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ABSTRACT

BACKGROUND AND PURPOSE: Posterior fossa type A (PFA) ependymomas have 2 molecular subgroups (PFA-1 and PFA-2) and 9
subtypes. Gene expression profiling suggests that PFA-1 and PFA-2 tumors have distinct developmental origins at different rostro-
caudal levels of the brainstem. We, therefore, tested the hypothesis that PFA-1 and PFA-2 ependymomas have different anatomic
MR imaging characteristics at presentation.

MATERIALS AND METHODS: Two neuroradiologists reviewed the preoperative MR imaging examinations of 122 patients with PFA
ependymomas and identified several anatomic characteristics, including extension through the fourth ventricular foramina and
encasement of major arteries and tumor type (midfloor, roof, or lateral). Deoxyribonucleic acid methylation profiling assigned epen-
dymomas to PFA-1 or PFA-2. Information on PFA subtype from an earlier study was also available for a subset of tumors.
Associations between imaging variables and subgroup or subtype were evaluated.

RESULTS: No anatomic imaging variable was significantly associated with the PFA subgroup, but 5 PFA-2c subtype ependymomas in
the cohort had a more circumscribed appearance and showed less tendency to extend through the fourth ventricular foramina or
encase blood vessels, compared with other PFA subtypes.

CONCLUSIONS: PFA-1 and PFA-2 ependymomas did not have different anatomic MR imaging characteristics, and these results do
not support the hypothesis that they have distinct anatomic origins. PFA-2c ependymomas appear to have a more anatomically cir-

cumscribed MR imaging appearance than the other PFA subtypes; however, this needs to be confirmed in a larger study.

ABBREVIATIONS: PF = posterior fossa; PFA = posterior fossa type A, PF-EPN-A; PFB = posterior fossa type B, PF-EPN-B

Ependymomas account for >5% of pediatric CNS tumors and
approximately 50% of brain tumors in children younger than
Syears of age."”” Approximately 90% of pediatric ependymomas
are intracranial, and about 70% occur in the posterior fossa.’
Posterior fossa (PF) ependymomas are usually centered in the
fourth ventricle or cerebellopontine angle cistern, often extend
through the foramina of Luschka and/or the foramen of
Magendie, and tend to encase cranial nerves and vascular
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structures, making it difficult to achieve a gross total surgical
resection, the most important prognostic factor for prolonged
survival.>®

Developments in molecular characterization and genetic profil-
ing of pediatric brain tumors have led to improvements in risk
stratification and associated treatment modification for these neo-
plasms.®® For example, these methods now divide medulloblas-
toma into 4 molecular groups and 12 subgroups, which may be
used for prediction of outcomes and stratification of treatment.*®
Deoxyribonucleic acid methylation profiling has been used to
divide PF ependymomas into 3 molecular groups, posterior fossa
type A/PF-ependymoma (EPN)-A (PFA), posterior fossa type B/
PF-EPN-B (PFB), and posterior fossa subependymoma/PF-subep-

9-11

endymoma.” PF-subependymoma tumors are rare adult subep-
endymomas, and approximately 90% of PF ependymomas are
from the PFA group.'” PFA ependymomas primarily occur in
infants and young children (median age at presentation, 3 years),
and PFB ependymomas are mostly seen in adolescents and young

adults, with a median age at presentation of 30years. The PFA
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group is divided into 2 subgroups, PFA-1 and PFA-2.° PFA-1
tumors express specific Homeobox family genes, which are upregu-
lated in the caudal brainstem and upper spinal cord during CNS
development, while genes located more rostrally in the developing
brainstem at the midbrain-hindbrain junction (eg, EN2, CNPY1)
are expressed in PFA-2 ependymomas.’ These distinct gene
expression profiles suggest that PFA-1 and PFA-2 tumors originate
from different brainstem locations. DNA methylation profiling has
also revealed 9 subtypes of PFA ependymomas, 6 in the PFA-1
subgroup (la through 1f) and 3 in the PFA-2 subgroup (2a
through 2c).” The PFA subgroups and subtypes are associated with
different genetic and clinical variables, including different progno-
ses and patterns of relapse.’

The concept that imaging findings may be associated with
molecularly distinct pediatric CNS tumors is supported by evi-
dence that different molecular groups of medulloblastoma arise
from different anatomic locations and that these differences are
visible on MR imaging.'*"> In a recent study that extended this
idea to the posterior fossa ependymoma groups, Yonezawa et al'®
found that in 16 patients with posterior fossa ependymomas (9
PFAs and 7 PFBs), PFB tumors enhanced to a greater extent than
PFA lesions. In that investigation, however, no significant differ-
ence was detected between PFA and PFB tumors in their tend-
ency to extend beyond the fourth ventricle. Imaging analyses of
posterior fossa ependymomas and evaluations of operative find-
ings and techniques related to their resection have identified ana-
tomic characteristics of the tumor that impact resectability and
survival. These include location, relationship to blood vessels and
cranial nerves, and extension of the tumor into adjacent anatomic
regions.*'”""?

An evaluation of a small group of PFA ependymomas per-
formed as part of a larger study of the molecular characteristics of
those tumors found some differences in the anatomic locations of
the PFA subgroups.” We wanted to expand on that small com-
bined imaging and surgical analysis by examining the differences
in the anatomic characteristics seen solely on imaging between
the 2 subgroups of PFA ependymomas in a larger group of
patients. Our primary aim in this study was to evaluate potential
differences in the anatomic characteristics of PFA-1 and PFA-2
ependymomas seen on MR imaging and determine whether
those differences support different anatomic origins of the tumor
subgroups. As an exploratory objective, we investigated potential
different anatomic characteristics of the PFA subtypes as seen on
MR imaging, with particular attention paid to the PFA-2¢ sub-
type, which is the subtype with the best prognosis.”

MATERIALS AND METHODS

The study was approved by our institutional review board. One
hundred twenty-two patients with PF ependymoma treated at
or who presented for consultation to the St. Jude Children’s
Research Hospital between 1996 and 2017 with evaluable preop-
erative MR imaging examinations and tumor specimens available
for DNA methylation profiling were identified. The preoperative
examinations were performed at outside institutions and varied
with respect to pulse sequences obtained and imaging technique.
Suitable studies were those that provided anatomic definition
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that allowed distinction of tumor from adjacent anatomic struc-
tures, including fourth ventricle foramina and major arteries.
T1WI was available for all subjects; T2WI, for 120 subjects, and
FLAIR images, for 106 subjects. One hundred nineteen subjects
had postcontrast T1-weighted images. Two radiologists, each
with Certificates of Added Qualification in neuroradiology and
>10years’ practice experience and who were blinded to each
other’s evaluations, reviewed the preoperative MRIs and deter-
mined for each case whether the tumor extended below the fora-
men magnum, involved the foramina of Luschka, or encased the
basilar artery and/or vertebral arteries. Tumors that extended
below a line drawn from the tip of the clivus to the opisthion
were considered to extend below the foramen magnum. Any tu-
mor that extended beyond the margin of the fourth ventricle into
one or both foramina of Luschka was characterized as involving
those structures, and a tumor that appeared to extend around at
least 50% of the circumference of the basilar and/or vertebral ar-
tery was classified as encasing those vessels.

The radiologists categorized the ependymomas as midfloor
type, lateral type, or roof type using criteria described by U-King-

Im et al.'®

According to these criteria, midfloor tumors are those
that generally displace the brainstem anteriorly, the entire brain-
stem is seen in its entirety in 1 sagittal image, and the obex is
filled with tumor (Fig 1A, -B). Lateral tumors are centered in the
lateral recess of the fourth ventricle or cerebellopontine angle cis-
tern, usually do not involve the obex, and generally displace the
brainstem laterally (Fig 1C, -D). For our evaluation, lesions that
appeared inseparable from the roof of the fourth ventricle with a
complete or partial gap between the tumor and floor were classi-
fied as roof-type tumors, though no criteria for this type of poste-
rior fossa ependymoma were provided by U-King-Im et al (Fig
1E, -F). The radiologists also evaluated the tumors for imaging
evidence of necrosis, defined by the presence of centrally located
nonenhancing areas within the lesions and ring enhancement.
Finally, the radiologists determined whether hydrocephalus was
present on the preoperative examination. Discrepancies between
the radiologists’ conclusions were resolved by consensus between
the 2 reviewers.

Genomic DNA was extracted from 23 frozen tumor
specimens following standard procedures for proteinase K
(ThermoFisher Scientific) digestion, phenol:chloroform:isoamyl
alcohol extraction and ethanol precipitation,*® and from 99 for-
malin-fixed and paraffin-embedded tissue specimens using the
Maxwell RSC DNA formalin-fixed and paraffin-embedded kit
(AS1450; Promega). DNA samples were quantified using
Picogreen (Invitrogen). Genome-wide DNA methylation pro-
files were generated from Infinjum HumanMethylation450
(450K) or MethylationEPIC BeadChip arrays (Illumina), follow-
ing the manufacturer’s instructions.

Ninety-nine of 122 tumors were included in our prior study
and assigned to the PFA-1 or PFA-2 subgroup.” In the present
study, we first confirmed that all 122 tumors were assigned to the
PFA subgroup using the Molecular Neuropathology brain tumor
classifier (v11b4) (www.molecularneuropathology.org).21 Next,
we classified 23 new samples as PFA-1 or PFA-2 by consensus
clustering of the study cohort using the exact same parameteriza-
tion as in our prior study.” Prior subgroup designation was


http://www.molecularneuropathology.org

FIG 1. PFA ependymoma types based on location. Sagittal TI- (A) and axial T2-weighted images (B):
Midfloor-type posterior fossa ependymomas fill the obex (arrowhead), and a gap may be seen
between the roof of the fourth ventricle and the tumor (arrows, A). The brainstem is displaced anteri-
orly (arrow, B), and in the sagittal plane, it is seen in its entirety in a single sagittal image. Sagittal TI- (C)
and axial T2-weighted images (D): Lateral-type posterior fossa ependymomas are centered in the lateral
recess of the fourth ventricle or cerebellopontine angle (arrows, C) and displace the brainstem laterally
(arrow, D). The brainstem usually cannot be seen in a single sagittal image. Postgadolinium sagittal T1-

consistent with the k = 2 clustering so-
lution. New samples were labeled
according to the subgroup label of
their assigned consensus cluster in this
joint analysis. All computational anal-
yses were performed in R statistical
and computing software (Version 3.6;
Methyl-
ation array processing was performed

http://www.r-project.org).

for 122 samples as described previ-
ously,’” with the additional step of
using the combineArrays function to
obtain a virtual array of the subset of
probes common across the 450K and
EPIC array platforms. Normalization
and filtering steps were unchanged.
Data on PFA subtypes from our prior
study were available for 98 of 122 PFA
ependymomas in the present study.”
Associations between imaging var-
iables and PFA subgroup variables
were investigated using the X test
because the expected cell counts were
>5 in all contingency tables. Given
the small number of tumors in some

(E) and axial T2-weighted images (F): Roof-type posterior fossa ependymomas appear closely associated

with the roof of the fourth ventricle (arrows, E and F) and do not fill the obex (arrowhead, E). A gap is
usually seen between the tumor and the floor of the fourth ventricle (arrowhead, F).

Table 1: Association of imaging variables with PFA ependymoma
subgroups

Yes (%) No (%)

Extends below foramen magnum, P =18

PFA-1 67(893)  8(107)

PFA-2 37(787)  10(21.3)

Total 104 (852) 18 (14.8)
Involves foramina of Luschka, P = .55

PFA-1 61(813) 14 (187)

PFA-2 41(872)  6(12.8)

Total 102 (83.6) 20 (164)
Encases blood vessels, P =.73

PFA-1 33 (44.0) 42 (56.0)

PFA-2 23(489) 24 (51))

Total 56 (459) 66 (54)
Necrosis (P = .03)?

PFA-1 59 (80.8) 14 (19.2)

PFA-2 28(60.9) 18 (39.)

Total 87 (731)  32(26.9)
Hydrocephalus, P = .36

PFA-1 65(867) 10 (133)

PFA-2 44 (936)  3(64)

Total 109 (89.3)  13(107)

®Data for this variable were available for 119 subjects because 3 patients did not
have preoperative postcontrast images available.

Table 2: Anatomic type on imaging (P = .24)

Lateral (%) Midfloor (%) Roof (%)
PFA-1 33 (44.0) 32 (42.7) 10 (13.3)
PFA-2 14 (29.8) 23 (48.9) 10 (213)
Total 47 (38.5) 55 (45.1) 20 (16.4)

of the PFA subtypes, descriptive statis-
tics such as frequency tables were pro-
vided to explore the relationships of
the imaging characteristics of the
tumors with the subtypes. All the analyses were performed in R
software (Version 3.6.2).

RESULTS

The 122 subjects ranged in age from 5.3 months to 13.5years
(mean, 2.76 [SD, 2.26] years; median, 2.15 years), and most were
male (71 [58.2%]). Of 122 PFA ependymomas, 75 (61%) were
classified as PFA-1, and 47 (39%), as PFA-2. There was no signifi-
cant difference in the mean age (PFA-1, 2.9years; PFA-2,
2.6 years; P=.50, 2-sample ¢ test) or sex distribution (PFA-1, 31
female, 44 male; PFA-2, 20 female, 27 male; P=1.00; ,\/2 test)
between the PFA subgroups. PFA subtypes were distributed
among 98 tumors for which data were available as follows: PFA-
la, 13; PFA-1b, 16; PFA-1c, 4; PFA-1d, 9; PFA-1le, 14; PFA-1f, 4;
PFA-2a, 24; PFA-2b, 9; PFA-2c, 5.

None of the imaging variables were associated with the 2 PFA
subgroups except for necrosis (Tables 1 and 2). Review of contin-
gency tables showed a larger proportion of tumors of the PFA-2¢
subtype not extending below the foramen magnum, not involving
the foramina of Luschka, and not encasing vessels compared with
the other PFA-2 subtypes or all other subtypes taken together
(Tables 3 and 4). A greater proportion of PFA-2¢c ependymomas
were of the midfloor type than the other PFA-2 subtypes or all
other subtypes taken together. On the basis of these findings, a
flag variable that incorporated the variables of “no” for extension
below the foramen magnum and “no” for encasement of vessels
and midfloor-type was used, and a frequency table showed that a
much greater proportion of the PFA-2c ependymomas had the
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Table 3: Imaging characteristics of PFA-2c ependymomas com-
pared with other PFA-2 subtypes and all other PFA subtypes®

Yes No

Extends below foramen magnum

PFA-2c 0 (0%) 5 (100%)

PFA-2a and PFA-2b 29 (87.9%) 4 (12.1%)

All other PFA tumors 96 (88.9%) 12 M%)
Encases blood vessels

PFA-2c 0 (0%) 5 (100%)

PFA-2a and PFA-2b

All other PFA tumors
Involves foramina of Luschka

PFA-2c

PFA-2a and PFA-2b

All other PFA tumors

17 (51.5%)
50 (46.3%)

16 (48.5%)
58 (53.7%)

2 (40%)
31(93.9%) 2 (6.1%)
92 (85.2%) 16 (14.8%)
*Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-1 subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 8 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

3 (60%)

Table 4: Imaging type of PFA-2c ependymomas compared with
other PFA-2 subtypes and all other PFA subtypes®

Lateral Midfloor Roof
PFA-2c 0 (0%) 5 (100%) 0 (0%)
PFA-2a and PFA-2b 10 (30.3%) 14 (42.4%) 9 (27.3%)

All other PFA tumors 43 (39.8%) 46 (42.6%) 19 (17.6%)

®Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-1 subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 8 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

Table 5: PFA-2c ependymomas compared with other PFA-2 ep-
endymoma subtypes and all other PFA subtypes with respect
to flag variable 1

Flag Variable 1° Yes No
PFA-2c 5 (100%) 0 (0%)
PFA-2a and PFA-2b 3 (9%) 30 (91%)
All other PFA tumors 6 (5.6%) 102 (94.4%)

*Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-1 subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 9 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

® The flag variable incorporates the following 3 variables: “no” for extension below
the foramen magnum, “no” for encases blood vessels, and “midfloor-type” tumor.

features of the flag variable than other PFA-2 subtypes or all the
other subtypes as a whole (Table 5).

DISCUSSION

Previous investigations of PF ependymomas have revealed associa-
tions between tumor location and operative or disease out-
comes, 17182223 Lo example, Tkezaki et al,'’ U-King-Im et al,'®
and Nagib and O’Fallon™ noted lower survival rates and greater
difficulty in obtaining a gross total resection for laterally located
tumors (those involving the lateral recess of the fourth ventricle and
cerebellopontine angle). Sanford et al® pointed out that cerebello-
pontine angle ependymomas in children arising from the foramen
of Luschka and the lateral aspect of the medulla tend to encase cra-
nial nerves and blood vessels and are difficult to resect completely,
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leading to lower survival rates. Sabin et al* determined that pediatric
PF ependymomas could be divided into 2 distinct anatomic groups
based on the location of their centroids and that the groups were
associated with differences in progression-free survival and central-
versus-lateral tumor location. The results of these studies with
respect to clinical outcomes of posterior fossa ependymomas con-
tributed to our hypothesis that the anatomic characteristics of a pe-
diatric PFA ependymoma might also help predict its subgroup. In
fact, though no survival difference was shown among the sub-
groups, an imaging and operative analysis of 40 tumors described
in the article by Pajtler et al’ outlining the PFA ependymoma sub-
groups and subtypes found that the PFA-1 lesions were more likely
to be located laterally than the PFA-2 subgroup and that the origin
of PFA-2 tumors was more frequently from the roof of the fourth
ventricle than the origin of PFA-1 ependymomas, suggesting that
the subgroups arise from cells at different brainstem levels. These
prior investigations suggested that an imaging evaluation of a larger
group of PFA ependymomas would result in identification of dis-
tinct anatomic markers for the PFA subgroups.

In this investigation, however, traditional anatomic characteris-
tics seen on imaging could not be used to separate PFA tumors into
their subgroups, and the findings do not provide support for the
hypothesis that the PFA-1 and PFA-2 subgroups arise in different
locations. The association of necrosis with subgroups is of uncertain
significance. If different sites of origin for the PFA subgroups lead
to different vascular supplies for the PFA-1 and PFA-2 tumors, this
difference could, theoretically, cause the PFA-1 subgroup to have
more tenuous neovascularization with a greater tendency to throm-
bosis and necrosis. Our results, however, suggest that gross ana-
tomic characteristics of PFA ependymomas visible on MR imaging
at presentation are not indicative of where PFA-1 and PFA-2
tumors arise. This outcome may reflect loss of visibility on MR
imaging of key anatomic distinctions related to the PFA subgroups
by the time a tumor has grown large enough to cause symptoms.
Given their ability to capture more subtle differences between imag-
ing characteristics of tumors, machine learning techniques and
radiomics may be beneficial in future efforts to use imaging to clas-
sify PFA ependymomas by subgroup and determine their anatomic
origins. These imaging approaches have recently been used with
MR imaging to predict the subgroups of medulloblastomas.****

Examination of the imaging characteristics of tumors among
the PFA subtypes, while limited by the small number of subjects
in some of the subtypes, revealed that a larger proportion of PFA-
2c ependymomas did not involve fourth ventricle foramina and/
or did not demonstrate vascular encasement compared with
other subtypes. A greater proportion of PFA-2¢ tumors also
showed a group of imaging characteristics contained in a flag
variable than the other PFA subtypes. These variables (no exten-
sion below the foramen magnum, no encasement of vessels, and
midfloor-type) suggest that the PFA-2c lesions tend to be more
anatomically circumscribed than PFA ependymomas of other
subtypes. PFA-2¢ tumors had the best survival profile of all the
PFA subtypes in our earlier study,” and this could be related to a
greater proportion of that subtype having imaging characteristics,
contained in the flag variable, associated with greater resectability
and better outcomes.*>'®!%*>?* Although additional study of

larger numbers of PFA-2c¢ subtype ependymomas is needed



FIG 2. PFA-2c ependymoma versus another subtype. Postgadolinium sagittal TI- (A) and axial T2-weighted (C) MR images of a PFA-2c subtype
ependymoma and sagittal TI- (B) and axial T2-weighted (D) MR images of another PFA ependymoma subtype (Ib) show that the PFA-2c ependy-
moma has a more circumscribed appearance in that it does not wrap around the brainstem or extend below the foramen magnum in distinction
from the PFA-1b subtype (arrow, B). The PFA-2c ependymoma in this case did not extend through the foramina of Luschka, unlike the PFA-1b tu-
mor (arrows, D), or encase the basilar or vertebral arteries. This more circumscribed appearance was seen in the 5 PFA-2c tumors in our study,
though evaluation of a larger number of this subtype is needed to confirm this appearance as a characteristic of PFA-2c ependymomas.

before any firm conclusions can be made, the subtype appears to
have a distinct appearance that may be associated with its better
outcome compared with the other PFA subtypes (Fig 2). If accu-
rate imaging prediction of the PFA-2c¢ subtype can be achieved, it
would provide a noninvasive method to aid in clinical decision-
making and determining prognosis.

Limitations of this investigation include the heterogeneity of the
preoperative MR imaging examinations, which were performed at
different institutions and with inconsistent imaging techniques.
This might have limited consistent evaluation of the tumors, includ-
ing determination of anatomic areas of involvement. The studies
were only included, however, if they provided adequate visualiza-
tion of the posterior fossa structures of interest, and all determina-
tions of tumor characteristics were made by 2 neuroradiologists,
with any differences resolved by consensus. Another limitation was
the difficulty in distinguishing midfloor-type tumors from roof-
type tumors because both types are centered in the fourth ventricle
and it was sometimes difficult to determine whether a gap between
the tumor and roof or floor of the fourth ventricle was present.
Thus, some tumors may have been misclassified as midfloor or roof
type. This limitation may have been lessened by the use of consen-
sus between the neuroradiologists for difficult cases.

CONCLUSIONS

Pediatric PFA ependymomas cannot be separated into their sub-
groups on the basis of traditional MR imaging characteristics,
and these imaging characteristics, by themselves, do not provide
support for different sites of origin. Evaluation of limited num-
bers of PFA ependymoma subtypes suggests that the PFA-2c sub-
type may have distinctive imaging characteristics; however, this
possibility needs to be confirmed using a suitable statistical
method with a larger number of PFA subtypes.
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