to follow the
molecular updates, searching for potential imaging patterns that translate this information in molecular
profile results, therefore helping the final diagnosis. Due to the high impact of accurate diagnosis in this
context, the scientific community has presented extensive research on imaging pediatric tumors in recent
years. This article summarizes the key characteristics of the imaging features of the most common primary
childhood brain tumors, categorizing them according to the recent WHO classification update, which is
based on each of their molecular profiles. The purpose of this review article is to familiarize radiologists with

their key imaging features and thereby improve diagnostic accuracy.
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Introduction tumors are not staged, but categorized according to the

World Health Organization (WHO) 2016 Classification,

ntral ner m mors are the m . . . ..
Central nervous system (CNS) tumors are the most which relies on molecular parameters in addition to

common solid organ tumors in children and include histology to define their entities (3). Our goal is to offer

nonmalignant and malignant neoplasms. In children (0-14
years age group) primary brain tumors had their highest
incidence between 2012 and 2016, with a rate of 5.74 per
100,000 (1). Childhood CNS cancer was also the top reason
for cancer mortality in children in 2009 (2).

Unlike neoplasms in other locations, primary brain

an overview of these tumors, describing the imaging
characteristics of the most common primary brain tumors
in children based on the WHO classification update.
We present the following article in accordance with
the Narrative Review reporting checklist (http://dx.doi.
org/10.21037/tp-20-285).
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The 2016 WHO classification of brain tumors
with focus on the pediatric population

In 2016 the WHO made significant changes to the
classification of CNS tumors. This classification introduced
a new framework for CNS tumor diagnoses in the
molecular era by integrating molecular and genetic profiling
into the diagnosis (3).

Some molecular profiles in pediatric neoplasms allow
the distinction of certain entities from histologically similar
adult counterparts. For example, the diffuse midline glioma
H3 K27M-mutant previously included tumors termed as
diffuse intrinsic pontine glioma (DIPG); now these have
been classified as a new and single entity. Despite having
a similarly poor outcome as glioblastomas do in adults,
this specific glioma warrants a distinct category since it
has different molecular features. The identification of
this phenotypically and molecularly defined set of tumors
provides a rationale for therapies directed against the effects
of these mutations (4-6).

Pediatric gliomas: overview

Gliomas are the most common primary CNS tumors in
the pediatric population and can be divided in two major
groups: low-grade and high-grade gliomas. Low-grade
gliomas are as common as malignant gliomas and embryonal
tumors combined. They are mostly localized tumors (non-
infiltrative tumors), and differ from /DH-mutant low-grade
gliomas occurring in adults in that they rarely undergo
malignant transformation, and show excellent overall
survival under current treatment strategies (7,8). Pediatric
high-grade gliomas include malignant, diffuse, infiltrating
astrocytic tumors such as anaplastic astrocytoma (WHO
grade I11) and glioblastoma (GBM; WHO grade 1V). In 2016,
the updated WHO criteria classified diffuse midline gliomas
with K27M histone mutations as WHO grade IV, regardless
of histology (3,9), encompassing other midline gliomas—
including the most common, the DIPG, which behaves
aggressively even when displaying lower-grade histology.

Low-grade gliomas

Low-grade gliomas are heterogeneous entities representing
approximately 30% of all primary CNS tumors in
childhood. They are typically slow-growing lesions
classified as WHO grade I and II tumors (8,10). Clinical

presentation of childhood gliomas is heterogeneous and is
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dependent on the location of the lesion. Cortical tumors
typically manifest with focal neurological deficits, while
brainstem gliomas might present with hydrocephalus and
headache, fatigue, ataxia, visual changes, facial weakness,
and gagging. Low-grade gliomas typically take protracted
clinical courses, while high-grade tumors tend to have a
more acute onset with rapid progression of symptoms (11).
Low-grade gliomas are a group that describes tumors
of primarily glial histology (including astrocytic and/
or oligodendroglial). The different histologic entities
are distinguished as many low-grade gliomas; however,
there are some cases of overlapping morphology, such
as pleomorphic xanthoastrocytoma and ganglioglioma,
dysembryoplastic neuroepithelial tumor (DNET), and
oligodendroglioma (12). Low-grade gliomas may also
overlap morphologically with entities more commonly
found in adults, but there are marked differences between
the two on the molecular and genetic levels (11).
Management of low-grade gliomas is usually related to
surgical resection; complete resection is the most favorable
predictor of patient outcome. In the past, complete surgical
resection, histological diagnosis, and age were used to
determine prognosis. Currently, the molecular data of low-
grade gliomas supplement the stratification of these tumors
and their prognosis (12). Here we describe demographics,
clinical features, and the molecular profile from the most
common pediatric low-grade gliomas. The authors also
provide a summary table that includes an overview of
the imaging appearances of the most common low-grade
gliomas along with their most frequent locations in the
brain, their genetic features, and expected outcome (Table 1).

Pilocytic astrocytoma

Pilocytic astrocytoma is the most common brain glioma
in children, approximately 16% of brain neoplasms, and
is designated as WHO [ tumors of the brain (13). They
are a distinct histologic type of glioma that have a slow
growth rate and may even spontaneously regress (14).
They can be found in any region of the CNS, including the
supratentorial or infratentorial fossa, particularly affecting
the optic pathway, and also the spinal cord (15,16).

The most common location of pilocytic astrocytomas
is the cerebellum. Depending on the size and location of
the tumor it may be associated with mass effect, causing
hydrocephalus and signs of elevated intracranial pressure,
potential clinical features at the onset.
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Table 1 Summary table of low grade gliomas

Resende and Alves. Imaging features of pediatric brain tumors

Histology and

*Neoplasm Distinct imaging features Locations Grade (WHO) Outcome

molecular

Pilocytic Cystic lesion with a mural Cerebellum GFAP+, S100+, | Favorable

astrocytoma enhancing nodule (classic (hemispheres and BRAF alterations prognosis
for cerebellar location). More  vermis). Optic (variable frequency
infiltrative lesions without pathway (NF1). according to the
cystic component may be Tegmental plate location and age
seen in the optic pathway (causing aqueduct of onset)
and tegmental plate stenosis). Other

locations

Pilomyxoid Predominantly solid tumors.  Suprasellar region GFAP+, S100+, Not determined Favorable

astrocytoma Cystic components tend to extending to the 50% BRAF prognosis
be located externally to the ~ temporal lobes (“H alterations
core of the tumor shape”)

Diffuse astrocytoma  Solid tumors with variable White and gray GFAP+, S100+, Il Variable
infiltrative component and matter of the IDH mutation prognosis.
subtle mass effect without supratentorial Recurrence
significative contrast compartment and malignant

enhancement. **“T2-FLAIR

transformation

mismatch sign” may occur
Pleomorphic Solid-cystic cortical Predilection for the GFAP+, S100+, Il Favorable
xanthoastrocytoma tumor extending to the temporal lobe BRAF alterations prognosis.

leptomeninges with vivid However, local

contrast enhancement. recurrence

Scalloping of the overlying
bone and reactive dural

and malignant
transformation

enhancement may occur
Angiocentric glioma  Cortical rim of hypo/ iso/ Supratentorial GFAP+, MYB-QKI, | Favorable
hyperintensity on T1WI and (within/juxtacortical, gene fusion prognosis
hyperintensity on T2WI and may cause gyral
around the lesion expansion)
Astroblastoma Lobulated solid cystic Supratentorial GFAP+, S100+, Not determined Variable
masses. Calcifications and (periphery located) Variable prognosis

microcysts are commonly
noted

*, low grade gliomas are more often hypointense on T1WI and hyperintense on T2WI| without restricted DWI. **, possible feature indicating

IDH mutation. NF1, Neurofibromatosis type 1.

Molecular features

Pilocytic astrocytomas frequently have BRAF alterations, a
molecular feature that varies its frequency according to the
tumor location, more often noted in the cerebellar location,
and usually do not present IDH and 7P53 mutations, as do
other pediatric low-grade gliomas (17).

Imaging features

The typical imaging pattern is a large cystic lesion with
a mural nodule. On computed tomography (CT) studies
there is an isodense nodule that may present contrast

© Translational Pediatrics. All rights reserved.

enhancement, surrounded by a hypodense cyst, more
frequently located in one of the cerebellar hemispheres.
On MRI the nodule is iso- or hypointense to gray matter
on T1-weighted images (T1WI) and hyperintense on T2-
weighted images (T2WI). The signal intensity of the cystic
component is often similar to the cerebro spinal fluid
(CSF). Other typical imaging findings observed on MRI
are absence of restricted water movement, depicted on
diffusion weighted imaging (DWI); and presence of avid
gadolinium enhancement of the solid portion, or even in
the cystic walls of the tumor on T'1-weighted imaging (post-
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Figure 1 Male, 13 years old, diagnosis of pilocytic astrocytoma KIAA1549-BRAF fusion. Brain MRI: Axial T2WI, axial FLAIR, sagittal
T1W post-contrast, and DWI (A,B,C,D) show a solid-cystic tumor located in the superior aspect of the vermis, hyperintense on T2WI,

and presenting a large cystic component with a mural avid enhancing nodule (arrow, C). No diffusion restriction was observed (D). DWI,

diffusion weighted imaging; FLAIR, fluid-attenuated inversion recovery; T1W, T1-weighted; T2WI, T2-weighted image.

contrast T1WI) (Figure I). About 5% to 10% of pilocytic
astrocytomas demonstrate leptomeningeal spread; however,
this does not change their 2016 WHO categorization. It
is important to highlight that pilocytic astrocytomas may
present with other imaging characteristics such as multiple
cysts, necrosis, hemorrhage, calcification (Figure 2), or even
as a completely solid tumor, which may pose a challenge for
radiologists in diagnosis (18,19).

Moreover, although advanced imaging techniques are
out of the scope of this paper, it is important to highlight
that some particular imaging features suggesting aggressive
behavior from these techniques [such as Arterial Spin
Label (ASL) showing increased perfusion of the tumor and
1H-MRS showing elevated lipid-lactate peaks in 1.3 ppm)]
can also be noted in localized/low-grade tumors, particularly
in pilocytic astrocytomas, mimicking the imaging features
of high-grade tumors (Figure 3). This should be kept in
mind during image interpretation (20).

The second most common location is the optic pathway,
particularly in neurofibromatosis I (NF1) patients. Optic
pathway gliomas can be confined to the optic nerve, or

© Translational Pediatrics. All rights reserved.

may extend to the optic chiasm, optic radiations, and
hypothalamus. When the tumor is restricted to the optic
nerve, it presents itself as an enlarged optic nerve with
or without enhancement, with minimal or absent cystic
components. Larger tumors involving the chiasm and
hypothalamus are usually present as heterogeneous nodules/
masses with cystic and solid components and infiltrative
features (19,21).

The main differential diagnoses include other low-grade
gliomas, particularly those located in the posterior fossa with
solid-cystic appearance, such as hemangioblastomas (more
frequent in adults); embryonal tumors [medulloblastomas
and atypical teratoid rhabdoid tumors (AT/RT), both
more often presenting with restricted diffusivity on DWI
sequence]; ependymomas (more frequently observed with
a “plastic” appearance, hemorrhage, and calcification); and
inflammatory infectious processes such as an abscess.

Pilomyxoid astrocytoma

Pilomyxoid astrocytoma grading has changed according
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Resende and Alves. Imaging features of pediatric brain tumors

Figure 2 Male, 6 years old, diagnosis of pilocytic astrocytoma KIAAI549-BRAF fusion. Brain MRI: Axial T2WI, DWI, SWI, and
TIW post-contrast (A,B,C,D) show a solid-cystic tumor located in the right cerebellar hemisphere and vermis, with mass effect, and

heterogeneous hyperintense signal on T2WI (A). The tumor shows no diffusion restriction (B), a central component of hemorrhage

characterized by a hypointense signal on SWI (C), confirmed on a CT study (not shown), and necrosis delineated by areas of enhancement

(D). DWI, diffusion weighted imaging; SWI, susceptibility weighted imaging; T1W, T1-weighted; T2WI, T2-weighted image.

to the WHO 2016 classification. In the WHO 2007
classification, pilomyxoid astrocytomas were designated as
WHO grade II; however, due to the many histological and
genetic similarities between pilomyxoid astrocytomas and
suprasellar pilocytic astrocytomas, the previous grading
of pilomyxoid astrocytomas has been removed and is now
included as a potential variant of pilocytic astrocytomas (3).
Features that support this re-designation include the
younger ages of patients with pilomyxoid astrocytoma
compared with those of patients with pilocytic astrocytoma,
and the selective involvement of the suprasellar regions (22).
Despite the new WHO “classification”, results from
previous studies have shown that pilomyxoid astrocytomas
follow a more aggressive course than pilocytic astrocytomas,
and radiologic evidence shows more frequent CSF
dissemination in pilomyxoid astrocytomas when compared
with pilocytic astrocytomas (22-24).

Molecular features

BRAF fusions are the most relevant molecular marker for
pilomyxoid astrocytomas, present in around 50% of all
these tumors. The fact that this molecular feature is less
frequently seen in these tumors than the classical pilocytic
astrocytoma may support the possibility that pilomyxoid
astrocytomas are just less mature forms of pilocytic
astrocytomas (25).

Imaging features

Pilomyxoid astrocytomas are predominantly solid tumors.
Their cystic components, when present, tend to be located
externally to the core of the tumor. The tumor may
extend into the temporal lobes (26), giving an “H shape”

© Translational Pediatrics. All rights reserved.

imaging feature in the suprasellar region, a relatively
characteristic finding observed in coronal planes. On MRI,
these tumors are more frequently hypointense on T1WI
and hyperintense on T2WI. They show homogeneous or
heterogeneous post-contrast T1WI enhancement, and
areas of hemorrhage may be observed in up to 25% of them
(Figure 4) 24).

The differential diagnoses may include other tumors
centered on the hypothalamic-chiasmatic region, including
other low-grade gliomas such as pilocytic astrocytoma;
craniopharyngiomas, which more frequently present with
cystic/multicystic components and iso- to hyperintense
signal on TIW1 due to high protein concentration; germ
cell tumors (GCTs), particularly non-pure germinomas due
to the more heterogeneous appearance and large size; and
macroadenomas, which are not often observed in young

children.

Diffuse astrocytoma

Diffuse astrocytomas are less common than pilocytic
astrocytomas in children. Designated as a WHO II brain
tumor, this type is also referred to as low-grade infiltrative
astrocytoma. The term “diffuse” means that there is no
histologic border between the tumor and normal brain
tissue, even if the border appears well-delineated on
imaging. These tumors can be located anywhere in the
encephalon, but are more frequently observed in the
supratentorial compartment.

Molecular features
IDH mutation status is the most relevant molecular
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Figure 3 Solid cystic mass in the posterior fossa was confirmed as pilocytic astrocytoma. Brain MRI: Sagittal T2WI, and 1H MRS (A,B).
Reduced NAA (arrow), increased choline (arrowhead), and possible mild lactate (asterisk) peaks were observed (B). T2WI, T2-weighted

image; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate.

Figure 4 Male, 2 years old, diagnosis of pilomyxoid astrocytoma. Brain MRI: Sagittal T2WI, coronal T2WI and T1W post-contrast

(A,B,C) show a suprasellar infiltrative mass hyperintense on T2WI, with cystic components peripherally distributed, and heterogeneous

post-contrast T1WI enhancement (C), which extends into the temporal lobes, giving an “H shape” on coronal imaging (B,C). TIW, T1-

weighted; T2WI, T2-weighted image.

marker because it is related to prognosis. Currently diffuse
astrocytomas are classified into two molecular groups: IDH
mutant or IDH wild type. If IDH status is not available,
the tumor will be classified as IDH NOS (not otherwise
specified). IDH mutant tumors also need to be tested for
1p19q status, since IDH mutant and 1p19q co-deleted
tumors are referred to as oligodendrogliomas and have
different prognosis and treatments (11,12,27).

Imaging features
On MRI, diffuse astrocytomas are usually depicted as a

© Translational Pediatrics. All rights reserved.

mass-like signal abnormality, often appearing without a
distinct tumor border, and located in the juxtacortical white
matter. The cortex may or may not be affected and a mild
mass effect is often present, effacing the underlying cortical
sulci. In some cases, microcystics may be visible along
with the tumor; this feature is a hallmark of infiltrative
astrocytomas, albeit uncommon. This tumor often does
not show significant enhancement on postcontrast T1WI
sequences. If enhancement is observed, it may indicate
progression or a higher-grade tumor. A potential imaging
sign that may suggest this diagnosis of a low-grade diffuse
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astrocytoma IDH mutated is the T2/fluid-attenuated
inversion recovery (FLAIR) mismatch, although it is not
always present (28).

Differential diagnoses include high-grade gliomas, but
those tend to present with areas of necrosis and more avid
enhancement; inflammatory/infection lesions such as abscesses,
and less frequently vascular abnormalities (27,29,30).

Pleomorphic Xanthoastrocytoma

Pleomorphic xanthoastrocytoma is a rare type of low-grade
astrocytoma (WHO grade II) located in the supratentorial
compartment typically observed in patients aged 10 to 30
years who have temporal lobe epilepsy.

Molecular features

Over two-thirds of pleomorphic xanthoastrocytomas
harbor mutations in BRAF, which conveys a more favorable
natural history for this tumor (31). Grade subclassifications
based on the presence of wild or mutated BRAF have been
considered for pleomorphic xanthoastrocytoma since this
molecular feature may predict the outcome.

Imaging features

The most common presentation is a solid cystic cortical
tumor with vivid contrast enhancement on postcontrast
T1WI sequences. Findings associated with slow growth
may appear, such as scalloping of the overlying bone and/or
absence of white matter edema (Figure 5). A reactive dural
enhancement may also be visible. Calcifications are not
common. Differential diagnoses include other juxtacortical/
cortical tumors such as DNET, gangliogliomas,
oligodendrogliomas, or even cystic meningiomas (32,33).

Angiocentric glioma

Angiocentric glioma is a rare, slow-growing infiltrative
cortical or juxtacortical low-grade neoplasm found in young
patients with refractory epilepsy, designated as a WHO [
brain tumor that often presents with immunophenotype
similarities to ependymomas. They may be associated with
cortical dysplasia, as well as DNETs (34). Angiocentric
gliomas are most commonly located in the supratentorial
compartment, particularly in the frontoparietal and
temporal lobes as well as the hippocampal region (35).

Molecular features
Previous studies noted that a myeloblastosis quaking (MYB-

© Translational Pediatrics. All rights reserved.
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QKI) gene rearrangement was a distinct feature observed in
the majority of angiocentric gliomas, while IDHI mutation
was not noted (36,37). This molecular profile may help the
differential diagnosis of angiocentric gliomas from other
gliomas and IDHI-mutated glioblastomas (35).

Imaging features

On imaging, angiocentric gliomas appear as well-delineated,
non-contrast-enhancing cortical or subcortical (gray-
white matter junction) tumors, which tend to expand the
affected gyri. This tumor is more frequently described as
hypointense on T1WTI and hyperintense on T2WI (38);
however, a hyperintense rim on T1WI may be seen and can
help to narrow the differential diagnosis (39). Calcification
is not a hallmark, but may be found in some cases (38,40).
Differential diagnoses include other juxtacortical/cortical
tumors such as pleomorphic xanthoastrocytoma, DNET
and gangliogliomas.

Astroblastoma

Astroblastomas are rare neoplasms of uncertain origin more
often observed in the brain hemispheres of patients aged
between 10 and 30 years. There is not yet a WHO grade
for this entity. Its biological behavior varies from a relatively
indolent tumor to an aggressive anaplastic astroblastoma.

Molecular features

This tumor has a heterogeneous molecular profile without
a particular genetic biomarker. The extensive variability of
molecular features for these tumors is probably linked to
their clinical unpredictability (41).

Imaging features

Astroblastomas tend to present as supratentorial solid-
cystic masses, peripherally located with mild or no adjacent
vasogenic edema. Heterogeneous areas of gadolinium
enhancement on postcontrast T1WI sequences, associated
with punctate calcifications on T2WTI and susceptibility
sequences, and a bubbly and multicystic appearance are
the imaging hallmarks of this tumor (42,43). Differential
diagnoses also include other juxtacortical/cortical tumors
such as pleomorphic xanthoastrocytoma, DNET and
gangliogliomas.

Pediatric high-grade gliomas

High-grade gliomas are the most prevalent primary CNS
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Figure 5 Female, 14 years old, diagnosis of pleomorphic xanthoastrocytoma. Brain MRI: Axial FLAIR, T2 Gradient-echo, T2WI,

T1WI, and T1W post-contrast (A,B,C,D,E) show a cortical and juxtacortical well-circumscribed lesion located in the left temporal lobe,

hypointense to the cortex on FLAIR/T2WI (A,C), without signs of calcification or hemorrhage on T2 Gradient-echo (B), and post-contrast
T1WI homogeneous enhancement (E). FLAIR, fluid-attenuated inversion recovery; T1WI, T1-weighted image; T2WI, T2-weighted

image.

tumors in adults, but occur as only 8-12% of all primary
CNS tumors in children (44). Moreover, high-grade
gliomas’ characteristics differ between these two populations
in terms of molecular, genetic, and biologic data (45). These
tumors are classified by the WHO as either grade III or
IV, the most common histologies being the anaplastic
astrocytoma (WHO grade I1I) and the glioblastoma (WHO
grade 1IV). In terms of molecular features these tumors
are classified as IDH-wild type and IDH 1/2-mutated
entities (3). Notably, the critical distinction that best
describes the diffuse infiltrating gliomas in children is the
identification of somatic histone mutations, which are
not found in adults (46). Mutations in the genes encoding
the H3.3 (H3F3A) and H3.1 (HIST1H3B, HISTIH3C)
histone variants result in amino acid substitutions and yield

© Translational Pediatrics. All rights reserved.

the following tumors: H3.3 G34 localized in the cerebral
hemispheres, H3.3 K27M found in the midline structures
(thalamus, brainstem, cerebellum, and spine), and H3.1
K27M limited to the pons (47-50). The authors also provide
a summary table that includes an overview of the imaging
appearance of the most common high-grade gliomas along
with their most frequent location in the brain, genetic
features, and expected outcome (7able 2).

Diffuse midline glioma, H3K27M-mutant

Diffuse midline glioma (DMG) is a devastating tumor
that mainly affects the pediatric population, with a high
incidence among children around 5 to 11 years old. This
new entity was recently included in the 2016 WHO
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Table 2 Summary table of pediatric high-grade gliomas

Resende and Alves. Imaging features of pediatric brain tumors

*Neoplasm Distinct imaging features Locations Histology and Grade (WHO) Outcome
molecular

**Diffuse Midline Glioma Midline tumor with an Brainstem, GFAP variable, [\ Poor outcome
(DMG), H3K27M infiltrative pattern. When particularly the S100+, H3-K27M

arising from pons causes  pons, but may

a diffuse enlargement of arise/infiltrate the

this structure basal ganglia,

“engulfing” anteriorly thalami, all parts

the basilar artery. Subtle of the brainstem

enhancement (linear or and spinal cord

punctate) may be seen.

Areas of necrosis only

in the late stage or after

treatment
High Grade Glioma, Heterogeneous features. Hemispheric > GFAP variable, I\ Poor outcome
H3G34 Infiltrative tumors, with infratentorial S100+,

gliomatosis appearance, H3.3G34R/NV

accompanied by
calcification, areas of
liquefaction/necrosis
and DWI restriction are
described

*, High grade gliomas are more often infiltrative hypointense on T1WI and hyperintense on T2WI with variable components of restriction on
DWI; **, DMG with bithalamic involvement may lack H3 mutation but present with EGFR mutations which may confer selective vulnerability

to EGFR kinase inhibitors.

Classification of Tumors, and is defined by distinct
histologic and molecular features. DMG represents a
grouping of several previously individualized neoplasms,
including the DIPG (3).

Regarding the distribution of these tumors, DMG are
most often observed in the pons, but can also be observed
in other locations of the brainstem (midbrain and medulla)
and in other anatomic structures such as thalamus, spinal
cord, and cerebellum (51). Despite the overall poor
outcome, survival differences are observed according to
the anatomic distribution of these brainstem tumors and
to the age of onset—neoplasms arising outside of the pons;
in older children, they are apparently linked to a slightly
better outcome (51). Extension of the tumor throughout
the cerebellar peduncles may also be observed and it is
associated with a worse outcome (52).

Molecular features

The rationale for the broad incorporation of DMGs in the
latest classification relies on the fact that the majority of
these gliomas have a similar molecular profile (H3K27M
mutation) and a dismal prognosis, with a survival rate of
less than 5% to 10% at 2 years following diagnosis. There
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is a small percentage of DMG tumors with a different
molecular profile, but of these the DMG H3-K27M appear
to represent the poorest prognosis (53). Moreover, intrinsic
variations of H3 protein in tumors with the Jysine 27
mutation may also be observed, and these variations have
been associated with differences in survival. The overall
survival in H3.3 protein tail is considered worse compared
with H3.I-mutated subgroups (54).

Imaging features
The imaging features may vary according to the location
in which the tumor arises (55). Tumors in the pons, most
frequent ones, are more often observed in its ventral part
(basilar pons), with an infiltrative pattern causing a diffuse
enlargement of the pons, displacing and engulfing anteriorly
the basilar artery (Figure 6) (55). Although rare, the tumor
can present with exophytic features, and be located in the
tegmentum of the pons. However, this dorsal and exofitic
imaging presentation favors low-grade gliomas, particularly
pilocytic astrocytomas.

Presence of necrosis is not expected in the first stages
of the disease or before treatment. The tumor often has a
variable T2WTI signal intensity, not necessarily representing
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Figure 6 Female, 3 years old, diagnosis of diffuse midline glioma, H3K27M-mutant. Brain MRI: T2WI, DWI, ADC map and T1WI post-

contrast (A,B,C,D) show an infiltrative mass in the anterior aspect of the pons, causing a diffuse enlargement of the pons (A), displacing and

engulfing the basilar artery anteriorly, with areas of restricted diffusion (B,C) and mild contrast enhancement delineating areas of necrosis (arrows,
A and D). ADC, apparent diffusion coefficient; DWI, diffusion weighted imaging; T1WI, T1-weighted image; T2WI, T2-weighted image.

areas of liquefaction or necrosis. Areas of enhancement are
often subtle, with a mild linear or punctate form (52), and
may vary according to the location of these tumors; pontine
gliomas tend to enhance more frequently than the thalamic
ones at a rate of 67% versus 50%, respectively (55).

Components of DWI restriction are also variable in
DMG, ranging more frequently between normal and
mildly restricted. Although no clear statistically significant
difference in diffusion characteristics is described among
the different molecular profiles of DMG, gliomas with
lower diffusivity correspond to a lower outcome, with death
occurring around 1 year after diagnosis (53).

Follow-up studies often demonstrate extensive
craniocaudal infiltration of the tumor, including involvement
of the peduncles, diencephalon, and spinal cord. Presence of
leptomeningeal spread is also frequently observed throughout
the course of the disease (3). Differential diagnoses include
low-grade gliomas arising in the midline; however, these
tumors tend to be present with a well delineated margin,
less mass effect, not engulfing anteriorly the basilar artery,
and with more avid enhancement on postcontrast T1WI
sequences when compared to DMG.

Other high-grade pediatric gliomas

Histone H3.3 G34 mutant gliomas are rare tumors in
adolescents and young adults, and tend to grow in the
forebrain hemispheres. Although this subtype is not formally
identified as a distinct entity in the WHO classification
2016 (3), novel publications imply that H3.3 G34 mutant

© Translational Pediatrics. All rights reserved.

gliomas represent a separate tumor subgroup due to their
clinical data, molecular biology, and some histologic features
(56,57). In addition, this subgroup shows a higher level of
MGMT methylation than do K27M mutations, and carries
frequent TP53 (88%) and ATRX (95%) alterations (58).
Although classified as glioblastoma IDH wild type, some of
them lack common histological features of glioblastoma,
such as microvascular proliferation and/or necrosis. These
findings are reflected in the neuroimaging investigation,
with some cases meeting criteria only for low-grade gliomas
(e.g., absence of contrast enhancement and necrosis) (59).
Their MRI features are heterogeneous, but more frequently
described as infiltrative hemispheric tumors. Variable
components of cysts, hemorrhage, and calcifications, along
with areas of restricted diffusion and necrosis, may be
found.

Beyond the subclassification of histone H3 mutations,
more than 50% of all pediatric patients with diffusely
infiltrating gliomas can not be characterized in this category.
Particular attention must be given to bithalamic gliomas,
which, contrarily to the unilateral ones, lack H3 mutation,
but present with EGFR mutations which may confer
selective vulnerability to EGFR kinase inhibitors (60).

Few children (<5%) present with mutations in
the IDH1/2 genes, which are associated with global
hypermethylation (“G-CIMP”) (61,62). Imaging features
that are associated with gliomas that present mutations in
the IDHI and IDH? are the D-2-hydroxyglutarate (2-HG)
in 2.25 ppm in IH-MRS and the FLAIR-T2 “mismatch”
(30,57,63,64).
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Moreover, a larger pediatric cohort (5-10%) demonstrated
activated BRAF V600E mutation (65), represented by
predominantly cortical tumors, which have histological and
epigenetic similarities to pleomorphic xanthoastrocytoma (4),
and also have a better prognosis. Ultimately, the remaining
tumors constitute a heterogeneous group, which are poorly
defined with respect to their different molecular and
clinicopathological hallmarks.

Neuronal and mixed neuronal-glial tumors

Neuronal and mixed neuronal-glial neoplasms are uncommon
CNS tumors, more frequently categorized as WHO grade I,
and mainly observed in children and young adults.

The most common clinical feature associated with
these tumors is epilepsy (refractory seizures) and the most
common locations include the floor of the third ventricle,
the temporal lobe, cerebellum, parieto-occipital region, and
frontal lobe. Neuronal migration abnormalities in particular
cortical dysplasias (focal cortical dysplasia - FCD type II),
may coexist with glioneuronal tumors. As a consequence,
imaging features of cortical dysplasia such as blurring of
the cortical and juxtacortical junction, cortical thickness,
and T2WI white matter changes (i.e., white matter
transmantle sign), may overlap with the imaging features
of these tumors (66). The authors provide a summary
table that includes an overview of the imaging appearance
of the most common neuroglial tumors, along with their
most frequent location in the brain, genetic features, and
expected outcome (Table 3).

Ganglioglioma

Gangliogliomas are the most frequent neoplasms among
neuronal and mixed-glial tumors, designated as WHO [
brain tumors, accounting for up to 10% of primary cerebral
tumors in children. Approximately 70% of gangliogliomas
occur in the temporal lobes, slow-growing over time.
Similar to other neuroglial tumors, their most common
clinical presentation in children is refractory epilepsy.

Molecular features

These tumors when presented as WHO grade I, a more
common form, are often associated with BRAF VV'600E
mutation, and IDH status is usually negative. Less
frequently, gangliogliomas may show an aggressive behavior
(fewer than 10%), presenting anaplastic areas, hTERT,
ATRX or histone genes mutation and are classified as a
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Resende and Alves. Imaging features of pediatric brain tumors
WHO grade III tamor (3,17,67,68).

Imaging features

Gangliogliomas are observed as a cystic lesion with a
mural nodule in approximately 40% of diagnosed cases.
Calcification has been found in about 30% of cases.
Gangliogliomas may cause scalloped pressure erosion of
the overlying calvaria due to their slow-growing nature.
On MRI, a well-defined cystic mass with a solid mural
nodule is typically observed. Enhancement of the solid
portion is variable, ranging from none to intense. A mild
mass effect and surrounding vasogenic edema are also
commonly seen (67,69) (Figure 7). Infiltrating appearance
is uncommon and when present is usually related to a
higher-grade tumor (70). Differential diagnoses include
other low-grade gliomas with solid-cystic appearance,
cortical/juxtacortical located, and clinically associated with
seizures, and focal cortical dysplasias, particularly FCD type
II that may or may not be associated with gangliogliomas.

Lbermitte-duclos disease

Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos
disease) is a rare form of neuronal-glial tumor that
distorts the normal cerebellar laminar cytoarchitecture. Its
pathogenesis remains unclear. Even though it may not be a
neoplasia, it is considered a WHO grade I tumor with slow
or absent growth even after years and good outcome.

Molecular features

A PTEN mutation may be found when the tumor appears in
the context of COWDEN syndrome (autosomal dominant
inherited disorder presented with multiple hamartomas and
increased risk for different types of neoplasms).

Imaging features

On MR, the lesion appears as a nonenhancing mass affecting
one, or less frequently, both cerebellar hemispheres, causing
a mild mass effect, and has a typical striated pattern described
as “corduroy/laminated” appearance (Figure 8) (3,71,72).
The main differential diagnosis includes some cerebellar
malformative features with a pseudotumoral appearance,
and other low-grade gliomas arising from the cerebellar
hemispheres.

Diffuse leptomeningeal glioneuronal tumor

Diffuse leptomeningeal glioneuronal tumors are a rare,
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Histology and

*Neoplasm Distinct imaging features Locations Grade (WHO) Outcome
molecular
Gangliogliomas Cortical/juxtacortical solid- Hemispheres Synaptophysin+, [* Favorable
cystic lesion with a mural (typically located chromogranin-A+, prognosis
enhancing nodule. 1/3 in the temporal Neurofilament
of cases may present lobe). Brainstem, protein+, BRAV600
calcifications (CT or SWI/ cerebellum and alterations
gradient echo sequences). other locations of
Scalloping of the overlying the central nervous
bone maybe seen. More system are less
infiltrative lesions may frequently affected
indicate anaplastic
gangliogliomas
Lhermitte-Duclos Nonenhancing mass in Cerebellar Synaptophysin+, Favorable
(Dysplastic the cerebellar hemisphere hemispheres PTEN mutation prognosis
cerebellar causing a characteristic in the context of
gangliocytoma) cerebellar architecture Cowden syndrome
distortion described as
“corduroy/laminated”
appearance
Diffuse Poor-defined/plaque-like Surface and GFAP+, S100+, Not determined/ Uncertain
leptomeningeal tumor with leptomeningeal ependyma of the Synaptophysin+, provisional entity prognosis
glioneuronal infiltration, contrast central nervous oligodendroglial-
tumor enhancement and system extending like cytology, BRAF
microcysts. Extension to the perivascular  fusion, 1p/19q
through the perivascular space codeletion, MAP—
space and hydrocephalus are Kinase pathway
common features
Desmoplastic Large hemispheric solid- Hemispheres GFAP+, Vimentin+, | Favorable
infantile tumors cystic tumor with a solid (frontal and BRAFV600 prognosis.
superficial component with parietal) alterations Rarely, malignant
avid contrast enhancement. transformation
Thickening of the meninges may occur
adjacent to the tumor, and
calcifications maybe present
DNET Cortical/juxtacortical lesion Supratentorial MAP2+, Vimentin+, | Favorable
with wedge shaped and (within/ S100+, neuronal prognosis
“bubbly” appearance with juxtacortical, and nuclei+, BRAFV600
no edema. Focal cortical may cause gyral alterations
dysplasia is often associated.  expansion)
Enhancement is uncommon
Rosette-forming Solid/solid-cystic lesions Infratentorial MAP2+, Vimentin+, | Favorable
glioneuronal with characteristic multiple (cerebellum, S100+, neuronal prognosis
tumor microcysts and variable IV ventricle, nuclei+, FGFR1+,
enhancement of the solid brainstem). BRAF-

component

Thalami, optic
nerve and spinal
cord involvement
may be seen

*, Neuronal-glial tumors are more often solid-cystic cortical or juxtacortical lesions hypointense on T1WI and hyperintense on T2WiI,
without restricted DWI. Overlapping imaging features of cortical dysplasia and microcysts maybe seen. **, Anaplastic Gangliogliomas are

less frequent Grade IIl tumors with a poor prognosis. DNET, dysembryoplastic neuroepithelial tumor.
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Figure 7 Male, 13 years old, diagnosis of ganglioglioma. Brain MRI: T2WI, T1WI, and TIW post-contrast (A,B,C) show a well-defined
solid-cystic mass located in the right mesial temporal lobe with a solid mural nodule isointense to the cortex on T2WI, that enhances on

postcontrast T1IWI sequence (C). TIWI, T1-weighted image; T2WI, T2-weighted image.

recently described tumor of the CNS with an overall poor
prognosis. They currently lack a WHO grade classification (3)
and are most commonly observed in individuals below
the age of 18. Patients’ average survival is reported to be
low, at only 22 months. The symptoms are those related
to hydrocephalus due to accumulation of tumor within
the subarachnoid space, although seizures, cranial nerve
impairment, and ataxia may also be seen.

Molecular features

KIAA1549:BRAF fusion, 1p deletion or 1p/19q codeletion
and a mitogen-activated protein kinase (MAP-Kinase)
pathway gene alteration without /DH mutation are the
characteristic molecular features of this tumor (73).

Imaging features

On MR, this tumor often presents as diffuse intracranial
and intraspinal lesions with nodular/thick leptomeningeal
appearance and avid enhancement extending over the
basal cisterns and brain and spinal surfaces. Presence
of microcysts/nonenhancing small cyst-like lesions and
dilation of perivascular spaces are commonly observed
(3,74-76). Less frequently, non typical features, such
as isolated spinal cord or brain lesions without clear
leptomeningeal involvement, can be found (76). The
main differential diagnosis includes inflammatory-
infection entities, particularly those that often show signs
of meningitis with diffuse leptomeningeal enhancement,
cisternal involvement, and hydrocephalus such as
tuberculosis (77).
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Desmoplastic infantile tumors

Desmoplastic infantile tumors (astrocytoma and
gangliogliomas) (DIT) are uncommon intracranial tumors
occurring mainly in patients younger than 2 years. These
are considered WHO grade I tumors that tend to have
a good prognosis, despite their aggressive appearance.
They usually present with a rapid increase in the head
circumference diameter (days to months) (78).

Molecular features

Desmoplastic infantile tumors usually harbor BRAF V600D
and BRAF V600E mutations. Some uncommon aggressive
forms with malignant transformation may present other
molecular features such as TP53 mutation and ATRX
deletions (78).

Imaging features

On imaging there is a large brain hemispheric mass with
cystic and solid components. The solid component tends
to be located more superficially in the tumor extending
into the cortex and meningothelial tissues, commonly
observed at the frontal and parietal lobes. Thickening and
enhancement of the tumor adjacent meningitis associated
with and calcifications may be present (79). The imaging
appearance may be similar to glioblastoma, a WHO
grade IV tumor that is usually associated with a worse
prognosis. Diffusion-weighted imaging may be useful
in distinguishing between infantile glioblastoma and
DIT tumors, since infantile glioblastoma demonstrates
restricted diffusion (80,81).
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Figure 8 Male, 17 years old, diagnosis of dysplastic cerebellar gangliocytoma. Brain MRI: T2-FIESTA, FLAIR, DWI, and postcontrast

TI1WI (A,B,C,D) show a cortical lesion in the right cerebellar hemisphere, with a striated appearance. The lesion is hyperintense on T2WI

(A) with areas of signal decrease on FLAIR (B), no areas of restriction on DWI (C), and no areas of enhancement on postcontrast T1WI

(D). DWI, diffusion weighted imaging; FLAIR, fluid-attenuated inversion recovery; SWI, susceptibility weighted imaging; T1WI, T'1-

weighted image; T2WI, T2-weighted image.

DNET

DNETS are slow-growing benign WHO Grade I glioneuronal
tumors, typically diagnosed in children and young adults.
They usually grow in deep or cortical gray matter extending
to the juxtacortical white matter. Patients typically manifest
longstanding, treatment-resistant partial seizures and
neurological focal deficits. DNETs are commonly observed
in temporal lobes, but can be found anywhere in the
encephalon where gray matter is encountered. DNETs are
often associated with focal cortical dysplasia, which may
be observed as clearly separated from DNETs (Blumcke
classification IIIb), or be contiguous to or mixed with the
tumor (82,83).

Molecular features

Differentiating DNETs from astrocytomas and
oligodendrogliomas can be challenging. Genetics could
be a helpful tool, since DNETs are negative for IDH
mutations, 7P53 mutations, and do not demonstrate 1p19q
co-deletion, while low-grade astrocytomas are usually IDH
mutated and oligodendrogliomas are often IDH-mutated
and 1p19q co-deleted (84).

Imaging features

On imaging, DNETs typically present as a cortical or
deep gray matter lesion with wedge shape and almost no
surrounding edema. When they occur near bone structures,
there may be scalloping or remodeling; erosion is not
commonly observed. On T2WI, DNETs show hypersignal
and a “bubbly” appearance, and on FLAIR a bright rim
sign can be observed. Calcifications and gadolinium
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enhancement may or may not be present, and reduced
diffusion is not commonly observed (Figure 9) (85,86). The
differential diagnoses include a tumefactive appearance
of the perivascular space, but these are more often fully
attenuating on FLAIR; multinodular and vacuolating
neuronal tumors (MVNT) (87), more frequent in adults
and not associated with seizures, low-grade gliomas, and
other neuroglial tumors that may present with a “bubbly”
appearance.

Rosette-forming glioneuronal tumor (RGN'T5)

RGNT is an uncommon, usually midline neoplasm
involving the mesencephalic aqueduct and/or the fourth
ventricle. It is a WHO grade I tamor, composed of neuronal-
glial tissue characterized by biphasic architecture of glial
and neurocytic components (88).

Molecular features

FGFR1 mutations may represent a molecular feature for
this tumor entity. Unlike pilocytic astrocytomas, RGNTs do
not show BRAF mutations (89).

Imaging features

On MRI these tumors are relatively well-circumscribed,
but they might invade adjacent tissues, including the
cerebellum, pons, and the pineal gland. They may present
as solid tumors, with variable cystic components; the
solid component may present a vivid and heterogeneous
gadolinium enhancement (90). The main differential
diagnosis includes inflammatory-infection entities,
particularly those that present with a multicystic
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Figure 9 Female, 8 years old, diagnosis of DNET. Brain MRI: T2WI, DWI, SWI, T1WI, and T1W postcontrast (A,B,C,D,E) show a
predominantly cortical lesion in the right occipital lobe hyperintense on T2WI, with a ‘bubbly appearance,” and remodeling the adjacent

inner table of the skull vault (A). There were no areas of restriction on DWI (B). Low-signal foci were observed on SWI, confirmed

as components of calcium on a CT scan not shown (arrow, C). Some small areas of enhancement were noted (arrowhead, E). DNET,

dysembryoplastic neuroepithelial tumor; DWI, diffusion weighted imaging; SWI, susceptibility weighted imaging; T1WI, T1-weighted

image; T2WI, T2-weighted image.

appearance, such as tuberculosis, and also other low grade
tumors including DNET, and pilocytic astrocytomas.

Embryonal tumors—overview

Embryonal tumors are aggressive, malignant, undifferentiated
or poorly differentiated neoplasms of neuroepithelial
origin that demonstrate an increased tendency to recur
and propagate throughout the CNS via cerebrospinal fluid
pathways.

The 2016 CNS WHO classification still categorizes
these tumors as grade IV. However, several changes
were made regarding how embryonal tumors should be
subgrouped. First, and most importantly, medulloblastomas
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start to be mostly defined by their molecular profile,
instead of the previous classification based on only their
histological subtypes. Second, the subcategory primitive
neuroectodermal tumors (PNETs) has been removed from
the current lexicon. Third, the new entity embryonal tumor
with multilayered rosettes (ETMR) was added to the 2016
WHO classification, grouping previous different embryonal
tumor subtypes.

The rationale for the redistribution and regrouping of all
these tumors was mainly driven by the perception that, in
general, these tumors may share a similar molecular profile,
which more often superimposes the histological features
regarding demographics, aggressive behavior, potential
treatments, and outcome (3,91) (7able 4).
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Medulloblastomas

Medulloblastoma is the most common malignant solid
tumor in children, representing the vast majority of all the
embryonal tumors, more often in children older than 2
years and located in the posterior fossa.

Molecular features

New advancements in molecular profiling of these tumors
led to establishing a classification that holds not only
histologic features but also an integrated diagnosis based on
four main molecularly defined subtypes: medulloblastoma
Wingless (WNT)-activated, medulloblastoma Sonic
bedgehog (SHH)-activated, medulloblastoma Group 3,
and medulloblastoma Group 4. This reclassification
constitutes the basis of new risk stratification schemes
applied to current therapeutic clinical trials (3). Other
molecular features not yet part of the classification, but with
clinical importance and presenting clearly demographic
distinctions, are the presence of MYCN, GLI2, and YAPI
amplification in children, and PTEN loss in neonates with
SHH medulloblastomas. These changes are associated with
increased rates of metastasis and poor outcome (92).

Imaging features

The most common MRI feature of medulloblastomas,
regardless of the subtype, is the presence of restriction
on DWI sequence (93), which is in accordance with the
imaging appearance of all embryonal tumors (Figure 10).
Other imaging findings that may help the distinction
among the molecular subgroups mainly rely on the
location and presence of enhancement of the tumors;
these could offer an integrated interpretation of molecular
results of medulloblastoma into clinical practice (94).
Medulloblastomas in Groups 3 and 4 are predominantly
distributed along the midline fourth ventricle, not
infrequently with CNS dissemination at the moment
of the diagnosis, while medulloblastoma WNT are
potentially localized in the cerebellar peduncle or in the
cerebellopontine angle cistern and have low rates of CNS
metastasis. More recent studies of W/ NT medulloblastomas,
however, have shown that these tumors are not as lateralizing
as previously reported in studies with smaller cohorts (93,95).
Medulloblastomas SHH tend to arise from the cortex of the
cerebellar hemispheres, presenting with a nodular or pyriform
shape (Figure 11). The minimal or lack of enhancement of
the solid part of the tumor is associated with the diagnosis of
medulloblastomas in Group 4 (Figure 12). Spectroscopy shows

© Translational Pediatrics. All rights reserved.

1153

an aggressive metabolite pattern, with elevated choline,
lipid, and lactate peaks and the presence of taurine peaks
may help to distinguish Group 3 and Group 4 subgroups,
that present with higher peaks, from SHH-activated tumors,
which may show little or no taurine peak (96). The main
differential diagnosis includes other embryonal tumors,
particularly the Atypical Teratoid/Rhabdoid Tumor (AT/
RT), which tends to present in a younger age and with a
more heterogeneous and aggressive imaging behavior and
anaplastic ependymomas.

AT/RT

AT/RT is an uncommon WHO grade 1V tumor, so named
due to its histologic appearance, which contains an unusual
mixture of primitive neuroepithelial, surface epithelial,
and mesenchymal elements. Because of its primitive
neuroepithelial elements, AT/RT might be misdiagnosed
as medulloblastomas, but AT/RTs are often a diagnosis of
infancy, not childhood (median age: 17 months). They are
found outside the cerebellum in at least one third of cases,
and are less likely to respond to treatment (97).

Molecular features

Ultimately, AT/RT is a genetic/molecular diagnosis, defined
in 98% of cases by the deletion in chromosome 22 and loss of
SMARCBI/INII expression in cytogenetic analysis of the tissue
which also differentiate them from medulloblastomas (91,98).

Imaging features

On imaging, AT/RT presents as a heterogeneous tumor
with components of restriction on DWT affecting the CNS
of the pediatric population, especially for patients under 4
years of age. These tumors are usually located in the midline
or lateral aspect of posterior fossa with an intracanalicular
component extending to the porus acusticus. These tumors
may also be encountered in the supratentorial compartment,
in the spine, or with a multicentric distribution. Cranial
nerve involvement is also a possible location for these
tumors (Figure 13) (99). Leptomeningeal seeding may be
observed in up to 30% of cases, even at initial presentation,
so neuraxis imaging evaluation should be considered in
AT/RT-suspected cases. Necrosis, cystic formations, and
hemorrhage are features that could be noted in AT/RTs
(Figure 14). Although the sixth and seventh cranial nerves
are most commonly involved with AT/RT, AT/RTs may
occur also intrinsically to the third cranial nerve and present
as an isolated third cranial nerve palsy. Spectroscopy
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Table 4 Summary table of embryonal tumors

Resende and Alves. Imaging features of pediatric brain tumors

Distinct imaging

Histology and Grade

Neoplasm Subtypes features Locations molecular (WHO) Outcome
Medulloblastoma WNT Midline location with  Cerebellum Classic, rarely =V Good prognosis

possible extension/  (IV ventricle/ LCA, WNT
origin from the vermis). Possible signaling,
pontocerebellar pontocerebellar MYC+
angle. Variable angle location
component of
enhancement

SHH Nodulariform/ Cerebellar Desmoplastic/ i\ Good prognosis
multinodular hemispheres/extra- **MBEN, SHH (infants),
morphology or axial extension signaling, Intermediate
cerebellar folie MYCN+ (others)
“enlargement”
associated with
postcontrast
enhancement

Group 3 Avid contrast Cerebellum Classic/LCA, \Y Poor prognosis
enhancement. (Vermis/IV ventricle) MYC+++
Presence of CSF
leptomeningeal
spread at the onset

Group 4 Mild or absence of Cerebellum Classic/LCA, \Y Intermediate
contrast enhancing.  (Vermis/IV ventricle)  Minimal MYC or prognosis
Presence of CSF MYCN

leptomeningeal
spread at the onset

AT/RT Currently not Embryonal tumors
subgrouped. with a more
Future heterogeneous
subclassifications  imaging
are considered presentation,
based on the commonly
distinct molecular  associated with
features calcification

Cerebellum Rhabdoid cells, [\ Poor prognosis
(Vermis/IV ventricle) SMARCB1,

Extra-axial and (INI1, SNF5,

intra-ventricular BAF47),

locations, supra SMARCA4,

and infratentorial (BRG1),

tumors, and cranial
nerve involvement

and areas of
hemorrhage and
necrosis in infants

may be already
present on the
onset

*, Embryonal tumors are more often aggressive tumors located in the posterior fossa. There tumors are commonly hyperdense on
CT scans. MR images show areas of restricted diffusion on DWI, hyperintensity on T1WI, and iso/hyperintensity on T2WI. Areas of

enhancement on postcontrast T1WI vary and may be absent. **,

MBEN, medulloblastoma with extensive nodularity — more common in

infants. LCA, Large-cell anaplastic; ***, Although Grade IV more often these subtypes have a good prognosis. AT/RT, atypical teratoid/

rhabdoid tumor.

shows an aggressive metabolite pattern, with elevated
choline, lipid, and lactate peaks. The differential diagnosis
includes other embryonal tumors, particularly more
aggressive presentations of medulloblastoma and anaplastic

ependymomas.

© Translational Pediatrics. All rights reserved.

Other embryonal tumors

The 2016 WHO classification has removed the previously
nominated CNS PNETs from their lexicon (3,91). The

primary reason for the substantial change in this group of
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Figure 10 Female, 4 years old, diagnosis of medulloblastoma. Brain MRI: T2WI, DWI, and ADC map (A,B,C) show a well-delineated
midline fourth ventricle mass, compressing the brainstem and the cerebellum, with restricted diffusion, confirmed in the ADC map (B,C),
a hallmark of this tumor. ADC, apparent diffusion coefficient; DWI, diffusion weighted imaging; TIWI, T1-weighted image; T2WI, T2-
weighted image.

Figure 11 Male, 2 years old, diagnosis of medulloblastoma-SHH. Brain MRI: T2WI, DWI and ADC map, and T1WI post-contrast
(A,B,C,D) show a bihemispheric and vermian cerebellar lesion, distorting and expanding the cerebellar cortex (A), presenting microcysts,
and with restricted diffusion, confirmed in the ADC map (B,C), and with diffuse enhancement (D). ADC, apparent diffusion coefficient;

DWI, diffusion weighted imaging; TIWI, T1-weighted image.

tumors was based on recent study results that discovered
that among various subtypes, which had been previously
described as different entities, several shared the same
molecular profile: C19MC-altered. According to the recent
classification three major groups should be considered:
(D) the new genetically defined entity, embryonal tumor
with multilayered rosettes (ETMR), C19MC-altered; (II)
CNS embryonal tumor, NOS (not otherwise specified) for
those tumors with absence of C19MC amplification, thus
defined based on “unique” histological results; and (III)
medulloepithelioma, for the remaining part of the tumors

that have histological features of medulloepithelioma, but

© Translational Pediatrics. All rights reserved.

do not express the C19MC-altered (3,91).

Molecular features

The new entity, ETMR, C19MC-altered, is characterized
by a high-level amplification of the chromosome 19
microRNA cluster (C19MC) in the setting of a malignant
pediatric brain tumor and is categorized as a WHO grade
IV tumor. This new entity has replaced a “broad” group
of tumors formerly known as ependymoblastoma or
embryonal tumors with abundant neuropil and true rosettes

(ETANTR), plus part of the medulloepithelioma tumors.
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Figure 12 Male, 6 years old, diagnosis of medulloblastoma-Group 4. Brain MRI: T2WI, DWI and ADC map and T1WI post-contrast
(A,B,C,D) show a well-delineated midline fourth ventricle and inferior vermian mass, compressing the brainstem anteriorly. The lesion
has microcysts observed on T2WT (A) and restricted diffusion, confirmed in the ADC map (B,C). The lesion does not have significant
enhancement, a characteristic feature of medulloblastoma-Group 4. ADC, apparent diffusion coefficient; DWI, diffusion weighted imaging;
T1WI, T1-weighted image; T2WI, T2-weighted image.

Figure 13 Male, 1 year old, diagnosis of AT/RT. Brain MRI: T2WI, DWI, and T1WI post-contrast (A,B,C) show a mass located in the

right cerebral peduncle and interpeduncular cistern, hyperintense on T2WI (A), restricted on diffusion (B), and with enhancement on the

post-contrast TIWI sequence (C). DWI, diffusion weighted imaging; TIWI, T1-weighted image; T2WI, T2-weighted image.

Most ETMRs occur in children younger than 4 years, are
located in the cerebral hemispheres, and show an aggressive
behavior (median survival: 0.8 years) (100).

Imaging features

On MRI, these are usually large mass-effect tumors, with
diffuse signal heterogeneity, isointense or hyperintense
signal on T2WI, and associated with contrast enhancement
on postcontrast T1WI. They also present with components
of internal necrosis and hemorrhage. Similar to other

© Translational Pediatrics. All rights reserved.

embryonal tumors, the DWI sequence showing restricted
diffusion is a standard characteristic for this entity (101).
ETMRs C19MC-altered tumors do not present a precise
imaging hallmark for their diagnosis, and have a significant
overlap appearance among themselves and with other
embryonal tumors. Consequently, the hypothesis of ETMR
C19MC-altered should be considered for any hypercellular
and heterogeneous tumor of the CNS (supratentorial
compartment, cerebellum, brainstem, and spinal cord)
in the pediatric population, especially for patients under
4 years of age.
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Figure 14 Female, 1 year old, diagnosis of AT/RT. Brain MRI: T2WI, T1WI, post-contrast T1WI, DWI, ADC, and SWI (A,B,C,D,E,F)

show lobulated mass centered in the left Luschka foramen and middle cerebellar peduncle with a heterogeneous signal on T2WI and

microcysts (A), minimal enhancement on the post-contrast TIWI (arrow, C) restricted on diffusion (D), confirmed on the ADC map (E)

with some components of hemorrhage, characterized by small low-signal foci on SWI, and confirmed on a CT scan not shown (arrow, F).
ADC, apparent diffusion coefficient; DWI, diffusion weighted imaging; T1WI, T1-weighted image; T2WI, T2-weighted image.

Ependymal tumors

Ependymoma is a neuroepithelial neoplasm accounting
for 10% of pediatric brain tumors. These tumors typically
occur in the posterior fossa, following the supratentorial
compartment and, less frequently, the spine. In the
past 2 decades, infratentorial, supratentorial, and spinal
ependymomas have been shown to be biologically
distinct entities that have different cells of origin. Spinal
cord ependymomas (classic and myxopapillary) are very
uncommon in children. Posterior fossa ependymomas
can be split into two groups: Posterior Fossa A (PFA) and
Posterior Fossa B (PFB).

Molecular features

The PFA ependymoma is commonly located in the
lateral recess of very young children and is associated
with a poor prognosis. This tumor’s hallmark is promoter
hypermethylation and disruption in H3 K27 trimethylation.

© Translational Pediatrics. All rights reserved.

PFB ependymomas are commonly observed in the midline/
obex, are more often diagnosed in older children and
adolescents, and tend to have a better prognosis. Presence
of RELA or YAPI (yes-associated protein 1) mutations are
related to supratentorial ependymomas (17,102).

Supratentorial ependymomas account for 30% of
ependymomas and are commonly observed near ventricles,
although they can be found anywhere in the brain
hemispheres, with a frontoparietal predominance. RELA-
subgroup ependymoma usually occurs in older children,
accounts for 70% of supratentorial ependymomas, and is
associated with a poor survival rate (Figure 15), while the
YAPI subgroup is typical in infants and is associated with a
very good prognosis (103).

Imaging features

MRI usually shows posterior fossa ependymomas extending
through the foramina of Luschka and Magendie, encasing
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Figure 15 Male, 15 years old, diagnosis of supratentorial ependymoma RELA-fusion. Brain CT shows a median bi-frontal brain lesion with

some focus of calcification on the left (A, arrow). Brain MRI (B,C,D,E). TIWI shows a lobulated tumor predominantly hypointense with

some hyperintense peripheral areas (B). The T2WI shows a diffuse hyperintensity with some central components, with more hyperintensity

related with cystic/necrotic areas (C), susceptibility-weighted imaging demonstrates multiple and confluent hypointense foci inside the

tumor compatible with hemorrhage (D), and post-gadolinium contrast T1-weighted shows subtle, sparse foci of enhancement (E). T1WI,

T1-weighted image.

neurovascular structures. This “plastic” behavior contributes
to the late clinical manifestation of posterior fossa
ependymomas compared with the clinical manifestations of
other posterior fossa tumors.

Ependymomas show a heterogeneous high T2WI
signal intensity and calcification observed in susceptibility
sequences in 50% of cases; hemorrhage may be observed,
although it is not a common finding. On DWI, they show
an intermediate pattern of restriction when compared to
pilocytic astrocytomas and medulloblastomas. Postcontrast
T1WI shows avid enhancement of the solid component
along with several nonenhancing cystic and/or necrotic
components (Figure 16) (104). The differential diagnosis
includes embryonal tumors; particularly those with a
“plastic” appearance and pilocytic astrocytomas.

Choroid plexus tumors

Choroid plexus tumors are rare intraventricular tumors of

© Translational Pediatrics. All rights reserved.

neuroectodermal origin, accounting for 2-4% of brain
tumors in children. Tumor resection is reported to be
curative for choroid plexus papillomas (CPP), while
choroid plexus carcinomas are associated with recurrence
and dissemination. According to the 2016 WHO
classification, they can be classified into 3 subtypes: CPP
(WHO grade 1), atypical choroid plexus papilloma (aCPP,
WHO grade II), and choroid plexus carcinoma (CPC,
WHO grade I1I). Imaging alone does not allow distinction
between these neoplasms.

Choroid plexus papillomas are a rare intraventricular
tumor (WHO grade I), more often observed in the pediatric
population (85% observed in patients below the age of 5
years). The overall prognosis for patients with CPP is good,
with a 5-year survival rate of 97%. The main site for CPP
in children is the supratentorial region, although it might
be found also in the fourth ventricle. Atypical CPPs show
intermediate clinical and pathological features between
the much more common WHO grade I CPP and the rare
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Figure 16 Female, 7 years old, diagnosis of PFB-ependymoma. Brain MRI: Axial T2WI, Sagittal T2WI, DWI, and post-contrast Sagittal

T1WI. CT scan (E). A midline fourth ventricle mass, compressing the brainstem and the cerebellum arising from the Magendie and

Luschka recesses, with a “plastic” appearance shows hyperintense signal on T2WI (A,B), no areas of restriction on DWT (C), enhancement

on the post-contrast TIWI sequence (D), and a small focus of calcification on the CT scan (E). DWI, diffusion weighted imaging; T1WI,

T1-weighted image; T2WI, T2-weighted image.

WHO grade 1I CPC. aCPP is characterized by two or more
mitoses per 10 randomly selected high-power fields.

Choroid plexus carcinoma represents a malignant
WHO grade III tumor with a median age of occurrence of
1 year, with more than 75% diagnosed before the age of 5
years. It accounts for up to 4% of pediatric brain tumors,
is associated with Li-Fraumeni syndrome, and has a poor
prognosis; it has a 5-year survival rate of 26-43%. CPC
are mainly located within the ventricles, although extra-
ventricular sites have been reported in the literature.
Despite the data regarding the biologic and genetic makeup
of pediatric CPC, there remain numerous barriers to
understanding the best treatment strategies.

Molecular features

Although some molecular biomarkers enhance molecular
differences of CPTs the histological grading is still the most
reliable method to differentiate aggressive (CPC) from CPP

and aCPP. The prediction of clinical outcome and potential
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group distinction among some CPTs could be improved by
analysis of DNA methylation profile and the status of 7P53
mutation (105).

Imaging features

All subtypes of choroid plexus tumors may demonstrate
CSF dissemination; therefore, imaging of the entire neuraxis
is always recommended (106,107). Moreover, imaging
features alone may not be enough for differentiating these
subtypes of tumors and the differential should be always
considered from the imaging point of view (108).

In general terms, CPPs are usually well-defined lobulated
masses that may present a cystic component and a solid and
vivid enhancement in the solid part (Figure 17); calcification
is not a hallmark but can be found in some cases. The
transformation from a CPP to a CPC has been reported in
a small number of cases (107,108). Differentiation between
both neoplasms is commonly challenging from the imaging
point of view; although CPCs tend to be larger, more
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Figure 17 Female, 18 years old, diagnosis of choroid plexus papilloma. Brain MRI: Axial T2WI, DWI, SWI, T1WI, and postcontrast T1WI
(A,B,C,D,E) show a mass located in the III ventricle, hyperintense on T2WI (A), without restricted diffusion (B), and with enhancement on
the postcontrast TIWTI (E). TIWI, T1-weighted image; T2WI, T2-weighted image.

infiltrative, and more heterogeneous associated with areas
of necrosis. Moreover, even though both neoplasms may
disseminate, CPCs are more often associated with CNS axis
dissemination/metastasis (108).

GCTs and differential diagnosis in the sellar
region and pineal gland

Intracranial GCTs are uncommon and biologically
diversified CNS tumors. These neoplasms correspond to
2-3% of all pediatric brain tumors in Western countries,
and have a higher frequency in East Asian countries, with
incidence around 10%. There is no explanation so far for
this geographic and ethnic diversity between Asian and
Western series (109). GCT onset is often observed during
childhood, with the vast majority occurring before the age
of 20 years (110-114). Moreover, a variability of the peak of
incidence is also observed among the overall GCT, and can
be separated by this tumor’s histology features from non-
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germinomatous germ cell tumors (NGGCTs), which tend
to occur in younger children, whereas pure germinomas
occur more often in older children and adolescents (115).
CNS GCTs usually originate in the suprasellar and
pineal regions. Less frequently, non-midline intracranial
structures, including the basal ganglia and thalami may
appear, and rarely the tumor may arise primarily in the
spinal cord or the cerebellum (115-119). Males have an
overall higher incidence of CNS GCTs than females.
Differences among the sexes are also observed in the
locations of the CNS tumor: 70% of males have their
tumors appearing in the pineal gland, and 75% of females
have their tumors located in the suprasellar region (120).

Imaging features

The GCT diagnosis should be always included in the
differential of enhancement and thickened pituitary
stalk and among pineal masses during childhood (121).
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GCTs are often well-delineated and lobulated lesions,
demonstrating iso- or hyperdensity on CT, with solid and
cystic components, and demonstrating signal heterogeneity
in all MRI sequences, with areas of enhancement. Presence
of calcification and hemorrhage foci are often observed
on CT and/or MRI studies (122). Particularly for GCTs
arising in the pineal region, an analysis of the morphology
of the central physiological calcification of the pineal (after
4 years) may be helpful. Unlike neoplasms arising from the
primary pineal cells (pineoblastoma and pineocytomas), the
central physiologic calcification of the pineal tents to be
preserved (unified, and centrally located) in GCTs (123).
Other imaging details based on particular sequences include
the restriction on DWI for the solid parts of the tumors,
and the 1H MRS demonstrating abnormal peaks of lipids
in 1.33 ppm (124,125). Differences between pure and
mixed GCTs are also described and include differences of
sizes, morphology (micro versus macrolobulated), and the
presence of components of hemorrhage, more commonly

observed in mixed GCTs (Figure 18) (114).

Post-treatment changes and secondary tumors

Imaging analysis of post-treatment changes in the context
of brain tumors is often a challenging task for radiologists
in clinical practice. Several differences between subtypes of
pediatric and adult brain tumors and a greater heterogeneity
of the neoplasms in children make interpretation of these
changes even more complicated. Although challenging,
the ability to distinguish residual or recurrent tumors from
post-treatment entities, such as radiation-induced lesions,
may have a vital impact on the patient’s outcome.

For this reason, an international panel of working
groups with a focus on pediatric neuro-oncology was
formed, called the Response Assessment in Pediatric
Neuro-Oncology (RAPNO) (126), and imaging guidelines
were created (127-129).

Brain changes can be related to several causes, including
most frequently surgery-related lesions, radiation-induced
lesions, and chemotherapy-induced lesions.

Regarding post-surgery imaging analysis, the MRI study
must be obtained as soon as possible after surgery in order
to take steps to reduce parenchymal changes.

The consensus recommendations include MRI studies
performed within 72 hours postoperatively, thus bypassing
the formation of scars. If there are extensive parenchymal
postsurgical changes that may complicate the analysis of the
residual tumor, a second brain MRI should be performed
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approximately 2-3 weeks after intervention (130).

Regarding radiation-related lesions, it is important to
remember that these lesions may appear in both early and
late stages of the treatment. Radiation-related lesions are
caused by a variable compound of vascular and parenchymal
damage resulting in tumoral necrosis or even necrosis in the
normal parenchyma.

During the early stage, the most common imaging
features are the presence of vasogenic edema (T2WI
hyperintense) and new areas of contrast enhancement, both
of which are frequently observed around the radiation area.
In the late stage, one important process that may appear is
radiation necrosis. Radiation necrosis represents a serious
condition for the patient and results from a pathologic
process of necrosis formation into the brain. There are
two main factors associated with radiation necrosis: (I)
time elapsed since radiation exposure (around 2 years
of radiation), and (II) the radiation dose (exponential
increasing after 62 Gy of dose) (131). Imaging features may
vary, but the most remarkable is the presence of a distinct
enhancement area along the margin of the tumor resection
with an internal appearance of the so-called “soap-bubble.”
Advanced MRI techniques are crucial for distinguishing
tumors from radiation necrosis. Unlike neoplasms, radiation
necrosis often shows decreased rCBV on perfusion and
elevated lipid/lactate peaks on 1H MRS. The areas of
enhancement commonly disappear throughout follow-
up imaging studies (131). DWI can be also very useful for
the surveillance of relapse tumors, particularly embryonal
tumors, since it can depict CNS relapses with higher
accuracy than post-contrast T'1 sequences, even after several
years of surveillance (132).

Other lesions observed in the late stage, after radiation, are
vascular proliferative lesions. On imaging these lesions are
characterized by the presence of capillary telangiectasia and
cavernous malformations (cavernomas), and they may present
with an aggressive appearance, mimicking tumors (133).

Future perspectives (cIMPACT-NOW)

cIMPACT-NOW (the Consortium to Inform Molecular
and Practical Approaches to CNS Tumor Taxonomy) is a
consortium created to make recommendations on potential
advances in the field of CNS tumor classification. In the last
meeting in Utrecht in September 2019, the topics covered
were the definitions of “new” entities and revised definitions
of “old” entities (134).

The cIMPACT-Utrecht endorsed the clinical utility
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Figure 18 Male, 9 years old, diagnosis of pure germ cell tumor (germinoma). CT scan (A). Brain MRI (B,C,D,E). Sagittal TIWI, coronal

T2WI, sagittal post-contrast T1WI, and axial SWI sequences. A suprasellar mass enlarging the pituitary stalk was noted. The mass has

a lobulated morphology, mild hyperdense (A), hypointense on TIWI (B), hyperintense with microcystis on T2WI (C), homogeneous

enhancement (D), and no areas of calcification or hemorrhage (E). TIWI, T1-weighted image; T2WI, T2-weighted image.

of two-list approaches for a range of pediatric glial/
glioneuronal tumors. This panel would apply a histologically
and genetically defined list of tumors, which can be
combined into an integrated diagnosis. For instance, the
ependymomas would be categorized by anatomic site and
molecular characterization (supratentorial ependymoma,
RELA fusion-positive).

Tumor nomenclature is also under evaluation for
improvement and standardization. It was suggested that
names should be as simple as possible, and only location,
age, or genetic modifiers with clear clinical utility should
be adopted. As an example, chordoid gliomas which occur
predominantly in the third ventricle, the localization
information should be deleted from its nomenclature since
it provides a mechanism to characterize the entity and is
therefore not necessary in the name itself (134).

The cIMPACT-Utrecht committee agreed that the
methylome profile may offer reliability to identify many
CNS tumor types and subtypes since it has shown to
provide powerful information for the classification and
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diagnosis of these tumors. Another modification supported

by the last cIMPACT meeting was that all WHO CNS

tumor grades should switch to Arabic numerals to decrease
the possibility of typographical error that could address
clinical consequences.

There are some particular modifications that may be
implemented for some tumors most frequently observed in
the pediatric population.

% Diffuse glioma, H3.3 G34-mutant: It should be
listed in future classifications with the diffuse glial
tumors as a novel tumor type, distinct from the
established types of IDH-mutant and IDH-wildtype
gliomas, as well as from the H3 K27M-mutant
diffuse midline gliomas.

%  Polymorphous Low-grade Neuroepithelial Tumor
of The Young (PLNTY): future classifications
should consider placing either within the group
of “Neuronal and mixed neuronal-glial tumors”,
or more specifically, in the family of “Pediatric-
type glial tumors and glioneuronal tumors.” These
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tumors may present some characteristic imaging
findings including well-circumscribed lesions with
presence of macroscopic calcification and a cystic
component located peripherally/subcortically
mainly in the posteroinferior temporal lobe. The
pattern of prominent central calcification seen in
these tumors is distinctly unusual (135,136).

%  PFA ependymoma: The presence of chromosome
1q gain is recognized as an adverse prognostic
factor among pediatric-type/PFA tumors. The
subsequent WHO terminology for ependymomas
may differ from what has been proposed so far.

Conclusions

Primary pediatric brain tumors have variable clinical
and imaging presentations, which may pose a challenge
for the radiologist’s diagnosis. The ability to identify the
most common imaging phenotypes underlying molecular
properties, as well as the features of aggressiveness,
paves the way for early diagnosis for these children.
Understanding the unique imaging features of types of
tumors also supports appropriate therapies based on distinct
characteristics of each subtype of tumor.
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