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Abstract

Purpose In addition to histology, genetic alteration is now required to classify many central nervous system (CNS) tumors
according to the most recent World Health Organization CNS tumor classification scheme. Although that is still not the case for
classifying pediatric low-grade neuroepithelial tumors (PLGNTSs), genetic and molecular features are increasingly being used for
making treatment decisions. This approach has become a standard clinical practice in many specialized pediatric cancer centers
and will likely be more widely practiced in the near future. This paradigm shift in the management of PLGNTS necessitates better
understanding of how genetic alterations influence histology and imaging characteristics of individual PLGNT phenotypes.
Methods The complex association of genetic alterations with histology, clinical, and imaging of each phenotype of the extremely
heterogeneous PLGNT family has been addressed in a holistic approach in this up-to-date review article. A new imaging
stratification scheme has been proposed based on tumor morphology, location, histology, and genetics. Imaging characteristics
of each PLGNT entity are also depicted in light of histology and genetics.

Conclusion This article reviews the association of specific genetic alteration with location, histology, imaging, and prognosis of a
specific tumor of the PLGNT family and how that information can be used for better imaging of these tumors.

Keywords Pediatric low-grade glioma (PLGG) - Pediatric low-grade neuroepithelial tumors (PLGNTs) - MAPK - MRI -
Imaging - Radiology - KIAA1549-BRAF fusion - BRAF p.V600E

Key points

1. Genetic alterations leading to activation of the mitogen-activated pro-
tein kinase (MAPK) pathway are the signature molecular characteristics
of pediatric low-grade neuroepithelial tumors (PLGNTSs) that encompass
both glial and glioneuronal tumors.

2. The KIAA1549-BRAF fusion, leading to MAPK pathway activation,
is the most frequent genetic alteration in PLGNTs. This fusion is the
hallmark of cerebellar pilocytic astrocytoma and is also enriched in mid-
line PLGNTs. Tumors with KIAA1549-BRAF fusion have excellent
overall prognosis.

3. BRAF p.V60OE mutation is the second most frequent genetic alteration
in PLGNTs. Unlike KIAA1549-BRAF fusion, BRAF p.V600E-mutatant
tumors are enriched in cerebral hemispheres and is present in many dif-
ferent histologic phenotypes. Tumors with BRAF p.V600E mutation
have worse prognosis compared to tumors with KIAA1549-BRAF fu-
sion. BRAF inhibitors have significantly improved the outcomes of pa-
tients having BRAF V600E-mutant PLGNTs.

4. Within the spectrum of PLGNTSs, specific genetic alterations show
predilections for anatomic locations and histologic phenotype—both of
which influence the imaging characteristics of individual PLGNTSs.

5. Specific genetic alterations also dictate the prognosis of a tumor.
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Introduction

Pediatric low-grade neuroepithelial tumors (PLGNTs) are
the most common central nervous system (CNS) tumors
in children, and they constitute approximately 30% of all
brain tumors in children [1]. PLGNTs are World Health
Organization (WHO) grade I or grade II low-grade glio-
mas and glioneuronal tumors that arise throughout the
neuraxis [2, 3]. Tumors of the PLGNT family have been
classified by histology, even in the most recent WHO
CNS tumor classification system. Accordingly, the classi-
cal radiology approach has been to describe imaging ap-
pearances of a specific histologic entity. This approach,
however, is rapidly changing.

In the last two decades, tremendous advancements have
been made in understanding the genetic basis of PLGNTSs.
The profound impact of genetics on biology, morphology,
and prognosis of individual PLGNT phenotypes is now being
gradually unraveled [4]. We now know that specific genetic
and epigenetic architectures have a predilection for specific
age groups, specific brain areas, and specific morphological
variants of PLGNTSs [3, 5, 6]. Uncovering these features has
led to better characterization and classification of these enti-
ties, specifically in tumors with overlapping histologic pheno-
types [4, 5]. Although genetic alteration data are still not re-
quired for classifying PLGNTSs according to the most recent
WHO CNS tumor classification system [3], nevertheless, ge-
netic and molecular features are increasingly being used to
make treatment decisions for patients with PLGNTSs [4, 5,
7]. This approach has become a standard clinical practice in
many specialized pediatric cancer centers and will likely be
more widely practiced in the near future. This paradigm shift
in managing PLGNTSs necessitates a better understanding of
how genetic alterations influence histology and imaging of
individual PLGNT phenotypes. In this review, we discuss
recent advances in our understanding of the genetic underpin-
nings of PLGNTSs and how those genetic features can be used
in imaging for better imaging of the tumors of the PLGNT
family.

The genetic landscape of PLGNTs

We now know that almost all of PLGNTSs are driven by a
single genetic event that activates the mitogen-activated pro-
tein kinase (MAPK) pathway (Fig. 1) [8]. Whole-genome
sequencing studies showed alterations in the MAPK pathway
in almost all pilocytic astrocytomas (PAs), without any other
genetic alterations [9]. The evidence of MAPK pathway acti-
vation in PLGNTs is so overwhelming that it has been postu-
lated that PLGNTS can be considered one-pathway disease [5,
10].
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MAPK pathway in PLGNT

MAPK is a protein kinase that specifically phosphorylates
serine and threonine residues of target proteins. This signaling
cascades to transduce a diverse array of stimuli from the cell
membrane to the nucleus to maintain cellular homeostasis of
gene expression controlling cellular proliferation, differentia-
tion, survival, and apoptosis [11].

Dysregulation of the MAPK pathway leads to tumorigen-
esis and is common in a wide range of low-grade and malig-
nant CNS tumors [12]. The MAPK pathway can be activated
(a) at the level of the cell membrane via overexpression of cell
surface receptors by gene amplification, which makes the cell
hyperresponsive to normal ambient cell-receptor ligands (e.g.,
EGFR amplification), and (b) within the cytoplasm via genetic
alterations of specific MAPK pathway proteins. These genetic
alterations can involve inhibitory mutations in tumor suppres-
sor genes (e.g., NF1), gain-of-function mutations in proto-
oncogenes (e.g., BRAF mutation), or fusion of genes of
MAPK pathway proteins with other genes (e.g., BRAF fusion)
[12].

Activation of the MAPK pathway that leads to tumorigen-
esis results from two mutually exclusive genetic alterations:
(a) genetic rearrangements such as duplication, fusions, or
translocations; or (b) single nucleotide variation (SNV) muta-
tions. Although these genetic alterations are not specific to one
particular histologic phenotype, clinical outcomes of patients
depend on the type of genetic alteration that leads to tumori-
genesis. Clinical profiles of patients having genetic
rearrangement—driven tumors are significantly different from
those having SNV-driven tumors. Regardless of the histologic
phenotype, tumors having genetic rearrangements occur in
younger children and have a less aggressive clinical course,
whereas SNV-driven tumors occur in relatively older children
(> 5 years) and are associated with poorer outcomes [8]. Given
these observations, pediatric neuro-oncologists prefer to strat-
ify PLGNTSs by their genetic alteration patterns [5, 8], al-
though the WHO classification scheme does not yet include
genetic information.

Major genetic alterations leading to MAPK pathway
activation in PLGNTs

Genetic rearrangements

KIAA1549-BRAF fusion: The KIAA1549-BRAF fusion is
the most frequent molecular alteration in patients with
PLGNTs [5, 8, 13]. This fusion result from a ~2-Mb tandem
duplication at 7q34 [14]. The most common fusion occurs
between the KIAA1549 exon 16 and BRAF exon 9, followed
by the 15:9 fusion, 16:11 fusion, 18:10 fusion, and 19:9 fu-
sion, in decreasing order of prevalence [5, 14]. All these ge-
netic alterations code for a fusion protein in which the BRAF



Neuroradiology (2021) 63:1185-1213

1187

Cell membrane

GRBBZ

Inactive RAS

A4

Cytoplasm

| ——
Inactive Active

RHEB RHEB

mTOR C2

Cellular Survival

Nucleus

Fig. 1 Mitogen-activated protein kinase (MAPK) pathway (green back-
ground on the right) and mammalian target of rapamycin (mTOR) path-
way (purple background on the left) in tumorigenesis of PLGNTs.

kinase domain is retained but the N-terminal regulatory region
of BRAF is lost, resulting in constitutive activation of the
BRAF kinase and downstream upregulation of the MAPK
signaling pathway [13, 14].

Histologic significance: KIAA1549-BRAF fusion is char-
acteristically associated with PAs and tumors arising in the
posterior fossa, especially the cerebellum [5, 8, 13, 15].
However, KIAA1549-BRAF fusion has been found at other
CNS locations and in other histologic phenotypes [5].

Imaging significance: Tumors harboring the (16:9)
KIAA1549-BRAF fusion tend to arise from midline structures
and have a predilection for infratentorial structures, especially
the cerebellum [5, 13]. Additionally, optic pathway tumors are
commonly driven by (16:9) KIAA1549-BRAF fusion.
PLGNTs with (15:9) KIAA1549-BRAF fusion more com-
monly arise from the supratentorial compartment or at the
midline [16]. Tumors with (16:9) KIAA1549-BRAF fusion
are usually well-circumscribed, whereas tumors with (15:9)
KIAA1549-BRAF fusion tend to extensively disseminate [§].

Prognostic significance: Patients having tumors with the
(16:9) KIAA1549-BRAF fusion have excellent prognosis,
with 5-year progression-free survival (PFS) rates of 77—
100% and rare progression or recurrence [8]. This excellent
prognosis might be due to tumors with this genetic fusion
being well-circumscribed and typically affecting the

Orange boxes show the genetic alterations that drive the tumorigenesis
along these pathways. The dashed line indicates weak interaction of the
MYB/MYBLI with the MAPK and mTOR pathway

cerebellum, which is easily amenable to gross total resection
[5, 17]. Patients with PLGNTSs with (15:9) KIAA1549-BRAF
fusion, however, have a poorer prognosis with a 5-year PFS
rate of only 59% [8].

FGFR alterations: The fibroblast growth factor receptor
(FGFR) family consists of four highly conserved transmem-
brane tyrosine kinase receptors (FGFR1-4) and represents a
receptor tyrosine kinase (RTK) signaling pathway that trans-
duces signal from the cell surface to the nucleus by activating
the intramembranous tyrosine kinase domain [18]. Two major
patterns of FGFRI gene arrangement are common in
PLGNTs: FGFRI1 tyrosine kinase domain duplication
(FGFR1-TKDD) and FGFR1-transforming acidic coiled-coil
protein 1 fusions (FGFRI-TACCI1). A functional study
showed that FGFR1-TKDD induces FGFR1 autophosphory-
lation and upregulation of both MAPK/ERK and PI3K path-
ways. FGFRI-TACCI1 fusions also constitutively activate
FGFR and cause downstream activation of the MAPK path-
way [19]. FGFR2—-Catenin Alpha 3 fusion (FGFR2-
CTNNA3) is another more recently described FGFR alter-
ation that is thought to result in homodimerization and auto-
phosphorylation of FGFR2 and downstream MAPK [20].

Histologic significance: Histologic manifestations of
FGEFR alterations are variable. FGFR1 alterations are enriched
in PLGNTs with an oligodendroglial phenotype [21]. The
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FGFR1-TACCI fusion is typically associated with extra-
ventricular neurocytomas having an oligodendroglioma-like
appearance on histology [22]. FGFR1-TKDD is characteristi-
cally seen in dysembryoplastic neuroepithelial tumors
(DNTs), which also demonstrate oligodendroglial morpholo-
gy on histology. FGFR1-TKDD is also associated with
pediatric-type diffuse low-grade gliomas (PDLGGs) with oli-
godendroglial phenotype on histology [23]. FGFR2-
CTNNA3 fusion is characteristically found in polymorphous
low-grade neuroepithelial tumor of the young (PLNTY), an-
other tumor with oligodendroglial morphology on histology
[8]. However, FGFR1 alterations have also been described in
tumors with astrocytic lineage. Both FGFR1-TACCI fusion
and FGFR1-TKDD fusion have been described in
extracerebellar PAs [5, 23].

Imaging significance: All tumors associated with FGFR1/2
alterations preferentially affect the cerebral hemispheres [8].
Tumors associated with FGFR1-TKDD (including PAs) and
FGFR?2 fusions preferentially affect cortical/juxtacortical re-
gions of the cerebral hemisphere [23]. Tumors associated with
FGFRI-TACCI fusion commonly have cystic components
(Fig. 2) [8].

Prognostic significance: Patients with tumors associated
with FGFR1/2 alterations have an excellent overall survival
(OS) rate. The 5-year PFS rate varies from 69% in those with
FGFRI-TACCI1 and FGFR1-TKD fusions to 88% in those
having the FGFR2 fusion [8].

MYB/MYBLI alterations: The MYB proto-oncogene pro-
tein (c-MYB) plays an important role in controlling prolifera-
tion and differentiation of hematopoietic and other progenitor
cells. The MYB-QKI fusion is a major MYB alteration,
enriched in angiocentric gliomas (AGs) [24]. Rarely, the
proto-oncogene MYBLI (MYB Like 1) is involved in the de-
velopment of PLGNTs.

Histologic significance: Unlike tumors with FGFR alter-
ations, MYB alterations are typically associated with astrocyt-
ic tumors [5, 21]. MYB-QKI fusion is found in 87% of AGs
and 41% of pediatric diffuse low-grade gliomas (PDLGGs)
(Fig. 2). MYBLI alterations are associated with diffuse iso-
morphic glioma.

Imaging significance: Most PLGNTs with MYB/MYBL1
alterations are hemispheric tumors; the brain stem and dien-
cephalon are involved less commonly [5, 24].

Prognostic significance: Tumors with MYB and MYBL1
alterations occur in young children, and their prognosis is
excellent, with a 10-year OS rate of 90% [24].

Single nucleotide variation BRAF: The BRAF p.V600E muta-
tion, in which single valine nucleotide is replaced with glutamic
acid at position 600, constitutively activates the RAS/MAPK
pathway by acting as a phosphomimetic. This BRAF p.V600E
SNV is the second most common genetic alteration in PLGNTSs.
Like other SNV-driven tumors, those with the BRAF p.V600E
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SNV are frequently associated with additional SNVs, most com-
monly NF1, FGFR1, KRAS, and H3F3A [8].

Histologic significance: Unlike PLGNTSs with KIAA1549-
BRAF fusions, tumors with BRAF p.V600E SNVs are histo-
logically diverse, with this mutation occurring in up to 80% of
pleomorphic xanthoastrocytoma (PXAs), 40% of PDLGGs,
and 45% of GGs (Fig. 5) [25]. It is less common in PAs and
glioneuronal tumors. A rare variant of the BRAF SNV, BRAF
p.V600D, has also been described in desmoplastic infantile
ganglioglioma (DIG) [26].

Imaging significance: Compared to PLGNTs with
KIAA1549-BRAF fusions, which are spatially enriched in
the cerebellum and midline structures, tumors with BRAF
p-V600E SNVs are more common in the supratentorial com-
partment, occurring most frequently in cerebral hemispheres.
Involvement of midline structures such as the diencephalon
and brainstem is not uncommon, but cerebellar involvement is
rare [27, 28].

Prognostic significance: Patients having PLGNTs with
BRAF p.V600E mutation have poorer OS and PFS rates than
BRAF fusions do [27]. Because tumors having BRAF
p-V600OE mutation frequently involve deep brain structures,
complete resection is rarely achieved. Furthermore, BRAF
p-V600OE mutation is frequently associated with additional
SNVs, including homozygous CDKN2A deletions, that carry
the risk of transforming a PLGNT to a higher-grade glioma,
specifically in PXAs [29]. Both incomplete resection and ad-
ditional mutations especially CDKN2A deletions are indepen-
dent predictors of poor outcome [27]. Targeted therapy using
BRAF inhibitors (i.e., dabrafenib) is an excellent treatment
option in tumors with BRAF pV600E SNV with a robust
and durable responses [30].

Neurofibromatosis 1 (NF1): NF1 is caused by a germline
mutation in the NF'/ tumor suppressor gene that functions as a
negative regulator of the RAS/MAPK pathway (Fig. 1).
PLGNTs associated with NF1 result from loss of the wild-
type allele, resulting in activation of the RAS/MAPK pathway
due to loss of function of neurofibromin, a tumor suppressor
protein. NF1-associated low-grade gliomas, usually seen at
younger ages, have very low mutation burden, with only a
few somatic mutations [31]. In contrast, higher-grade gliomas,
which are more common in adults with NF1, have a higher
mutation burden involving ATRX, TP53, and CDKN2A [31].

Histologic significance: In up to 15% of patients with NF1,
PLGNTs develop in the optic pathway; in another 5%,
PLGNTs develop in other regions of the CNS (Fig. 2).

Imaging significance: In children, tumors with NF1 muta-
tion are typically midline PAs with an unusual propensity to
involve the optic pathway. The brainstem is the second most
common site of tumor with NF1 mutation.

Prognostic significance: Optic pathway PLGNTSs in pa-
tients with NF1 are mostly asymptomatic and indolent
and do not require treatment. In some cases, the tumor
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Fig.2 Characteristics of specific genetic alterations. Based on the genetic
profile, location, age at presentation, and histology, the PLGNT
phenotypes can be stratified as (a) low risk, requiring a conservative
approach involving surgical resection and wait and watch; (b) intermedi-
ate risk, necessitating proactive engagement with surgical resection, che-
motherapy with or without targeted therapy, and close surveillance; and
(c) high risk, requiring aggressive management with surgical resection,
chemotherapy, and considerations for clinical trials. [5] Green back-
ground indicates the low risk profile associated with these genetic

regresses completely over time without any treatment
[13]. Some optic pathway tumors in younger children
(<5 years old) can have concomitant involvement of the
medial temporal lobes, basal ganglia, and thalamus [32].
These “deep extensive tumors” are associated with nonvi-
sual CNS symptoms and confer a worse prognosis, with a
PFS rate of only 4 years [32]. PLGNT associated with
NF1 can develop outside the optic pathway in up to
19% of patients [8]. Patients with non-optic pathway tu-
mors have poorer prognosis than do patients with optic
pathway tumors, particularly if the children are younger
(<2 years old) and the tumors have additional mutations
[8]. Up to 63% of non-optic pathway gliomas progress
over time [33]. Historically, patients with PLGNTs with
NF1 mutation were either not or rarely biopsied because
they have favorable outcomes. However, given the posi-
tive correlation between additional genetic alterations and

GENETIC KIAA1549- NF 1 SNV FGFR1 -TKDD FGFR1-TACC1 FGFR2 MYB-QKI MYBLA1 BRAF pV600E FGFR1 SNV
ARCHITECTU BRAF Fusion FUSION FUSION FUSION ARRANGEME SNV
RE NT

~2% ~1% 1.5% 15-17% 1.5-5%

7.7Y TR 5Y 10.6 Y 11.4Y
ODG=70%, AG=100% PDLGG=83%, GG=31% DNT=31%
DNT=20%, PA=17%, LGG NOS=23%, PA=28%, LGG
GNT=10%, PA=16%, NOS=12

OTHERS=16% OTHERS=13%

CCO

CH=100% BS=14% BS=17% C=5% C=13%
CH=86% CH=83%
BS = 10%, BS =3%,
CH=56% CH=47%
88% 90% 67% 53% 53%

rearrangements and SNVs. Orange background suggests intermediate
risk associated with these genetic SNVs. Data from Ryall et al [S].
Abbreviations: PA, pilocytic astrocytoma; PDLGG, pediatric diffuse
low-grade glioma; PLGNT, pediatric low-grade neuroepithelial tumors,
GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumor;
ODG, oligodendroglioma; LGG NOS, low-grade glioma not otherwise
specified; RGNT, rosette-forming glioneuronal tumor; BS, brainstem; C,
cerebellum; CH, cerebral hemispheres; DC, diencephalic; OP, optic
pathway

resultant poorer outcomes in patients with non-optic path-
way NF1 tumors, a biopsy is justified to identify at-risk
patients early in the disease’s course of management [5,
8].

FGFR1: Two hot spot mutations (p.N546K and
p.K656E.) in the tyrosine kinase domain of FGFRI1 can
constitutively activate FGFR1 and activate the MPAK
pathway. These hot spot mutations occur in up to 10%
of PLGNTs.

Histologic significance: An FGFR1 SNV is seen in 1.8% of
PLGNTs, most frequently in DNTs and extracerebellar PAs
[8], and in PDLGGs [7]. FGFR1 SNVs have also emerged as
the molecular hallmark of rosette-forming glioneuronal tumor
(RGNT) [34].

Imaging significance: Like other FGFR1 alterations, most
tumors associated with the FGFR1 SNV preferentially affect
cortical/juxtacortical regions of the cerebral hemisphere.
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Prognostic significance: Tumors with FGFR1 SNV prog-
ress rapidly (median progression time is 2.2 years) with a 5-
year PFS rate of only 53% [8].

Secondary genetic alterations in PLGNTs

CDKN2A deletion: The homozygous deletion of 9p21.3 re-
sults in loss of the tumor suppressor CDKN2A, which regu-
lates the Glcell cycle. In contrast to adult low-grade gliomas,
PLGNTs do not commonly lose CDKN2A expression, with
an incidence of loss of 6-20% in PLGNTs. Within the
PLGNT family, this mutation is a common secondary muta-
tion in tumors with the BRAF V600E SNV, specifically in
PXAs [5, 35]. A combination of BRAF V600E SNV and
CDKN2A deletion has also been described in PDLGGs and
in hemispheric PAs [35]. PLGNTs with both BRAF p.V600E
and CDKN2A deletions represent a distinct clinical subtype
that frequently shows more aggressive histologic behavior and
is prone to transformation into secondary HGG [29].
Accordingly, tumor progression or recurrence may be encoun-
tered more frequently during follow-up imaging of these
PLGNTs.

Epigenetic landscape of PLGNTs

The interplay of epigenetic and genetic alterations in PLGNTs
is not fully understood. However, epigenetic analysis using
DNA methylation arrays has already improved our under-
standing of and ability to diagnose and risk-stratify pediatric
brain tumors [6]. Epigenomic analysis has uncovered new
molecular entities and allowed more accurate classification
and subclassification of tumors, which has helped identify
prognostic risk groups and may allow the development of
epigenetics-based tailored therapy [6, 36-38]. Epigenetics-
based subclassification of PLGNTSs suggests that a specific
DNA methylation status is more tightly linked to tumor loca-
tion than genetic alterations are [6]. Midline optic pathway
and cerebellar tumors are clustered together. Even for the
same histologic subtypes with similar genetic alteration, the
DNA methylation profile of diencephalic tumors differs from
that of hemispheric tumors [6].

The epigenetic landscape of PLGNTS is rapidly changing.
Currently, epigenetics is being sparingly used to characterize
specific PLGNTs, but in the near future, epigenetic informa-
tion will likely be extensively used to characterize PLGNTs.

Histologic landscape of PLGNTSs
PLGNTs are an extremely heterogeneous group of neoplasms

arising predominantly from the glial cell lineage that includes
astrocytic, oligodendrocytic, or mixed neuronal and glial
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lineage. These tumors are classified as WHO grade I and 11
tumors [3]. Although PLGNTSs encompass numerous histo-
logic phenotypes, they can manifest either as a focal well-
circumscribed tumor or as a diffuse infiltrating tumor with
ill-defined margins.

Focal well-circumscribed phenotypes of PLGNTs

PAs are the most common well-circumscribed PLGNTSs (up to
85%). Although PAs can arise anywhere along the neuraxis,
most involve the cerebellum and midline structures such as the
brainstem and the optic pathway [39]. Most of the other well-
circumscribed tumors involve the cerebral hemispheres and
constitute up to 20% of all biopsied PLGNTSs [40, 41]. The
incidence of cerebral hemispheric PLGNTs in order of de-
creasing frequency is as follows: gangliogliomas (GGs;
23%), dysembryoplastic neuroepithelial tumors (DNTs;
18%), PLGNTs not otherwise specified (12%), glioneuronal
tumors (9%), oligodendrogliomas (6%), pleomorphic
xanthoastrocytoma (PXAs; 5%), and subependymal giant cell
astrocytoma (SEGA; 4%) [4].

Diffuse phenotypes of PLGNTSs

Unlike the well-circumscribed tumors, the diffuse low-grade
gliomas with infiltrative margins are uncommon in the pedi-
atric population [7], with an incidence of 8% [4]. Pediatric-
type diffuse low-grade gliomas (PDLGGs) are enriched in
BRAF p.V600E mutation, FGFR alteration, or MYB or
MYBLI rearrangement [7]. This phenotype has an indolent
clinical course with rare anaplastic progression [7]. Patients
with this phenotype generally have a prolonged disease course
and good OS, despite experiencing significant morbidity dur-
ing their chronic disease [7]. PDLGGs have no genetic hall-
mark. BRAF p.V600OE mutation, FGFR alterations, and
MYB/MYBLI rearrangement are common in PDLGGs and
these genetic alterations significantly influence prognosis of
PDLGGs; it has been suggested to classify PDLGGs on the
basis of these specific genetic alterations [7].

Although there are radiological and histological similari-
ties, PDLGG and diffuse low-grade gliomas in adults have
clinically significant differences: Adult diffuse low-grade gli-
omas are most commonly IDH-mutated astrocytoma or
oligodendroglioma with concomitant 1p/19q deletion. These
adult-type tumors have a more aggressive clinical course and
higher chances of transformation into a higher-grade glioma.
IDH wild-type and histone H3 wild-type PDLGGs are indo-
lent tumors with low risk of malignant transformation.

Similar to PDLGGs, polymorphous low-grade
neuroepithelial tumor of the young (PLNTY) has infiltrating
margins. PLNTYs are usually smaller tumors that typically
present with seizures due to preferential involvement of the
cortical/juxtacortical regions.
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Diffuse leptomeningeal glioneuronal tumor (DLGNT) is
another diffuse tumor that specifically involves the
leptomeningeal surface of the spinal cord and posterior fossa.
It is also biologically distinct from PDLGGs as this tumor
frequently harbors BRAF fusions and 1p deletions [33].

Clinical landscape of PLGNTs

The clinical presentation of PLGNTSs largely depends upon the
location of the tumor. Glioneuronal and neuronal phenotypes of
PLGNTs usually arise from superficial aspects of the brain (cor-
tical/juxtacortical regions); they typically present with a long his-
tory of epilepsy and are commonly known as long-term epilepsy-
associated tumors (LEATS) [42]. BRAF p.V600E SNV, FGFR1
alterations, and MYB alterations are the common drivers of
LEATS. NF1-associated tumors preferentially arise from the optic
pathway and present with altered vision. Tumors with
KIAA1549-BRAF fusion commonly involve the cerebellum
and present with gait or coordination problems, with or without
features of increased intracranial pressure. Tumors around the
foramen of Monro, such as SEGA (due to TSC1 and TSC2
SNV) and septal dysembryoplastic neuroepithelial tumors
(sDNT), frequently result in obstructive hydrocephalus. Tectal
glioma (TG) and larger posterior fossa tumors also can produce
hydrocephalus by compressing the aqueduct of Sylvius and the
4th ventricle respectively. Duration of symptoms also depends
upon the location of the tumor. A tumor closer to eloquent brain
areas presents early, whereas a tumor arising from non-eloquent
areas presents relatively late. As a result, a tumor arising from the
non-eloquent brain areas, regardless of its histologic phenotypes,
is usually larger at presentation.

Although any PLGNT phenotype can present anytime during
the childhood, some phenotypes preferentially involve a specific
age group. For example, desmoplastic infantile astrocytoma and
desmoplastic infantile ganglioglioma (DIA and DIG) present
very early (<2 years), whereas PLNTY typically affects older
teens (median age of presentation, 17.5 years). PA, the most
common PLGNT phenotype, most commonly occurs before
20 years of age.

Imaging landscape of PLGNTs

The imaging landscape of PLGNTs is tightly linked to
tumor location and histology. Well-circumscribed, focal
tumors tend to appear well-circumscribed on imaging
[43]. Similarly, PDLGGs are ill-defined both in histology
and on imaging. The imaging appearance of the internal
morphology of a specific PLGNT phenotype also de-
pends on the specific histologic phenotype (cellular den-
sity, incidence of mitotic figures, type of matrix, vascu-
larity, etc.) Tumors with hypercellularity, such as DIA
and DIG and some of the PXAs, demonstrate diffusion
restriction, whereas tumors with loose matrix, such as
DNTs, demonstrate no diffusion restriction. The cystic
component of the tumors demonstrates facilitated diffu-
sion. The perfusion characteristics of a specific PLGNT
phenotype depend upon histology. Unlike in high-grade
gliomas, neo-angiogenesis is not a dominant histologic
feature of PLGNTSs. Expectedly, low perfusion is the typ-
ical appearance of PLGNTs on perfusion imaging.
Tumors with leaky blood vessels demonstrate enhance-
ment. Elevated choline and low N-acetyl aspartate
(NAA) are the most common findings on MR

Fig. 3 Spatial clustering of PLGNT phenotypes. Red color represents
cerebellar clustering; green color represents midline tumors, and brown
represents hemispheric tumors that include both cortical/juxtacortical tu-
mors and deep brain tumors. Red font indicates the preferred site for that
individual PLGNT phenotype. Abbreviations: AG, angiocentric glioma;
DIA&G, desmoplastic infantile astrocytoma and ganglioma; DLGNT,
diffuse leptomeningeal glioneuronal tumor; DNT, dysembryoplastic
neuroepithelial tumor; GG, ganglioglioma; IDG, isomorphic diffuse

glioma; LGG NOS, low-grade glioma not otherwise specified; PA,
pilocytic astrocytoma; PDLGG, pediatric diffuse low-grade glioma;
PGNT, papillary glioneuronal tumor; PLGNTSs, pediatric low-grade
neuroepithelial tumor; PLNTY, polymorphous low-grade neuroepithelial
tumor of the young; PMA, pilomyxoid astrocytoma; PXA, pleomorphic
xanthoastrocytoma; RGNT, rosette-forming glioneuronal tumor; SEGA,
subependymal giant cell astrocytoma; sDNT, septal DNT; TG, tectal
glioma
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Fig. 4 Spatial enrichment of specific genetic mutations. a Spatial
clustering of PLGNT phenotypes. Red color represents cerebellar
clustering; green color represents midline tumors, and brown represents
hemispheric tumors that include both cortical/juxtacortical tumors and
deep brain tumors. Red font indicates the preferred site for that individual
PLGG phenotype. 1=KIAA1549-BRAF fusion; 2=NF1 SNV; 3=BRAF

spectroscopy (MRS). Elevated lactate has been described
in PAs and PGNTs. Elevated ml has been described in
DNTs and in AGs.

Spatial enrichment of individual PLGNT phenotype ul-
timately depends upon the underlying genetic changes lead-
ing to tumorigenesis, which are important for both histology
and imaging. The differential diagnoses of a brain tumor is
largely dependent upon the epicenter of a tumor. Spatial
enrichment of genetic changes and histology are describe