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Abstract Pilocytic astrocytomas (PAs) were recognized
as a discrete clinical entity over 70 years ago. They are
relatively benign (WHO grade I) and have, as a group, a
10-year survival of over 90 %. Many require merely sur-
gical removal and only very infrequently do they progress
to more malignant gliomas. While most show classical
morphology, they may present a spectrum of morphologi-
cal patterns, and there are difficult cases that show simi-
larities to other gliomas, some of which are malignant and
require aggressive treatment. Until recently, almost nothing
was known about the molecular mechanisms involved in
their development. The use of high-throughput sequenc-
ing techniques interrogating the whole genome has shown
that single abnormalities of the mitogen-activating protein
kinase (MAPK) pathway are exclusively found in almost
all cases, indicating that PA represents a one-pathway dis-
ease. The most common mechanism is a tandem duplica-
tion of a ~2 Mb-fragment of #7q, giving rise to a fusion
between two genes, resulting in a transforming fusion pro-
tein, consisting of the N-terminus of KIAA1549 and the
kinase domain of BRAF. Additional infrequent fusion part-
ners have been identified, along with other abnormalities
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of the MAP-K pathway, affecting tyrosine kinase growth
factor receptors at the cell surface (e.g., FGFR1) as well as
BRAF V600E, KRAS, and NF1 mutations among others.
However, while the KIAA1549-BRAF fusion occurs in all
areas, the incidence of the various other mutations identi-
fied differs in PAs that develop in different regions of the
brain. Unfortunately, from a diagnostic standpoint, almost
all mutations found have been reported in other brain tumor
types, although some retain considerable utility. These
molecular abnormalities will be reviewed, and the difficul-
ties in their potential use in supporting a diagnosis of PA,
when the histopathological findings are equivocal or in the
choice of individualized therapy, will be discussed.
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Introduction

The term “pilocytic” to describe astrocytoma variants has
been used since the 1930s [8, 18] to indicate cells with
hair-like, bipolar processes. Today, what we call pilocytic
astrocytoma (PA) has had a number of names before the
WHO Classification System became generally accepted;
older terms include “polar spongioblastoma” and “juve-
nile astrocytoma”. The importance of distinguishing the
relatively benign PA from the other more aggressive “dif-
fuse gliomas” has been recognized by many authors for at
least 70 years [8]. Despite the worldwide acceptance of the
WHO C(lassification by neuropathologists, these tumors are
still clinically referred to by a number of terms, including
cerebellar astrocytoma, optic glioma, and infundibuloma,
because of the distinct predilection for young patients and
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certain anatomic sites, including the cerebellum, optic
pathways, and third ventricular/hypothalamic region.

In this paper, we will review our current knowledge
of the histopathological and molecular aspects of PA. As
defined in the current WHO Classification System [42],
PA makes up approximately 5.1 % of all gliomas and is
most common in children [47]. Males are slightly more fre-
quently affected than females. According to the CBTRUS
statistical report [48], PA is the most frequent primary brain
tumor in O- to 19-year olds, with an average annual age-
adjusted incidence rate (adjusted to the 2000 US standard
population) of 0.84 (per 100,000), which substantially
declines from the 10-14 years age group to the 15-19 years
age group. Pilocytic astrocytoma accounts for 15.4 % of
children and adolescents (019 years) and 17.6 % of child-
hood (0-14 years) primary brain tumors. Other studies
indicate an incidence rate of 4.8 per 1 million per year [9].
PA, however, may occur at any age, becoming increasingly
uncommon with advancing years [48]. PA can arise any-
where in the CNS, although it most frequently occurs in the
cerebellum (42 %), followed by the supratentorial compart-
ment (36 %), the optic pathway and hypothalamus (9 %),
brainstem (9 %), and the spinal cord (2 %) [9]. In children,
the most common site affected is the cerebellum (67 %),
with only rare cases developing supratentorially; while in
adults, there was no significant difference between cerebel-
lum and supratentorial compartment (33 % each) [9].

Almost all PAs are considered WHO grade 1. A rare
variant termed “pilomyxoid astrocytoma,” occurring pre-
dominantly in children under 1 year of age and in the hypo-
thalamic/chiasmatic region, has been assigned WHO grade
II. Uncommonly, cellular and highly atypical PAs with fre-
quent mitoses may be seen and could be considered on the
basis of the histological findings to be anaplastic, but no
WHO grade III variant is included in the WHO Classifica-
tion. Both these rare variants will be discussed below. For a
short review of the WHO grading system, see [42, 54].

Clinical symptoms

Presenting symptoms will generally be insidious due to the
slow growth of the tumor, and the identification of early
symptoms will be dependent on localization and the abil-
ity of the patient to communicate neurological change and
discomfort resulting from, for example, increased intracra-
nial pressure. Common presenting symptoms for cerebellar
tumors include ataxia, cranial nerve defects, and signs of
increased intracranial pressure (headache, nausea and vom-
iting). When present in the optic pathways, the tumors may
produce loss of visual acuity or field defects and, when
localized to the hypothalamus, may result in endocrine
syndromes, such as diabetes insipidus, precocious puberty,
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or electrolyte imbalance. Blocking of CSF pathways may
result in hydrocephalus with rapid deterioration.

Neuroimaging

Pilocytic astrocytomas usually appear on CT scans as
round/oval lesions that are well-defined iso- or slightly
hypo-dense and markedly enhance with contrast media.
On MRI, PAs are typically hypo- or iso-intense on T1
sequences and hyperintense on T2-weighted or FLAIR
images. They are typically strongly and diffusely enhanc-
ing (Fig. la—f). They may contain cysts or consist of a
tumor nodule in a cyst (the latter being particularly com-
mon for cerebellar and hemispheric tumors) (Fig. 1b, d, e).
Pilocytic astrocytoma, involving the optic pathways, optic
nerve, and chiasm, typically form fusiform masses. It is
the most common site in NF1 patients in whom bilateral
tumors may arise (Fig. 2a). In the posterior fossa, PA may
involve primarily the brainstem rather than the cerebellum.
At this site, in contrast to diffuse intrinsic pontine gliomas,
which infiltrate and expand primarily within the pons, PAs
are generally located dorsally and have an exophytic pat-
tern of growth (Fig. 1c) [20]. The spinal cord can also be
affected (Fig. 1f) [44, 45].

Pathology

Macroscopically, PAs are generally relatively soft in texture
and gray in sections of fixed specimens. They appear to be
well-defined. Cysts are common both within the tumor tis-
sue as well as around the tumor, the latter resulting in a cyst
with a tumor nodule (see Fig. 1b, d). Calcium deposits and
hemosiderin may be present, the latter secondary to small
bleeds into tumor tissue. Very rarely, PA can present with
extensive leptomeningeal involvement without parenchy-
mal involvement, the so-called “primary leptomeningeal
gliomatosis” [6].

Histopathologically, PA is a tumor of low to moderate
cellularity with compact, densely fibrillated areas rich in
Rosenthal fibers, consisting of cells with long bipolar (hair-
like) processes and elongated cytologically bland nuclei
(Fig. 2c), as well as loosely textured areas, composed of
multipolar cells (protoplasmic astrocyte-like), with bland,
round-to-oval nuclei, and multiple, relatively short cyto-
plasmic extensions. These areas have varying degrees of
mucoid background material with micro-cyst development
being common, as are also eosinophilic granular bodies
or hyaline droplets. The bipolar tumor cells are gener-
ally strongly GFAP immunoreactive, while the protoplas-
mic astrocyte-like tumor cells are less so. In some cases,
areas morphologically similar to oligodendrogliomas
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Fig. 1 Pilocytic astrocytoma, with its characteristic imaging features,
may occur virtually at any site in the CNS. Six different examples
(all histologically confirmed) with strong contrast enhancement are
illustrated: two cerebellar examples, one of a small left para-vermian
well-circumscribed and solid tumor (a) and one of a cystic tumor

may be found, but only rarely is the oligodendroglial-
like component predominant (see “Differential diagnostic
issues”). Cells with pleomorphic nuclei, often multinucle-
ated, may also occur and generally are found in the loose
microcystic regions. Rare mitoses are acceptable, but any
notable mitotic activity should warrant the consideration
of other glioma diagnoses. Ki67/MIB-1 indices of up to
4 % are common. Microvascular proliferation, resulting
in relatively thick-walled, hyalinized, and/or glomeruloid
vessels, is often seen, and infarct-like necrosis can occur
in some cases (no pseudopalisading) [24]. While these
findings are all compatible with a diagnosis of PA, they
sometimes make the distinction from other gliomas diffi-
cult, particularly when examining small biopsies. While
macroscopically appearing relatively well-defined, micro-
scopically, varying degrees of invasion into the adjacent
brain are observed [26]. Rare cerebellar tumors show a dif-
fuse pattern of growth, and molecular analysis may be of
some help in identifying these tumors as PAs (see below).
Consequently, both normal astrocytes and neurons may
become trapped in the tumor tissue. Microscopic infiltra-
tion of the leptomeninges frequently occurs, especially in

with a mural nodule (b); a “dorsally exophytic” midbrain PA (c¢); a
cyst with a mural nodule occupying the right thalamus (d); a periph-
eral solid and cystic tumor in the right parietal lobe (e); and a large,
circumscribed, intramedullary, tumor with a cystic component (f)

the cerebellum and optic nerve tumors, and is not an omi-
nous finding. Today, it is rare to see surgical resection spec-
imens from optic nerve gliomas in NF1 patients, given the
often benign and indolent natural history of these tumors,
which may, at times, regress. On cross section, the optic
nerve outline is often visible near the center of the speci-
men, while the tumor characteristically grows in the suba-
rachnoid space between the nerve and the dural sheath that
is markedly expanded (Fig. 2b—d). Meningothelial hyper-
plasia may occur and represent a potential pitfall in the dif-
ferential diagnosis between optic nerve PA and optic nerve
meningioma when only a small and superficial biopsy is
obtained (Fig. 2e).

Anaplasia in pilocytic astrocytoma

Most PAs are WHO grade I tumors and only rarely show his-
tological features of anaplasia, e.g., hypercellularity, moder-
ate to severe cytologic atypia in association with brisk mitotic
activity, microvascular proliferation and/or necrosis (coagula-
tive and/or pseudopalisading). Cases of apparent malignant
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Fig. 2 Pilocytic astrocytoma of the optic nerve. Bilateral fusiform
enlargement of the optic nerve is virtually diagnostic of neurofi-
bromatosis type 1 (a). The tumor typically extends into the lep-
tomeningeal space, expanding the dural sheath and compressing the
remaining optic nerve proper, which is atrophic (b). A complete cross

transformation of a classic PA have been documented largely
as case reports [1, 28, 36] and mainly following radiation ther-
apy, but bona fide histologically malignant cases may occur in
the absence of prior treatment. In a recent study of PAs, includ-
ing a series of 34 PAs with anaplastic features, the frequency
of anaplasia was very low (0.6 % among all PAs operated at
the Mayo Clinic and 1.8 % among all consultation cases) [52].
Twenty-four of the 34 (71 %) PA with anaplastic features had
a typical PA precursor, either coexistent (n = 14) (41 %) or
documented by previous biopsy (n = 10); while the remain-
ing 10 (29 %) exhibited typical pilocytic features in an other-
wise anaplastic astrocytoma. Only four had received radiation.
Eight patients (24 %) had a history of NFI1. Four histologi-
cal patterns of anaplasia were identified: (1) “pilocytic-like”
(41 %) with classic bipolar cells with Rosenthal fibers and/
or microcysts with eosinophilic granular bodies but with brisk
mitotic activity and hypercellularity; (ii) poorly differentiated,
small cell (32 %); (iii) epithelioid or rhabdoid (15 %); and
(iv) cases resembling a classic diffusely infiltrative fibrillary
astrocytoma (12 %). The presence of anaplastic features was
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section of the optic nerve is shown in the inset. The tumor has clas-
sic PA features with a densely fibrillated appearance and numerous
Rosenthal fibers (c). The interface between the optic nerve and the
tumor is shown in (d), while the subdural region shows meningothe-
lial hyperplasia, at times, with scant psammoma bodies (e)

associated with decreased survival when compared with typi-
cal PA. Interestingly, however, when compared to the histori-
cal cohort of diffusely infiltrative astrocytomas graded using
the Mayo-St. Ann system [15], PA with anaplastic features
grade-by-grade appeared to have a prognosis more favorable
than their corresponding diffusely infiltrative astrocytomas.
Unfortunately, due to the rarity of the PA with anaplasia cases
and their largely consultative nature, no tissue was available
for their further molecular characterization. Given the diffi-
culty and subjectivity in making the diagnosis of PA with ana-
plastic features based solely on morphology, it is desirable that
relevant molecular biomarkers, whenever available, are used
to characterize prospectively these rare tumors and, in particu-
lar, to evaluate the presence of MAPK pathway alterations.

Pilomyxoid astrocytoma variant

Pilomyxoid astrocytoma (PMA) is a PA variant that occurs
most commonly in the hypothalamic/chiasmatic region



Acta Neuropathol (2015) 129:775-788

779

Fig. 3 Pilomyxoid astrocytoma. A 13-month-old boy presented with
a relatively circumscribed, strongly enhancing left medial temporal
lobe mass (a). The tumor shows a monomorphous cell population in a
loosely arranged myxoid background (b). Tumor cells with angiocen-

in very young children. The tumor was first reported in
1999 [63] and was included in the WHO Classification in
2007 when it was provisionally given a WHO malignancy
grade of II [54]. It is typically composed of a monomor-
phous population of bipolar cells immersed in a myxoid/
mucoid background, displaying a variable angiocentric
arrangement with a tendency of the tumor to fall apart, at
least focally, into pseudopapillae (Fig. 3a—e). Rosenthal fib-
ers and eosinophilic granular bodies are characteristically
absent. Pilomyxoid astrocytoma cells are typically strongly
and diffusely positive for GFAP. Focal pilomyxoid features
can be seen in otherwise classic PA and do not warrant the
diagnosis of PMA. Some pilomyxoid tumors have been
found to recur as classical PAs, suggesting that they may
represent an early stage in the development of PAs [11, 31]
and that their more sinister prognosis may be due to their
identification in very young children and in regions where
it is difficult to carry out a radical operation. As described
below, some such cases have been shown to have the
KIAA1549-BRAF fusion gene, which is common in spo-
radic PAs [14].

tric arrangement and formation of pseudopapillary structures is typi-
cal (c). GFAP is typically positive in tumor cells (d), and immunocy-
tochemistry for neurofilaments is negative, the tumor being generally
relatively solid and devoid of axons (e)

Association with familial tumor syndromes

It has long been known that patients with neurofibromatosis
type 1 (NF1) have an increased risk of all gliomas, with PA
being the most frequent variant that occurs in about 15 %
of these patients [40, 51]. The optic pathways are most
commonly affected [39]. Until recently, NF1 patients were
clinically diagnosed [19] with few undergoing mutation
screening as the NFI gene spans 300 kb and is composed
of 58 exons, with multiple different and complex mutations
identified in the limited numbers of cases studied. With
newer high throughput sequencing techniques, it will be
interesting to see the full spectrum of mutations that occur
and whether there is any particular association between
distinct mutation types and the NF1 disease phenotype in
the individual case as has been suggested by some stud-
ies [7, 57]. The NF1 protein, called neurofibromin, acts in
the mitogen-activated protein (MAP) kinase pathway as a
GTPase-activating protein for RAS, facilitating the deacti-
vation of RAS. There is also an association between Noo-
nan syndrome (a neuro-cardio-facial-cutaneous syndrome)
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Normal cell

Fig. 4 The common fusion rearrangement: The upper black box rep-
resents 7q34 on the long arm of chromosome 7. Both KIAA1549 and
BRAF read towards the centromere (cent). A fragment of approxi-
mately 2 MB is duplicated and inserted at the breakpoint, producing
a tandem duplication and the fusion between the 5’ end of KIAA1549
and the 3’ end of the BRAF gene that codes for the kinase domain.
The fusion gene thus codes for the BRAF kinase domain together
with the N-terminal part of KIAA1549, replacing the BRAF regula-
tory domain. It is important to remember that the exact breakpoints
vary, resulting in nine combinations of KIAA1549-BRAF exons, all
with an open reading frame from KIAA1549 spliced sequence into

characterized by germ-line mutations of MAP kinase path-
way genes (PTPN11, SOS1, KRAS, NRAS, RAFI, BRAF,
SHOC?2 and CBL) [3, 50] and PA (as well as other malig-
nancies). The PTPN11 gene is mutated in about 50 % of
patients with Noonan syndrome and has been found also to
be mutated (admittedly always together with FGFRI muta-
tions, see below) in sporadic PAs [32]. However, the num-
ber of PAs reported in patients with Noonan syndrome is
small [22, 46, 50].

Molecular genetics

Little was known about the genetics of PA until 2008. The
only well-documented findings had been the association
with NF1 syndrome and single reports of KRAS [30] or
PTEN mutations [17] and the documentation of polysomy
of chromosomes 5, 6, 7, 11, 15, and 20 by classical or array
CGH that was almost exclusively found in older patients
[33, 53]. In 2008, there were a number of publications
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the BRAF sequence. This makes simple RT-PCR assays difficult. The
red and green dots represent the location of FISH probes that could
be used to identify the occurrence of the tandem duplication as dem-
onstrated in the lower part of the figure, showing interphase normal
and tumor nuclei with the tandem duplication hybridized with such
probes. Note that the two unraveled normal chromosomes 7 in the
normal nucleus show a single red and green signal adjacent to each
other, while the tumor cell nuclei show one normal chromosomal
signal but also a signal from the second chromosome 7, showing, in
addition, a yellow signal (due to the fusion of the extra, now adjacent,
red and green signals)

documenting a commonly occurring 2 Mb duplication of
7q34, encompassing the BRAF gene in PAs [5, 16, 49].
This was rapidly recognized to be a tandem duplication,
resulting in a transforming fusion gene between KIAA 1549
and BRAF (Fig. 4). The N-terminal end of the KIAA1549
protein replaces the N-terminal regulatory region of BRAF,
while retaining the BRAF kinase domain that, being unreg-
ulated, becomes constitutively activated [21, 34, 59]. It was
also recognized that, while the fusions between KIAA 1549
and BRAF overall were the most frequent genetic change in
PAs (>70 %) and appeared to occur in almost all anatomical
locations, they are most frequent in the cerebellar tumors
and are less frequent at other sites (see Fig. 5) [5, 29] where
mutations effecting other components of the MAPK path-
way have been found [32, 67] (Fig. 6). Whole-genome
sequencing of a substantial number of cases combined with
RNA sequencing has shown that the average somatic muta-
tion rate is very low in PAs, and almost all PAs studied in
sufficient detail have been found to have mutations of genes
coding for components of the MAP kinase pathway [32,
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Fig. 5 Pie charts summarizing the estimated frequency of particular
MAPK pathway alterations in different anatomic locations (posterior
fossa, diencephalon and cerebral hemispheres), calculated from a
total of 188 PAs described in described in Zhang et al. [67] and Jones
et al. [32]

67]. Further, eight gene partners for BRAF fusions have
been found in small numbers of cases (FAM131B, RNF130,
CLCN6, MKRN1, GNAIl, QKI, FZR] and MACF1I), all
resulting in the loss of the N-terminal regulatory region of
the BRAF protein and the retention of the kinase domain.
These arise by various genetic mechanisms, including dele-
tions and translocations [13, 21, 32, 67]. The commonly
occurring BRAF fusions have been shown to be capable
of transforming NIH-3T3 cells [34, 35]. Fusions between
SRGAP3 and RAFI have also been found in rare cases. As
in the case of BRAF, the RAFI fusion proteins retain the
kinase domain of RAF and lose the regulatory domain with
consequent constitutive activation and also activation of the
MAP kinase pathway [21, 35, 67].

Identification of the KIAA1549-BRAF fusion has been
used as a diagnostic marker for PAs, although there are
some reports that this fusion may also occur rarely in adult
diffuse astrocytic gliomas, including oligodendrogliomas
together with loss of 1p and 19q and IDHI mutation [4].
Unfortunately, the fusions between KIAA1549 and BRAF,
while all results in an open reading frame and code for a
fusion protein, including the BRAF kinase domain, can be
derived from at least nine different fusion site combina-
tions. This makes simple assays using, for example, PCR
difficult if one wants to identify or exclude all variants of
the fusion gene. This has resulted in FISH often being used
to demonstrate the tandem duplication at 7q34 (Fig. 4), it
being assumed to indicate the presence of a KIAAI549—
BRAF fusion. The most common fusion is between
KIAA1549-exon 16 and exon 9 of BRAF, followed by 15-9,

and 16-11, and then by further rare exon combinations,
including one which uses a cryptic BRAF acceptor splice
site [32, 67].

Non-fusion mutations of the BRAF gene have also been
identified in a subset of cases and include the well-known
V600E mutation [21, 32, 35, 59] as well as a number of
small insertions, which activate BRAF kinase signaling
[32, 35].

The importance of the NF1 gene in PAs associated with
the NF1 syndrome has been shown with the inherited muta-
tion being accompanied by a somatic mutation or loss of
the patient’s single wild-type allele in the tumor cells [25].
As mentioned above, there is some evidence that germ-line
mutations affecting the 5’ third of NF/ gene may be asso-
ciated with a greater chance of developing optic pathway
Pas [7, 57], although this is yet to be confirmed in a large
series.

The above alterations, identified in the era before next-
generation sequencing, were together seen to account for
the MAPK pathway “hit” in around 80-90 % of PAs. Two
recent studies, however, have largely resolved the issue of
which alterations define the remaining fraction [32, 67]. In
addition to the rare BRAF fusion variants described above
(with a growing list of 5’ partners), recurrent aberrations
affecting the FGFR1 and NTRK family receptor kinases
were observed. For the NTRK genes, these alterations were
in the form of gene fusions, with the varying 5’ partners
having a dimerization domain presumed to lead to consti-
tutive dimerization and activation of the kinase [32, 67].
Interestingly, similar fusions were also recently described
in a subset of infant high-grade gliomas [65]. For FGFRI,
the changes were more varied, including hotspot point
mutations (p.N546K, p.K656E); FGFR1-TACCI1 fusions
similar to those seen in adult GBM [61]; and a novel inter-
nal duplication of the kinase domain [termed TKD-dupli-
cated or FGFRI internal tandem duplication (FGFRI-
ITD)] [32, 67]. A summary of the incidence of all MAPK
pathway alterations identified in PAs to date can be found
in Fig. 6.

Interestingly, as indicated above, the spectrum of MAPK
pathway alterations is not equal across all anatomic loca-
tions [5, 29, 32, 67]. The KIAAI549:BRAF fusion is
extremely common in the cerebellum (found in approxi-
mately 90 % of cases) but somewhat less so supratentori-
ally (although it is still very common). FGFRI alterations
are largely restricted to midline structures, while BRAF
V600E and NTRK family fusions are relatively more com-
mon in supratentorial tumors as a whole (summarized in
Fig. 5). This variation is also observed in both the tran-
scriptome and the methylome, with infratentorial tumors
being distinguishable from their supratentorial counter-
parts on the basis of either gene expression or DNA meth-
ylation signatures [38, 58, 62]. The basis for this intriguing
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Fig. 6 Summary showing the
MAP kinase pathway with the
approximate incidence of the
different mutations in percent
in a series of PAs (adapted with
permission from Jones et al.
[32])
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relationship between site/cell of origin and certain molecu-
lar alterations is currently unclear.

In the appropriate morphological context, the presence
of these genetic alterations (particularly KIAA1549:BRAF
fusion) can be used together with other findings to support
the diagnosis of PA. It is clear, however, that the absence of
such a fusion provides no diagnostic information, as there
are so many other ways the MAP kinase pathway has been
found to be activated in PAs. Unfortunately, many of the
non-KIAA1549:BRAF alterations are also found to be sim-
ilarly aberrant in the tumor types that are frequently among
the differential diagnoses one has to consider when deal-
ing with a difficult case. For example, the BRAF V600E
mutation, while it occurs in a small subset of PAs, is a com-
mon mutation in gangliogliomas as well as pleomorphic
xanthoastrocytomas and has also been reported in dysem-
bryoplastic neuroepithelial tumors [12, 56]. This mutation
can now be identified using a monoclonal antibody that
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e.g. Cyclin D1
P

[ Cytoplasm

specifically recognizes the substitution of glutamic acid
(E) for valine (V) at position 600 in the BRAF protein
[10]. A summary of genetic aberrations reported to date in
PA, methods by which they may be identified and consid-
erations as to their diagnostic utility, is given in Table 1.
Notably, RNAseq is an extremely powerful method for
detecting almost all classes of aberration observed in PA to
date (with the possible exception of some NF1 alterations)
and is, therefore, arguably the “gold standard” method of
choice for molecular diagnostics in PA. At present, how-
ever, the cost and technical challenges (and requirement
for fresh-frozen tissue) make this unfeasible in the major-
ity of laboratories. A combination of other methods can
be used, which will still provide valuable information,
but it is unlikely that any (with the possible exception of
full whole-genome sequencing) will be able to detect the
entire range of changes observed. A further consideration
when employing RNAseq is that high coverage is needed to
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Table 1 PA mutations, methods to detect them, and their diagnostic utility

MAPK pathway aberration Preferred method

Alternative methods

Diagnostic utility

KIAA1549:BRAF RNAseq
Other BRAF/RAF1 fusions RNAseq
BRAF V600E Targeted sequencing
KRAS Targeted sequencing (exons 2, 3)

FGFR1 mutation

FISH (7q34 duplication); targeted
RT-PCR (may miss some variants)

NA (too many variants)

Anti-V600E THC; WES; WGS;
RNAseq

WES; WGS; RNAseq

Targeted sequencing (exons 12, 14) WES; WGS; RNAseq

Highly recurrent in PA; extremely rare
in other entities

Recurrent in PA; extremely rare in
other entities

Recurrent in supratentorial PA; also
common in GG/PXA/DNET

Rare in PA; frequency not fully estab-
lished in other entities

Recurrent in midline PA; frequency
not fully established in other entities

FGFRI1-ITD/fusion RNAseq WGS; targeted sequencing Rare in PA; also observed in other
LGG

NTRK fusions RNAseq NA (too many variants) Recurrent in PA; also observed in
other LGG and infant HGG

NF1 Clinical genetic testing WGS; WES Typically germline; closely associated
with optic pathway PA

detect some variants. For example, the KIAA1549:BRAF
fusion is often expressed at relatively low levels and may
be missed with insufficient sequencing depth (authors’ own
observations).

Prognosis and treatment

In general, PAs are considered to have an excellent prog-
nosis with overall 10-year survival reported to be over
90 % [9]. However, the prognosis for tumors in the hypo-
thalamic/chiasmatic region (where the pilomyxoid vari-
ant occurs) and tumors where complete surgical resection
was not carried out (or could not be carried out because
of location) has less favorable progression-free and over-
all survival [14]. In addition, the occasional PAs that show
leptomeningeal dissemination (not just localized leptome-
ningeal involvement alone) have a poorer outcome [14].

Pilocytic astrocytomas are primarily treated by surgery.
This may be followed up by radiotherapy, particularly
when there has been incomplete resection. Chemotherapy
may be given in some cases where the tumor progresses,
especially where further surgery is not possible.

Pilocytic astrocytomas only very seldom progress to
a more malignant form, with the vast majority, even after
multiple recurrences, maintaining their morphology and
WHO grade 1 designation. However, small numbers of
cases of apparent malignant transformation of a classical
PA have been documented [1, 28, 36, 52].

The molecular findings have resulted in preliminary
clinical trials of inhibitors of BRAF or targets further down
the MAP kinase pathway. Initial studies with BRAF inhibi-
tors have been published and demonstrated our incomplete

understanding of the way the inhibitors affect the compo-
nents of the MAP kinase pathway as well as the connec-
tions between this pathway and the PI3K/AKT/mTOR
pathway. Sorafenib treatment of a small series of patients
produced an unexpected acceleration of tumor growth irre-
spective of whether the tumor had a mutation of NFI or
BRAF. In vitro studies have shown paradoxical activation
of ERK by sorafenib in the context of the absence of wild-
type NF1 [66], and the vemurafenib-related BRAF inhibi-
tor PLX4720 has also shown paradoxical activation of the
MAP kinase pathway in cells expressing the KIAA1549—
BRATF fusion protein [60]. This may be explained by the
fact that in BRAF/RAF dimers, where one of the two
protomers has bound the drug, the non-drug-bound RAF
becomes highly activated with increased ERK signaling
(for a recent review of tumor responses to RAF family
inhibitors see [41]). However, these therapies do appear to
relatively effectively inhibit some types of tumors (at least
initially) with the BRAF V600E mutation, and some sec-
ond-generation inhibitors of BRAF have been reported that
do not result in paradoxical activation of cell proliferation
in cells expressing KIAA1549-BRAF fusion proteins [60].

Differential diagnostic issues

While in its classic form and typical location PA can hardly
be confused with any other CNS tumor, there are a number
of situations in which making the diagnosis of PA may be
challenging. The differential diagnosis among these tumors
still largely relies on histopathological assessment. A find-
ing of KIAA1549:BRAF fusion mutation and the absence
of other changes, in association with the appropriate
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morphological features, is supportive of the diagnosis of
PA. Unfortunately, most molecular markers cannot be used
as definitive discriminatory findings as many have been
reported to occur in primary brain tumors of various his-
togenesis in children and adults [2, 4, 12, 27, 37, 55].

The most frequent differential diagnosis of PA includes
a number of “relatively circumscribed tumors” mostly
of low grade (WHO grade I), including ganglioglioma
(GG), dysembryoplastic neuroepithelial tumor (DNET),
rosette-forming glioneuronal tumor of the fourth ventricle
(RFGNT), but also pleomorphic xanthoastrocytoma (PXA)
(WHO grade II). However, even glioblastoma can occa-
sionally be considered.

Ganglioglioma is a grade I glioneuronal tumor com-
posed of dysmorphic, frequently multinucleated ganglion
cells accompanied by a glial component, resembling most
often PA and less frequently either a diffuse astrocytoma
or PXA. The number of neoplastic ganglion cells can be
quite variable, and examples of truly “ganglion cell-poor”
GG occur not infrequently. We have repeatedly encoun-
tered cases located in the temporal lobe (the most frequent
single site of occurrence of GG) in which a first biopsy/
resection showed a morphologic picture consistent with PA
while a second resection, either to remove residual tumor
or a tumor recurrence, demonstrated a definite GG. This
has prompted us to often add a “disclaimer” to the diag-
nosis of PA in the temporal lobe “that PA is uncommon
in the temporal lobe, and cases have occurred in which a
second resection has disclosed a GG.” At the same time, in
the cerebellum, GG should not be over-diagnosed, as large
entrapped and distorted neurons from the deep nuclei can
easily be mistaken for neoplastic ganglion cells. Pilocytic
astrocytoma may mimic DNET with its typical oligoden-
droglial-like appearance; although frequently, the presence
of glomeruloid-like vessels and the imaging appearance
with enhancement point to the correct diagnosis.

Rosette-forming glioneuronal tumor (RFGNT) is a very
rare glioneuronal tumor, which occurs within the fourth
ventricle region, affects preferentially young adults, and
frequently shows histologic similarities with PA. We have
encountered examples in which a small focus with fea-
tures of RFGNT was present in an otherwise classic PA
(Fig. 7). In contrast to PA, RFGNT have not been reported
to harbor the KIAA1549-BRAF fusions or BRAF muta-
tions. Recently, FGFRI mutations, previously described in
PAs [32, 67] have been reported in 2 (of 8) RFGNT [23],
indicating that in addition to histologic similarities, at least
a subgroup of RFGNT may show molecular relationships
with PA.

Pleomorphic xanthoastrocytoma, also a tumor of chil-
dren and young adults, is typically a markedly cellular,
epithelioid (rather than piloid) tumor. It is nearly always
supratentorial, with only rare examples occurring in the
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cerebellum and spinal cord [27]. Unusual PA examples
with hypercellularity and marked cellular pleomorphism
may, however, be difficult to distinguish from PXA, a
tumor with a much higher frequency of recurrence and
more aggressive behavior than PA [27].

The most challenging and clinically most relevant differ-
ential diagnosis of PA, given the differences in prognosis
and the treatment implications, is with diffuse gliomas of
low and high grade. Histologically, PA may: lack its typi-
cal biphasic appearance; show a predominant oligodendro-
glial-like or astrocytic appearance without distinctive fea-
tures; undergo acute hemorrhage, which may result in an
“alarming” imaging appearance [64]; show necrosis and/or
microvascular proliferation [24]. In our experience, these
unusual features are most challenging when PA occurs in
the supratentorial compartment, especially in adult patients,
a group of patients and a location which would not read-
ily prompt consideration of PA but rather of diffuse glioma.
PA may closely mimic oligodendroglioma from which it
can often be morphologically distinguished based on its
relatively solid pattern of growth and presence (often only
focal) of characteristic bipolar cells with Rosenthal fibers
and/or eosinophilic granular bodies. In adults, the lack of
IDHI or IDH2 mutations, 1p19q co-deletion and/or pres-
ence of BRAF alterations are very helpful in sorting out the
differential diagnosis, but this does not apply in children,
in whom IDH] or IDH2 mutations and/or 1p19q co-dele-
tion are virtually absent. We have also seen supratentorial
PAs, with marked cellular pleomorphism, recent hemor-
rhage and/or necrosis, and with prominent microvascular
proliferation that have been mistaken for high-grade astro-
cytoma/glioblastoma. Critical examination of these cases
has revealed a very low proliferative activity and lack of
other features characteristic of a high-grade tumor; this has
helped in reaching the correct diagnosis.

Piloid gliosis, a type of chronic gliosis characterized
by a dense “refractile” fibrillary background with varying
degrees of hypercellularity and glial atypia and associ-
ated with Rosenthal fibers, may be very difficult to distin-
guish from a monomorphous densely fibrillated PA. Piloid
gliosis can be seen in a variety of conditions, including
the wall of a spinal cord syrinx, adjacent to long-standing
tumors such as craniopharyngioma or spinal ependymoma
or in cyst walls, including pineal cysts. In a small biopsy
from the spinal cord, a diagnosis of “dense piloid gliosis
with Rosenthal fibers cannot exclude PA” may be all that
is possible. Rarely, dense Rosenthal fiber deposition, often
perivascular and subpial, may be indicative of Alexander
disease, a rare genetic disorder caused by mutations in
the glial fibrillary acidic protein (GFAP) gene, which may
uncommonly manifest in children and/or adults with a spi-
nal or brain stem mass-like lesion, prompting consideration
of a neoplastic process and biopsy. The potential pitfalls
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Fig. 7 Pilocytic astrocytoma and rosette-forming glioneuronal tumor
of the fourth ventricle. This solid and cystic tumor, occurring in a
26-year-old man, occupied the superior portion of the fourth ven-
tricle (a). Most of the tumor displayed classic features of PA, being
biphasic with microcystic areas (b) and areas with densely fibrillated
tumors cells with abundant Rosenthal fibers (¢). A small, distinct,

we described will be magnified when only limited tissue is
available, as can happen with small biopsies, common at
certain sites (e.g., brain stem and spinal cord).

Summary

We have come a long way in our understanding of the
molecular changes that lie behind the development of
PAs (and the other common pediatric brain tumors). The
rate at which molecular findings have been incorporated
into the diagnostic process at many centers has been
impressive, but more remains to be done in this area.
The molecular findings are complex, and the fact that the
same mutations/rearrangements recognized to date can
occur in many of the tumor types in our current classi-
fication and, in particular, are common to tumor types
that can be included in the differential diagnosis of diffi-
cult cases where PA is being considered, makes their use
demanding and difficult. At some point in the future, one

very soft and light gray component was noted grossly, corresponding
histologically to a classic “rosette-forming glioneuronal component”
(d), with its characteristic high-power appearance (e) and synapto-
physin positivity, corresponding to the center of the neuropil rosettes

®

can hope that specific patterns of multiple (both positive
and negative) molecular findings will provide definitive
diagnostic biomarker patterns. However, in the emerg-
ing era of personalized medicine and targeted therapies,
“classification” arguably becomes less important as the
molecular findings in the individual case, rather than a
morphological grouping, will determine therapy. The
ongoing updating of the WHO Classification of CNS
tumors will ensure that the integration of molecular
information into the neuropathological work-up of brain
tumors becomes the norm [43]. While attempts at uti-
lizing this knowledge in the treatment of children with
PAs have, as yet, been unsuccessful, we await the results
of ongoing trials targeting the MAP kinase pathway
downstream of BRAF and with combination therapies.
The huge advances in the last few years will undoubt-
edly continue, eventually leading to effective and spe-
cific individualized treatments of pediatric CNS tumors,
including PAs that do not damage the surrounding devel-
oping brain.
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