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INTRODUCTION

Abstract

Ependymomas originate in posterior fossa (PF), supratentorial (ST) or spinal cord (SC)
compartments. At present, grading schemes are applied independent of anatomic site. We
performed detailed histological examination on 238 World Health Organization grade 11
and III ependymomas. Among PF ependymomas, the presence of hypercellular areas,
necrosis, microvascular proliferation and elevated mitotic rate (all 2 < 0.01) were signifi-
cantly associated with worse progression-free survival (PFS), while extensive ependymal
canal formation was not (P = 0.89). Similar to the PF tumors, microvascular proliferation
(P=0.01) and elevated mitotic rate (P = 0.03) were significantly associated with worse
PFS in the ST tumors. However, in contrast to PF tumors, extensive ependymal canals
(P =0.03) were associated with worse clinical outcome in ST ependymomas, but hyper-
cellularity (P =0.57) and necrosis (P =0.47) were not. On multivariate Cox regression,
after adjusting for relevant clinical variables, individual histological factors and a compos-
ite histological score remained significant among ST and PF ependymoma. In contrast to
both PF and ST ependymoma, histological features were not found to be associated with
PFS in SC tumors. Taken together, the clinical relevance of specific histological features in
ependymoma appears to be related to the anatomic site of origin and suggests that site-
specific grading criteria be considered in future classification systems.

account for approximately 10% of CNS tumors (13). The age at
diagnosis of ependymomas also appears to vary by location of the

Ependymomas are primary central nervous system (CNS) tumors
that morphologically resemble ependymal cells that line the ven-
tricles. These tumors may originate in the cerebral hemispheres,
posterior fossa (PF) or spinal cord (SC) (14). While these tumors
constitute only about 3—5% of adult CNS tumors (5), their relative
incidence rises among children and young adults, in whom they
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tumor (14). The current World Health Organization (WHO) 2007
edition guidelines for grading ependymomas from all locations are
based on the predominance of histological features that have been
well established as markers of aggressive behavior, including
tumor cellularity, cytologic anaplasia, mitotic index, microvascular
proliferation and tumor necrosis. The influence of clinical factors
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including age at diagnosis, site of origin and extent of tumor
resection has been well established in prior reports (4-6, 15, 21).
Recently, stereotypic genetic alterations that are associated with
clinically distinct subgroups of ependymomas have also been iden-
tified (8, 10, 19, 22, 23). However, these factors are not considered
in the current WHO criteria when grading ependymomas from the
different sites of origin. Studies examining the influence of indi-
vidual histological features and clinical factors on the prognosis of
patients with ependymomas originating from these distinct loca-
tions are lacking.

In the present study, we report findings following a detailed
evaluation of individual histological features, along with the well-
established clinical parameters of age at diagnosis and extent of
surgical resection, among a heterogeneous population of pediatric
and adult patients with ependymomas originating in the PF,
supratentorial (ST) compartment and SC.

MATERIALS AND METHODS

Cases of ependymomas with tissue sections available for histologi-
cal review were identified from among patients registered in the
database of the Collaborative Ependymoma Research Network
(CERN) tissue repository. All demographic data, dates of events,
clinical, therapeutic and outcome information were obtained from
the CERN database. All patients with a minimum follow-up of 3
years or recurrence within 3 years of the first diagnosis were
considered eligible. Tumors that that did not have a specified site of
origin, specimens that had not been obtained from the first surgery,
and those that carried a diagnosis of subependymoma or myxo-
papillary ependymoma were excluded from further analysis. All
histopathology slides had been submitted for central review, and
those with a confirmed diagnosis of ependymoma were selected.

Histology and Anatomic Site in Ependymoma

A predetermined set of qualitative and quantitative histological
features were evaluated for each case. These are summarized in
Table 1 and representative areas are illustrated in Figure 1. Briefly,
the architectural features that were qualitatively assessed as absent,
poorly formed or well-formed included perivascular pseudoro-
settes, ependymal canals, papillary structures and microvascular
proliferation. True microvascular proliferation was defined as per
current WHO guidelines as vascular cell hyperplasia with multi-
layered, mitotically active endothelial cells together with smooth
muscle cells/pericytes. The overall tumor cellularity, highest cel-
lularity identified, extent of nuclear anaplasia, highest nuclear
anaplasia identified and the presence of tumor necrosis, with or
without pseudopalisading of tumor cells, were separately noted.
Hypercellularity was defined as the presence of at least one 400x
field where the neoplastic cells had sparse to absent gliofibrillary
cytoplasmic processes, and the neoplastic nuclei appeared to be in
contact with each other. In contrast, low cellularity was defined as
areas where each neoplastic nucleus was separated from adjacent
neoplastic nuclei by abundant gliofibrillary cytoplasmic processes.
The extent of fibrillary areas, perivascular pseudorosettes, ependy-
mal canals, papillary structures, hypercellular areas, areas with
extensive nuclear anaplasia, tumor necrosis and microvascular
proliferation were also quantitatively evaluated as being absent
(0%) or forming <25%, 25-50% and >50% of the tumor tissue
examined. The highest mitotic count was determined in 10 con-
secutive high-power fields (HPF) in the most active area of the
tumor. A cut-off of <5 vs. =5 mitoses per 10 HPF was used to code
low vs. high mitotic rate. The extent of invasion was assessed in
samples where an interface between the ependymoma and adjacent
tissue was present in the submitted slide, noted as absent, focal or
extensive. In addition, the extent of areas with overall features
consistent with Grade III ependymoma based on the WHO 2007

Table 1. Histological features evaluated.
Score

0 1 2 3

Infiltration of adjacent brain

Pseudorosettes
Quality

Extent in tissue examined

Ependymal canals
Quality

Extent in tissue examined

Papillary structures

Absent  Focal Extensive —

Absent  Poorly formed  Well formed
Absent  <25% 25-50% >50%

Absent  Poorly formed  Well formed —
Absent  <25% 25-50% >50%

Brain Pathology 23 (2013) 584-594
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Quality Absent  Poorly formed  Well formed —

Extent in tissue examined Absent  <25% 25-50% >50%
Nuclear Anaplasia

Quality None Mild Moderate Severe

Extent in tissue examined Absent  <25% 25-50% >50%
Hypercellular areas

Extent in tissue examined Absent  <25% 25-50% >50%
Tumor necrosis

Extent in tissue examined Absent  <25% 25-50% >50%
Microvascular proliferation

Extent in tissue examined Absent  <25% 25-50% >50%
World Health Organization Grade Il features

Extent in tissue examined Absent  <25% 25-50% >50%
Mitotic rate

Per 10 high power fields — — — —
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guidelines was also recorded. All available slides were independ-
ently reviewed by two neuropathologists and the histological
scores were recorded. Subsequently, slides where the two neu-
ropathologists had assigned different scores to any histological
factor were reviewed concurrently, and the consensus score was
recorded for further analysis. The slide reviews were conducted
without knowledge of clinical or demographic factors, or of
patient outcomes. To exclude possible misclassification of supra-
tentorial embryonal tumor with multilayered rosettes (ETMR)
(11), immunohistochemical staining using the LIN28A antibody
(A177, #3978, Cell Signaling Inc, Boston, MA, USA) was per-
formed on a total of 18 supratentorial ependymomas (10 with
high ependymal canal score; eight with low ependymal canal
score). Immunohistochemical staining was performed with
antigen retrieval using the citrate buffer pH 6.0 and a working
antibody dilution of 1:100, with incubation overnight at 4°C.
The primary end point for statistical analyses was progression-
free survival, which was defined as the time from first surgery to
date of first recurrence, last follow-up or death from any cause.
All statistical analyses were performed on Statistica 6.1 software
package (Statsoft Inc., Tulsa, OK, USA). Univariate and multivari-
ate Cox regression analyses evaluated the association of individual
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Figure 1. An illustration of selected
histological features, including. A. Areas of
low cellularity, B. areas of hypercellularity,

C. mitoses, D. microvascular proliferation,

E. extensive ependymal canals and F. tumor
interface with the adjacent brain parenchyma.

and multiple covariates with progression-free survival. The
Kaplan—-Meier method was used to estimate the time to event
functions of progression-free survival, and the survival curves were
compared using the log-rank test. All statistical tests were two sided,
and P = 0.05 was considered statistically significant. The use of the
tissue and clinical data for this study was covered under a protocol
approved by the M.D. Anderson Institutional Review Board.

RESULTS

A total of 238 ependymomas with sufficient pathologic material
and clinical information, and that met the selection criteria, were
identified from the CERN database. The clinical characteristics of
the study population are summarized in Table 2. The results spe-
cific to the three sites of origin of the ependymomas are described
here separately.

PF ependymomas

Patient population

A total of 103 cases of PF ependymomas were reviewed, with their
first surgery between 1986 and 2011. The median age of the

Brain Pathology 23 (2013) 584-594
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Table 2. Patient characteristics.

Histology and Anatomic Site in Ependymoma

Posterior fossa (n = 103)

Supratentorial (n = 64) Spinal cord (n=71)

Age at diagnosis, years

Mean (Range) 22 (0-72)

<18 years 62 (60%)
Extent of surgical resection

Gross total 57 (55%)

Subtotal/Biopsy 42 (41%)

Unknown 4 (4%)
Adjuvant therapy

Radiation alone 40 (39%)

Chemotherapy alone 11 (11%)

Radiation & Chemotherapy 7 (7%)

None/Unknown 45 (44%)
World Health Organization Grade

I 87 (84%)

1 16 (16%)
Follow-up, weeks

Mean (Range) 210 (4-1252)
Tumor recurrence

Yes 48 (47 %)

No 55 (63%)
Death during follow-up

After recurrence 8 (8%)

Without recurrence 7 (7%)

25 (0-65) 42 (5-71)
32 (50%) 6 (8%)
42 (66%) 52 (73%)
22 (34%) 19 (27 %)
0 (0%) 0 (0%)
16 (25%) 0 (0%)
6 (9%) 4 (6%)
17 (26%) 0(0%)
25 (39%) 67 (94%)
54 (84%) 66 (93%)
10 (16%) 5(7%)
176 (10-1224) 256 (3-884)
46 (72%) 17 (24%)
18 (28%) 54 (76 %)
21 (33%) 3 (4%)
3 (6%) 3 (4%)

patients at the time of initial diagnosis was 22 years (range 0—72).
There were 29 patients (28%) below 3 years of age and 41 patients
(40%) aged 18 years or older. Median clinical follow-up from the
time of first surgery till first recurrence or last contact was 210
weeks (range 4-1252). Fifty-seven of these patients received gross
total resections and 42 patients received subtotal resections. There
were 16 anaplastic ependymomas (Grade III) among these tumors
by the WHO 2007 edition guidelines. Additional radiation or
chemotherapy information was available for 94 patients, with 40
patients receiving radiation therapy only, 11 receiving chemo-
therapy only, and seven receiving both. Tumor recurrence occurred
among 48 patients (47%) and 40 of these patients (83%) were alive
at the time of last follow-up. Among the recurrences, 26 patients
(54%) had received radiation and/or chemotherapy.

Correlation of histological features with
progression-free survival in PF tumors

Univariate Cox regression analysis was performed to determine
significant association between the various histological factors
assessed in PF ependymomas and progression-free survival. The
frequencies of individual histological factors are summarized in
Table 3, and the significant findings are summarized in Table 4.
The increasing extent of anaplastic features, as described by the
WHO 2007 guidelines for Grade III ependymomas, was also sig-
nificantly associated with progression-free survival (P < 0.01).
Tumors that showed focal areas with anaplastic histological
features appeared to be significantly associated with worse
progression-free survival than exclusively Grade II tumors,
although to a lesser extent than tumors showing predominantly

Brain Pathology 23 (2013) 584-594
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(>50%) Grade III features (P < 0.01, Figure 2). The presence of
hypercellular areas of any size, microvascular proliferation and
tumor necrosis were scored as 0 (absent) or 1 (present). Based on
previously published reports (4, 7, 21), a cut-off value of <5
mitoses per 10 HPFs was selected for dichotomizing a score of 0
from 1. The individual histological factors that were significantly
associated with progression-free survival included the presence of
hypercellular areas of any size [P <0.01, hazard ratio (HR)=
2.58], presence of true microvascular proliferation (P < 0.01,
HR =2.37), mitotic rate (P < 0.01, HR = 3.26) and tumor necrosis
(P=0.01, HR =2.15) (Figures 3 and 4). The presence or extent of
ependymal canals was not associated with progression-free sur-
vival (P =0.89; Figure 5). The interface between the tumor and
normal tissue was identified in 28 ependymomas, and invasion into
the adjacent tissue was noted in 11 of these cases (39%). However,
invasion was not significantly associated with outcome (P = 0.51).

Multivariate Cox regression analyses were performed to deter-
mine whether grading based on the histological features identified
as significant on univariate analysis was independently associated
with progression-free survival in the context of the significant
prognostic factors of age at diagnosis as a linear variable, WHO
grade, extent of resection, radiation therapy and chemotherapy.
On multivariate analysis, all four individual histological factors
remained significantly associated with progression-free survival
(Table 5). These factors were combined to obtain a PF histological
score that was then dichotomized based on the overall score of
0-1 representing a low score and 2—4 representing a high score.
On multivariate analysis, the combined PF histological score
(P<0.01, HR=1.38) remained independently predictive of
progression-free survival, (Table 6).
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Table 3. Frequencies of individual histological features among ependymomas arising from the three compartments (* = any extent; * = for unequivo-
cal well-formed histological feature).

Posterior fossa (n = 103) Supratentorial (n = 64) Spinal cord (n=71)

Pseudorosettes

Well-formed pseudorosettes*® 92 (89%) 50 (78%) 61 (86%)

>25% of tissue examined” 82 (80%) 42 (66%) 59 (83%)
Ependymal canals

Well-formed ependymal canals* 48 (47 %) 11 (17%) 48 (68%)

>26% of tissue examined" 18 (17%) 5 (8%) 31 (44%)
Papillary structures

Well-formed papillary structures* 40 (39%) 10 (16%) 24 (34%)

>26% of tissue examined" 16 (15%) 1(2%) 12 (17%)
Nuclear Anaplasia

Present 18 (17%) 32 (50%) 12 (17%)

>25% of tissue examined” 9 (9%) 17 (27 %) 3 (4%)
Hypercellular areas present* 23 (22%) 22 (34%) 11 (15%)
Tumor necrosis present* 49 (47 %) 45 (70%) 17 (24%)
Microvascular proliferation present* 34 (33%) 42 (66%) 8 (11%)
Mitotic rate

=5 mitoses per 10 high-power fields 26 (25%) 34 (53%) 7 (10%)

<5 mitoses per 10 high-power fields 77 (75%) 30 (47 %) 64 (90%)
Extent of World Health Organization Grade Il features

Absent or <25% of tissue examined 77 (75%) 35 (65%) 62 (87%)

25-50% of tissue examined 10 (10%) 5 (8%) 4 (6%)

>50% of tissue examined 16 (15%) 24 (38%) 5(7%)

posite metagene score based on a previously published 10-gene
signature (22) was a significant independent factor related to
progression-free survival (P <0.01, HR =5.03). The individual
Gene expression analysis data was available for 52 of the analyzed histological factors that had been associated with progression-free
PF ependymomas. On univariate Cox regression analysis, the com- survival in the overall group remained significant in this subgroup

Correlation of PF histological features and clinical
factors with gene expression profiling

Table 4. Univariate Cox regression analyses of individual histological features associated with progression-free survival among ependymomas from
the three compartments.

Posterior fossa (n = 103) Supratentorial (n = 64) Spinal cord (n=71)
HR P HR P HR P

Infiltration of adjacent brain 1.22 0.51 1.03 0.91 0.65 0.77
Pseudorosettes

Well-formed pseudorosettes 1.44 0.49 1.73 0.08 0.68 0.56

>256% of tissue examined 0.84 0.41 1.44 0.08 0.78 0.44
Ependymal canals

Well-formed ependymal canals 0.98 0.89 1.19 0.38 0.74 0.23

>256% of tissue examined 1.02 0.89 1.69 0.03 0.67 0.10
Papillary structures

Quality 1.08 0.64 0.96 0.83 1.17 0.57

Extent in tissue examined 1.08 0.63 0.94 0.80 1.32 0.30
Nuclear anaplasia

Quality 1.64 0.06 1.14 0.50 1.73 0.18

Extent in tissue examined 1.29 0.07 1.23 0.15 1.20 0.48
Hypercellular areas present 2.58 <0.01 1.04 0.57 1.84 0.15
Tumor necrosis present 2.15 0.01 1.12 0.47 1.31 0.25
Microvascular proliferation present 2.37 <0.01 2.35 0.01 1.68 0.09
Mitotic rate (<5 vs. =5/10 HPF¥) 3.26 <0.01 1.94 0.03 1.07 0.10
World Health Organization Grade 5.71 <0.01 1.95 0.04 1.29 0.67
Posterior fossa metagene score (n =52) 5.03 <0.01 - - - -
*High power fields.
588 Brain Pathology 23 (2013) 584-594
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Figure 2. Kaplan-Meier survival curves showing the effect of the extent of World Health Organization (WHO) grade Il features on progression-free
survival among ependymomas arising from the three different compartments. Blue = WHO grade Il features absent; Red = <60%; Green =>50%.
Values based on univariate Cox regression analysis.

Figure 3. Kaplan-Meier survival curves
showing the effects of the presence of
hypercellularity and necrosis on progression-
free survival among ependymomas arising
from posterior fossa, supratentorial and
spinal cord compartments. Blue = absent;
Red = present. P-values based on univariate
Cox regression analysis.
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arising from the posterior fossa, supratentorial and spinal cord compartments. Blue =<25%; Red =>25%. P-values based on univariate Cox
regression analysis.
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Table 5. Adjusted hazard ratios and P-values

for the histological variables in posterior Posterior fossa Supratentorial
. ) (n=103) (n=64)
fossa and supratentorial ependymomas in a
multivariate Cox regression analysis model. HR P HR P
Hazard ratios and P-values are adjusted for i Il )26 0.02 N/A* N/A
age at diagnosis, World Health Organization ypercefiular greas present ’ ’ / /
) . Tumor necrosis present 1.39 0.06 N/A N/A
grade, extent of resection, adjuvant . ; )
) . Microvascular proliferation present 1.94 0.03 1.98 0.10
chemotherapy and adjuvant radiotherapy. T
Mitotic rate 2.61 <0.01 1.06 0.04
Extensive ependymal canals N/A N/A 1.72 0.04

*N/A = not applicable (multivariate analysis not performed because variable was not significant in

univariate analysis).

as well. On multivariate analysis, in addition to the metagene
score, the PF combined histological score remained indepen-
dently predictive of progression-free survival (P < 0.01). When
the favorable/unfavorable PF histologic score and favorable/
unfavorable metagene scores were combined, Kaplan—Meier
analyses showed three distinct groups with significant survival
differences—one group with both scores being favorable, a second
group with one of the two scores being unfavorable and a third
group with both scores being unfavorable (Figure 6).

ST ependymomas

Patient population

A total of 64 cases of ST ependymomas were reviewed, with their
first surgery between 1986 and 2009. The median age of the
patients at the time of initial diagnosis was 25 years (range 0—65).
There were six patients (9%) below 3 years of age and 32 patients
(50%) were of age 18 years or older. Median clinical follow-up
from the time of first surgery till first recurrence or last contact was
176 weeks (range 10-1224). Forty-two patients received gross
total resections and 22 patients received subtotal resections. There
were 10 anaplastic ependymomas (Grade I1I) by the WHO 2007
guidelines. Additional radiation or chemotherapy information was
available for 61 patients, with 16 receiving radiation therapy only,
six receiving chemotherapy only and 17 receiving both. Tumor
recurrence occurred among 46 patients (72%) and 25 of these
patients (54%) were alive at the time of last follow-up. Among the
recurrences, 29 patients (63%) had received radiation and/or
chemotherapy.

Correlation of histological features with
progression-free survival in ST tumors

The frequencies of individual histological factors are summarized
in Table 3 and the significant findings are summarized in Table 4.
On univariate Cox regression analysis performed on the various
histological factors assessed among ST ependymomas, the pres-
ence of WHO grade Il features as the predominant histology
was significantly associated with worse progression-free survival
(P =0.04, HR =1.95; Figure 2). However, unlike PF ependymo-
mas, the presence of focal areas with anaplastic histologic features
did not distinguish a prognostically distinct group (P = 0.49). The
individual histological factors that were significantly associated
with progression-free survival included microvascular prolifera-
tion (P =0.01, HR = 2.35) and mitotic rate (P = 0.03, HR = 1.94)
(Figure 4). In contrast to PF tumors, the presence of well-formed
ependymal canals were significantly associated with worse
progression-free survival (P = 0.03, HR = 1.69; Figure 5). None of
the 10 ST ependymomas that had well-formed ependymal canals
were positive for LIN28A by immunohistochemistry, when com-
pared to skeletal muscle, as an established positive control (24)
(data not shown). In further contrast to PF ependymomas, the
presence of hypercellular areas and tumor necrosis were not
associated with progression-free survival (P =0.57 and P =0.47,
respectively; Figure 3). The tumor-normal tissue interface was
identified in 32 ependymomas, and invasion into the adjacent
tissue was noted in 20 of these cases (62.5%). However, invasion
was not significantly associated with outcome (P =0.91).
Multivariate Cox regression analyses were performed to deter-
mine whether each of the histological variables were significant

Table 6. Multivariate Cox regression analyses

of the combined histological score and Posterior fossa Supratentorial
. ) (n=103) (n=164)

standard clinical parameters of prognosis

in posterior fossa and supratentorial HR p HR p

ependymomas. ) )
Age at diagnosis 0.99 0.39 1.00 0.93
Extent of resection 1.00 0.55 1.00 1.00
World Health Organization grade 4.38 <0.01 0.95 0.88
Adjuvant radiotherapy 1.03 0.02 1.02 0.03
Adjuvant chemotherapy 0.97 0.05 0.99 0.33
Combined histological score 1.38 <0.01 1.62 0.03
Metagene score (n =52) 3.89 0.02 N/A* N/A

*N/A = data not available.

Brain Pathology 23 (2013) 584-594
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Figure 6. Kaplan-Meier analyses showed three distinct groups of
ependymomas with significant differences in progression-free survival
when the histological score was combined with the gene expression-
derived metagene score. Ependymomas with favorable metagene
scores and favorable histological scores (green) had significantly longer
progression-free survival vs. tumors with unfavorable metagene scores
and unfavorable histological scores (red).

when adjusted for relevant clinical variables. Microvascular pro-
liferation, ependymal canals and mitotic rate variables were each
placed in multivariate models together with clinical factors (age,
WHO grade, extent of resection, adjuvant chemotherapy and adju-
vant radiotherapy). When analyzed in this manner, mitotic rate
and ependymoma canal formation were significant after adjusting
for clinical factors, while microvascular proliferation was not
(Table 5). The combined ST histological score was then dichot-
omized based on the overall score of 0 vs. >0. On multivariate
analysis, the combined ST histological score was significantly
associated with progression-free survival (P =0.03, HR = 1.62;
Table 6). To test whether factors important in PF tumors were
similarly important in ST ependymomas, we applied the combined
PF histological score, as described above, to ST ependymomas.
When ST ependymomas were dichotomized based on the PF
score, univariate analysis did not demonstrate any difference in
outcomes between the low score and high score groups (P = 0.39).

SC ependymomas

Patient population

A total of 71 cases of SC ependymomas were reviewed, with their
first surgery between 1989 and 2008. The median age of the
patients at the time of initial diagnosis was 42 years (range 5-71).
There were six patients (8.4%) below 18 years of age. Median
clinical follow-up from the time of first surgery till first recurrence
or last contact was 256 weeks (range 3—884). Fifty-two patients
received gross total resections and 19 patients received subtotal
resections. There were five anaplastic ependymomas (Grade I1I) by
the WHO 2007 guidelines. Additional radiation or chemotherapy
information was available for all 71 patients, with four receiving
chemotherapy only and the remaining receiving neither radiation
nor chemotherapy. Tumor recurrence occurred among 17 patients
(23.9%) and 11 of these patients (64.7%) were alive at the time of

592

Raghunathan et al

last follow-up. Six of the patients with recurrence had received
subtotal resections (35.3%) and none had received any additional
radiation or chemotherapy.

Correlation of histological features with
progression-free survival in SC tumors

On univariate Cox regression analysis, none of the histological
factors examined appeared to be significantly associated with
progression-free survival (Figures 2—4; Table 4). Indeed, only the
presence of microvascular proliferation showed a trend toward
being associated with worse outcome (P = 0.09, HR = 1.68). The
extent of ependymal canals showed a trend toward being associ-
ated with better outcome (P =0.10, HR = 0.67), opposite of the
effect of ependymal canal formation among ST ependymomas,
where this feature was associated with worse outcomes
(Figure 5). Twenty-nine cases showed the interface between the
tumor and adjacent normal tissue, and invasion into the adjacent
tissue was noted among 10 of these (34.5%). However, this
feature was not associated with patient outcomes (P =0.77).
Neither the WHO grade (P =0.67), combined PF histological
score (P=0.95) nor the combined ST histological score
(P=0.14) showed any significant association with outcomes
when applied to SC ependymomas.

DISCUSSION

There is a growing recognition of the clinical and histopathological
heterogeneity in ependymomas originating in various age groups
and from different compartments of the CNS, and that these may
differ in clinical behavior, response to therapy and patient out-
comes (1, 3, 4, 6). Studies evaluating ependymomas across age
groups and from different compartments are challenged by the
overall rarity of these tumors and the length of clinical follow-up
required. Several studies have described the importance of age at
diagnosis, extent of surgical resection, histological grade, radiation
therapy and chemotherapy, as significant predictors of outcome in
patients with ependymomas (1, 3, 4, 6, 7, 9, 15-18). Because this
tumor predominantly affects the pediatric population, obtaining a
less homogenous group of these tumors in numbers which is
sufficient to evaluate the influence of various clinical and histo-
logical parameters across age groups is even more challenging. In
the present study, the age at diagnosis did not show any association
with progression-free survival among PF or ST ependymomas.
The relatively low representation of pediatric patients in our study
population may help explain these findings, since we were able to
include only 29 PF ependymoma patients (28%) and six ST
ependymoma patients (9%) below the age of 3 years. The rela-
tively small percentage of pediatric patients was also insufficient
for a more detailed age-specific analysis of the significance of
various site-specific histological features. Future studies on larger
populations may help in further clarifying the age- and site-
specific significance of these histological features.

The current WHO 2007 guidelines recommend grading all
ependymomas in a uniform manner, based on the predominant
morphology, including hypercellularity, cytologic anaplasia, tumor
necrosis, microvascular proliferation and mitotic rate. This grading
scheme has an association with patient outcomes, even within
pediatric and adult patient populations (15, 21). However, the
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histological variability and intratumoral heterogeneity seen within
these tumors makes evaluating the effect of individual histological
features across age groups and from different intracranial com-
partments difficult. In keeping with the recommendation to grade
based on the predominant histological features, we found the
increasing extent of areas with WHO grade III features to be
associated with worse outcomes among PF ependymomas. Tumors
with predominantly WHO grade III features were associated with
the worst progression-free survival, and the presence of focal areas
with WHO grade III features also appeared to be associated with
worse outcome than tumors that exhibited WHO grade II features
in their entirety. The significance of the increasing extent of WHO
grade III features in ependymomas from the PF and ST ependy-
momas in comparison to the various individual histological factors
is illustrated in Table 4. While intratumoral heterogeneity and
restricted tumor sampling may account for this finding, this does
suggest that evaluation of qualitative criteria for their presence or
absence may be less influenced by such variations during the
grading of ependymomas.

Among PF ependymomas, tumor cell density and mitotic count
were significantly associated with progression-free survival. In
previous studies, mitotic count has also been established as a
significant histological factor associated with clinical outcome
among adults with infratentorial ependymomas (7). In our patient
cohort, hypercellular areas, microvascular proliferation, tumor
necrosis and mitotic index were all significantly associated with
progression-free survival in PF tumors. These were combined into
a single score and on multivariate analysis including clinical
factors as well as histological features; we found the combined
histological score to be significantly associated with progression-
free survival after adjusting for relevant clinical variables. This
PF-specific combined histological score was not similarly
predictive among ST and SC ependymomas, raising the possibility
that distinct histological features may be correlated to patient
outcomes among ependymomas, depending on the anatomic site
of origin.

Molecularly and cytogenetically distinct subgroups have been
identified within PF ependymomas, associated with clinically dis-
tinct behavior (2, 12, 22, 23). Among our cases, within the sub-
group of tumors with gene expression data available, we found the
composite histological score and metagene score to be independ-
ent predictors of progression-free survival. Combining the gene
expression-derived metagene score with the histological score
resulted in identification of subgroups of PF ependymomas that
had highly significant differences in survival indicating the signi-
ficance of both gene expression and histology based clinical
stratification of ependymomas (Figure 6). Given the observation
that frequently heterogeneous areas associated with higher
grade ependymoma are found within the same regions of the tumor
(6, 21), our finding also suggests that these may indeed be part of
the same biological process that drives both, anaplastic histolo-
gical appearance and aggressive clinical behavior. The gain of
chromosomal region 1¢25 has also been identified as being prog-
nostically related to disease progression, particularly among pedi-
atric patients (10). The additive effect of genetic profiling, clinical
factors and histological features to help refine outcome prediction
needs further exploration in future studies.

ST ependymomas have been recognized as having distinct clini-
cal behavior from PF ependymomas among children and adults
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(1, 6, 16), as well as being associated with distinct genetic and
epigenetic changes (6, 19, 20). On a histological evaluation, the
presence of tumor cells infiltrating the adjacent brain has been
reported as significantly associated with progression-free survival
(6). However, we did not find this association in our study popu-
lation. In our study, we did find the mitotic rate to be significantly
associated with progression-free survival. This is consistent with
prior reports that describe increasing proliferation index as signifi-
cantly associated with progression-free survival among adults
(15). Interestingly, we found the presence of extensive well-formed
ependymal canals as associated with worse outcome, which was an
unexpected finding. The possibility of these representing misdiag-
nosed cases of ETMR was excluded by the finding of negative
immunohistochemical staining for LIN28A, as described for
ETMR (11). Similar to PF tumors, microvascular proliferation and
mitotic rate were associated with outcome. However, in contrast to
PF tumors, hypercellularity and tumor necrosis were not signifi-
cantly associated with patient outcome (Table 4), suggesting that
these features may not be relevant to grading in ST ependymoma.

Among the SC ependymomas examined, none of the histologi-
cal features evaluated appeared to be significantly predictive of
patient outcome. SC ependymomas have been shown to have favo-
rable survival among older adults (1). This is reflected in our
patient group as well, with SC tumors having a lower rate of
recurrence than tumors arising in the other two compartments.
Further, the composite PF and ST histological scores, which com-
bined individual histologic factors prognostic for the specific ana-
tomic site, were not significantly associated with outcome among
the SC ependymomas. Whether this is a reflection of SC tumors
presenting clinically at an earlier stage, the high proportion of
tumors that receive gross total resection, or whether this is related
to true differences in the biology of SC ependymomas, requires
further exploration.

Overall, our data align with previously described factors that
have been associated with progression-free survival among dis-
tinct pediatric and adult study populations. The histological evalu-
ation of ependymomas appears to remain a significant independent
predictor of progression-free survival among intracranial ependy-
momas. However, there appear to be distinctions in the histological
features associated with an increased risk of progression-free sur-
vival among tumors from these distinct compartments. In brief,
extensive ependymal canals appear to be a significant feature
only among ST ependymomas, tumor necrosis and hypercellu-
larity are significant among PF ependymomas, and mitotic rate
and microvascular proliferation are significant for both compart-
ments. Interestingly, none of these features are associated with
progression-free survival among SC ependymomas. Site-specific
histologic features in ependymomas require further study.
However, the differences found in our cohort suggest that schemas
for optimal clinically relevant grading of ependymomas may need
to include consideration of the individual histological features
associated with each site of origin.
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