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Abstract

Background. Treatment for pediatric ependymoma includes surgical resection followed by local radiotherapy (RT).
Proton RT (PRT) enables superior sparing of critical structures compared with photons, with potential to reduce late
effects. We report mature outcomes, patterns of failure, and predictors of outcomes in patients treated with PRT.
Methods. One hundred fifty patients (<22 y) with World Health Organization grades Il/lll ependymoma were treated
with PRT between January 2001 and January 2019 at Massachusetts General Hospital. Demographic, tumor, and
treatment-related characteristics were analyzed. Event-free survival (EFS), overall survival (OS), and local control
(LC) were assessed.

Results. Median follow-up was 6.5 years. EFS, OS, and LC for the intracranial cohort (n =145) at 7 years were
63.4%, 82.6%, and 76.1%. Fifty-one patients recurred: 26 (51.0%) local failures, 19 (37.3%) distant failures, and 6
(11.8%) synchronous failures. One hundred sixteen patients (77.3%) underwent gross total resection (GTR), 5 (3.3%)
underwent near total resection (NTR), and 29 (19.3%) underwent subtotal resection (STR). EFS for the intracranial
cohort at 7 years for GTR/NTR and STR was 70.3% and 35.2%. With multivariate analysis, the effect of tumor exci-
sion persisted after controlling for tumor location. There was no adverse effect on disease control if surgery to RT
interval was within 9 weeks of GTR/NTR.

Conclusion. PRT is effective and safe in pediatric ependymoma. Similar to previous studies, GTR/NTR was the
most important prognostic factor. Intervals up to 9 weeks from surgery to PRT did not compromise disease out-
comes. There was no LC benefit between patients treated with >54 Gray relative biological effectiveness (Gygg)
versus <54 Gygg..
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Importance of the Study

Here we report a large cohort of pediatric patients with
grades I/l brain and spinal ependymomas treated with
PRT and a mature median follow-up time of 6.5 years.
Gross total resection was the most significant prog-
nostic predictor for EFS, OS, and LC. Notably, the me-
dian dose delivered to this cohort was 54 Gy, and no
benefit of dose escalation beyond 54 Gyg,. was found.
All spinal grades Il/lll ependymoma patients remained
disease free, possibly indicating a favorable subset of

Ependymoma accounts for 6.7% of all pediatric brain tu-
mors, the majority of which occur in patients under 5 years
of age." Though chemotherapeutic regimens have been em-
ployed with some benefit, 2 the general frontline treatment
strategy for localized disease includes maximal safe sur-
gical resection followed by adjuvant focal radiotherapy (RT).
Ependymomas can arise anywhere in the brain or spine, but
the majority occur in the posterior fossa near the brainstem
and other important cranial nerves and structures.” Tumor
location and the young age of patients pose technical chal-
lenges in achieving local control while minimizing late ef-
fects of treatment.

Proton radiotherapy (PRT) is a form of particle radiation
that has unique properties which allow for conformal de-
livery of radiation dose to the target with reduced dose
to surrounding normal structures. This reduced radiation
exposure to healthy tissues should minimize the inci-
dence and severity of late adverse side effects, which can
negatively impact the quality of life of childhood cancer
survivors.® We have previously published early clinical
outcomes of 70 pediatric patients with ependymoma who
were treated with PRT at our institution.' In this study, we
report mature clinical outcomes in a large proton treated
cohort—including disease control outcomes, patterns of
failure, the incidence of neurologic injury and secondary
malignancies, and the effects of clinical variables on
outcomes.

Materials and Methods
Patient Selection

We reviewed outcomes of pediatric patients (<22 y of age at
diagnosis) with ependymoma of the brain and spine (n =169)
who were treated at the Francis H. Burr Proton BeamTherapy
Center or Harvard Cyclotron from January 15, 2001 to
January 16, 2019.The study was approved by the institutional
review board of Massachusetts General Hospital. Patients
were excluded if they had less than 2 months of follow-up,
gross metastatic disease, or World Health Organization
grade | (myxopapillary) tumors (Fig. 1). Two patients were
lost to follow-up and had no follow-up beyond 2 months after
completion of RT. Patients treated with pre-irradiation che-
motherapy were included in the analysis. One hundred fifty
patients met eligibility criteria and were the overall cohort.

patients. There was a low incidence of second tumors
at 7 years (2.2%) and direct radiation brainstem injury
(1.1%), but indirect brainstem injury did occur from in-
flamed irradiated residual tumor (1.4%). Intervals as
long as 9 weeks from surgery to PRT do not compro-
mise disease outcomes. Thus, providers should not rush
treatment initiation if patients require additional time for
postoperative recovery or referral to an appropriate
treating facility.

The majority (55%) were followed prospectively on a clinical
trial (NCT01288235) or through the Pediatric Proton/Photon
Consortium Registry (NCT01696721). One hundred forty-five
intracranial ependymoma patients were analyzed separately
from the primary spinal patients to determine impact of
tumor characteristics and treatment factors on outcomes.

Radiation Planning

Proton radiotherapy was delivered using either a pas-
sive scatter (n = 138; 92%) or pencil beam scanning tech-
nique (n =12; 8%). A radiation planning CT scan with a
custom immobilization device was obtained in the treat-
ment position, and preoperative and postoperative MRI
sequences were co-registered to the planning CT scan
for target delineation. Gross tumor volume (GTV) was
defined as the tumor bed, including any gross residual
disease.The clinical target volume (CTV) was an 8-10 mm
expansion on the GTV. However, CTV was drawn ana-
tomically constrained at natural barriers, such as bone,
and trimmed to include only 2-3 mm of the brainstem if
it was not clearly involved. There was no planning target
volume (PTV) volumetric expansion. The expansion for
the aperture margin was 8-10 mm. We endeavored to
follow the Children’s Oncology Group (COG) ACNS 0121

Assessed for eligibility (n = 169)

Excluded (n = 19)

»| *WHO grade 1 (n = 16)

» Gross metastatic disease (n = 1)
* <60 days follow-up (n = 2)

v
Patients included (n = 150)

e Intracranial (n = 145)
* Spine (n =5)

Fig.1 CONSORT flow diagram.
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and ACNS 0831 guidelines for prescription volume cov-
erage (100% of PTV coverage with 95% of the dose) but
favored underdosing when critical structures such as the
brainstem or spinal cord reached the tolerance dose. For
patients who received >54 Gray relative biological effec-
tiveness (Gygge), portions of the CTV were underdosed
to meet normal tissue constraints for the brainstem and
spinal cord. The normal tissue goals were to keep mean
dose to the cervical spinal cord 50.4 Gypg, or below, and
point maximums to the brainstem below 55-58 Gygg,.
Patients with gross residual disease near the brainstem
received higher max point doses, but we endeavored to
have a steep gradient of dose falloff above 55 Gygg. and
tried to keep the median brainstem dose below 52-54
Gygge- A representative dosimetric image of dose to re-
sidual tumor in a patient with gross residual disease near
the brainstem is shown in Supplementary Figure 1.

The median prescribed radiation dose was 54.0 Gygg,
(50.4-59.4 Gygg).

e 53.5% of patients with intracranial disease who underwent
a gross total resection (GTR) or near total resection (NTR)
were given 54 Gygg., and 41.4% received 55.8-59.4 Gy,

e 79.3% of patients with intracranial disease who underwent
a subtotal resection (STR) were given 55.8-59.4 Gypg,.

Our dose guidelines respecting normal tissue con-
straints, along with the dose constraint recommendations
of the University of Florida and MD Anderson, are sum-
marized in the consensus paper by Haas Kogen et al.™

Clinical Data

Variables analyzed include the patient age at radiotherapy,
sex, date of diagnosis, tumor location and grade, extent
of surgical resection, dosimetric data, adjuvant treatment,
patterns of failure, surgery-to-radiation time interval, time
elapsed during radiation, and disease status at last fol-
low-up. Data on brainstem dosimetry were available for
139 (95.9%) of patients with intracranial tumors. Extent of
residual disease was delineated based on a review of op-
erative reports and postoperative and radiation planning
MR imaging. GTR was defined as a complete resection
intraoperatively and radiographically with no evidence of
residual tumor on postoperative imaging. NTR was de-
fined as <5 mm residual disease (in any single dimension)
on postoperative MRI or microscopic residual tumor noted
by the neurosurgeon in the operative report. STR was de-
fined as >5 mm residual disease on postoperative MRI in
any dimension. Patients who received chemotherapy prior
to RT and had no radiographic evidence of residual disease
at the time of RT were analyzed with the GTR cohort. The
follow-up duration was calculated for each patient from the
start of radiation treatment to the date of last follow-up or
date of death from any cause.

Statistical Analysis

All follow-up and disease control endpoints are measured
from the start date of RT. An event was defined as a local,

distant, or synchronous failure, development of second
tumor, or death from any cause. Local control (LC) was de-
fined by the date of the first local or synchronous failure.
We estimated rates of event-free survival (EFS) and
overall survival (OS) using the Kaplan—-Meier method and
evaluated demographic, tumor, and treatment prognostic
factors of EFS and OS using the log-rank test for univar-
iate analyses. Cumulative incidence of local failure (LF) and
rates of LC were calculated using death and distant failure
(DF) as competing risks. Median follow-up time was esti-
mated using the reverse Kaplan—-Meier method. The cumu-
lative incidence of both secondary tumor and brainstem
injury/necrosis was calculated with death as a competing
risk. A secondary tumor was defined as any benign or ma-
lignant skin, bone, soft tissue, or brain tumor identified in
the radiation field. We estimated hazard ratios (HRs) using
the Cox proportional hazards model and the Fine-Gray
model for competing risks for both univariate and mul-
tivariate regression.'? The multivariate analysis for EFS,
0OS, and LC included those variables significantly associ-
ated with survival outcomes on univariate analysis and
included tumor location and extent of surgical resection.
Total dose and administration of pre-RT chemotherapy
were excluded from the multivariate analysis as these
variables were confounded with extent of surgical resec-
tion. We combined the GTR and NTR groups to improve
the power of our models, as there were too few patients
in the NTR group to have an adequate number of events
for survival analysis. Brainstem dose characteristics were
explored using Fisher’s exact test and the Wilcoxon rank
sum test. We investigated the effect of RT timing on dis-
ease control by exploring patient groups dichotomized at
various time points using clinical knowledge in combina-
tion with maximally selected rank statistics and effect sizes
based on the hazard ratio. Fisher's exact test was used
to determine if tumor grade predicted type of failure. All
P-values reported are based on two-sided tests. All ana-
lyses were performed using the R Statistical Package v3.5.

Results
Patient and Treatment Characteristics

Table 1 summarizes the baseline characteristics of all
patients included in the cohort. The median time from
surgery to PRT among patients who did not receive che-
motherapy was 6.9 weeks. Of the 41 patients (27.3%)
who received chemotherapy before radiation, 22 (57.3%)
had residual disease after resection and 26 (63.4%) were
<3 years of age at diagnosis. Nineteen (48.7%) of the pa-
tients who received chemotherapy before radiation had
no evidence of residual disease at the start of RT—either
because they underwent GTR/NTR after chemotherapy
or because a complete response was achieved from che-
motherapy. Median radiation treatment time was 43 days
(range, 35-54). One patient required 83 days to complete
radiation because of difficult social circumstances that im-
paired the family’s ability to bring the patient in for treat-
ment. The most common chemotherapy regimen included
vincristine, cisplatin (or carboplatin), cyclophosphamide,
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Table1 Patient characteristics

Characteristics N =150

Age at radiotherapy, y

Median (range) 3.6 (0.3-20.9)
<3 years 67 (44.7%)
>3 years 83 (55.3%)
Sex
Male 81 (54.0%)
Female 69 (46.0%)
Extent of surgical resection
GTR 116 (77.3%)
NTR 5(3.3%)
STR 29 (19.3%)
Tumor location
Infratentorial 102 (68.0%)
Supratentorial 43 (28.7%)
Spine 5(3.3%)
Tumor histology
WHO grade Il 58 (38.7%)
WHO grade llI 92 (61.3%)
Pre-irradiation chemotherapy
Yes 41 (27.3%)
No 109 (72.7%)
Proton technique
Pencil beam scanning 12 (8.0%)
Passive scatter 138 (92.0%)
Median surgery-to-RT interval, no. weeks 8.3 (3.3-266.3)
(range)
<9 wk 81 (54.0%)
>9 wk 69 (46.0%)
Median dose, Gygg (range) 54 (50.4-59.4)
<b4 78 (52.0%)
>54 72 (48.0%)
Median follow-up, y (range) 6.5 (0.2-18.7)
Median radiation treatment time, no. days 43 (35.0-83.0)

(range)

and etoposide. Three patients had microscopic disease in
the cerebrospinal fluid (CSF) at diagnosis (M1). They un-
derwent pre-irradiation chemotherapy, which included
vincristine, cisplatin, cyclophosphamide, etoposide, and
intrathecal or intravenous methotrexate and cleared their
CSF prior to RT. One patient with M1 disease also received
intrathecal cytarabine and hydrocortisone in addition to in-
trathecal methotrexate.

Four of the b patients who received a dose of 50.4 Gy,
had WHO grades ll/lll ependymomas of the spinal cord.
One patient with a grade Il infratentorial ependymoma re-
ceived 50.4 Gy, due to concern for postoperative vas-
cular injury. Otherwise, patients received a prescribed
dose of 54-59.4 Gy, at the discretion of the treating
physician.

Treatment Outcomes

At a median follow-up of 6.5 years (range, 0.2-18.7), 22
patients died and an additional 29 patients had disease
progression but were alive at last follow-up. The 7-year
estimates of EFS and OS for the intracranial cohort were
63.4% and 82.6%, respectively (Fig. 2A). On univariate
analysis (Table 2), STR was predictive of inferior EFS (HR
[95% CI]: 3.5 [2.0-6.2], P<0.0001), OS (HR [95% CI]: 4.9
[2.1-11.5], P<0.0001), and LC (HR [95% CI]: 3.4 [1.7-6.7],
P=0.00006) (Table 2). The 7-year EFS and OS for GTR/
NTR were 70.3% and 90.9% and 35.2% and 49.0% for STR,
respectively (Fig. 2B, C). There was no significant differ-
ence in EFS or OS among patients with grades Il and I
tumors (EFS HR [95% ClI]: 1.5 [0.8-2.6], P=0.2 and OS HR
[95% CI]: 1.1 [0.5-2.6], P=0.8) (Supplementary Figure 2A,
B). There was no radiation dose response relationship in
the GTR/NTR cohort, and the 7-year LC was 84.2% versus
76.7% (P=0.1) for patients who received <54 Gygg, and >54
Gypge, respectively. On multivariate analysis, achievement
of a GTR was the only predictor of EFS, OS, and LC in the
intracranial cohort (P<0.0001, P=0.001, and P<0.0001,
respectively) (SupplementaryTable 1).

Of the 3 patients who initially presented with M1 disease
but had no evidence of metastatic disease at the time of
PRT, none exhibited disease recurrence at a median fol-
low-up time of 3.2 years. There were 5 patients with spinal
ependymoma, of which 1 was grade Il and 4 were grade
Il (Supplementary Table 2). At a median follow-up of
8.0 years (range, 4.6-14.4), none of these patients devel-
oped disease recurrence after resection (STR n =3, GTR
n =2) and focal RT. One patient was treated at the time of
third recurrence after a repeat GTR and remained disease
free at 8.0 years of follow-up. The patient with a grade Il
spinal ependymoma had a GTR but was treated with post-
operative RT instead of observation due to aggressive his-
tological features.

Patterns of Failure

A total of 51 patients in the intracranial cohort had recur-
rent disease. Twenty-six patients (51%) developed a local-
only failure at a median time of 1.8 (range 0.9-9.5) years
after completion of RT. The 7-year cumulative incidence of
LF for the intracranial cohort was 23.4%.The 7-year LC was
76.1% (Fig. 2D).The 7-year LC for the GTR/NTR and STR co-
horts were 81.5% and 53.9%, respectively, (HR [95% Cl]: 3.4
[1.7-6.7], P=0.0006; Fig. 2E). The difference in LC between
grades Il and lll tumors trended toward significance (HR
[95% CI]: 2.0 [0.9-4.1], P=0.06; Supplementary Figure 2C).
Nineteen patients (37.3%) developed a DF at a median time
of 1.4 (0.2-8.9) years after completion of RT. Ten (52.6%)
of these patients had grade Ill tumors. Notably, all 19 pa-
tients who developed a DF had primary infratentorial tu-
mors. These failures were outside of the radiation field and
were supratentorial, spinal, or leptomeningeal in nature.
Six patients (11.8%) developed a synchronous LF+DF at a
median time of 3.6 (0.3-11.9) years after completion of RT.
Five (83.3%) of these patients had grade Ill tumors. Tumor
grade was not predictive of the type of failure patients ex-
perienced (P=0.43).



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa139#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa139#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa139#supplementary-data

Patteson et al. Proton radiotherapy for pediatric ependymoma

0 OS and EFS for entire cohort (n=145)

A 1.0
5 | e
806 T
o
(o}
% 04
>
5
D 9ol — 0S8
~~~~~~~~~ EFS
0.0
o 2 4 6 8 10
Time to event (years)
OS by resection
C 1.0
> 0.8
E .....
8 06 '
g v%1
a
2044  Pe0.000
<
>
? 0.2 — GTRINTR
--------- STR
0.0-

0 2 4 6 8 10
Time to event (years)

Cumulative incidence of LF by resection

E 1
® 0.8 1 — GTR/NTR
e || e STR
[}
S
£ 089
o P
2 A
= 04 - P-=0.0006 st
= i
S 0.2 4 =
00/ L

0 2 4 6 8 10
Time to failure (years)

EFS by resection

B 1.0
= 0.8
E
306
o
[o%
£ 0.4 { Pc0:0001— -
=S e S
3

0.2 —GTR/NTR |

~~~~~~~~~ STR
0.0-
o 2 4 6 8 10
Time to event (years)
Cumulative Incidence of LF

D 1.0
o 0.8
[$]
c
(0]
=]
£ 08
[0
=
T 0.4
3
£ _—
O 0.2 - /—/_,/_j/_,_,——f_r

0.0- -

0 2 4 6 8 10
Time to failure (years)

Fig.2 Clinical outcomes for intracranial cohort and stratified by extent of resection. (A) S and EFS for entire cohort (n = 145). (B) EFS by resection.
(C) OS by resection. (D) Cumulative Incidence of LF. (E) Cumulative incidence of LF by resection.

Time to Radiotherapy

The median time between surgical resection and PRT for
the entire intracranial cohort was 8 weeks (range, 3.3-266.3).
Patients who started RT >9 weeks from their last surgical re-
section had worse LC compared with those who did not
(HR [95% CI]: 2.2 [1.1-4.6], P=0.02) (Supplementary Figure
3A). However, this was confounded by extent of resection,
and the effect of surgery-to-RT interval on LC did not persist

among those who had a GTR/NTR (HR [95% Cl]: 1.6 [0.7-3.9],
P=0.3) (Supplementary Figure 3B). Although the effect of
surgery-to-RT interval on LC was nonsignificant among GTR/
NTR patients, we detected a difference in magnitude of ef-
fect of surgery-to-RT interval among GTR/NTR when strati-
fied by tumor grade. GTR/NTR patients with grade Il tumors
had similar rates of LC if treated with PRT regardless of the
surgery-to-RT interval (HR [95% CI]: 1.0 [0.4-2.7]; P=1.0)
(Supplementary Figure 3C), while those with grade Il tumors
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trended toward worse outcomes if PRT was delayed beyond
9 weeks (HR [95% Cl]: 6.5 [0.7-58.9]; P=0.07) (Supplementary
Figure 3D). When patients who received pre-RT chemotherapy
were excluded, the median time from surgery to PRT was 6.9
(3.3-183.7) weeks. The exclusion of these patients did not af-
fect our analysis on the effect of surgery-to-RT interval on LC.

Brainstem Necrosis

Crude Incidence
0.7

N/A
0
N/A
1.6
N/A
N/A
5.6
76

Brainstem Dosimetry

Brainstem dosimetry was available for 139 (95.9%) intra-
cranial patients (Supplementary Table 3). The median dose
to 50% of the brainstem (D50) and median maximum point
dose for all patients with intracranial tumors was 52.4
Gypge (range, 0-56.1) and 55 Gygg, (0-60.5). In patients with
infratentorial tumors, the median brainstem D50 and the
median maximum point dose was 53.2 Gygg (16.5-56.1)
and 55.1 Gypgg, (49.6-60.5). Among patients with GTR/
NTR, the median max point dose to the brainstem was
54.9 Gypgg., whereas the median max point dose to the
brainstem among STR patients was 56.6 Gygg, (P<0.001;
SupplementaryTable 3).
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5y:69.7
5y:79.3
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7 y:81
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5y: 50
5y:65.4
7y:69.1
5y:58.4
5y:40.7
3y:75.9
3y:605y: 60

7y:82.6
5y:83.8
5y:714
5y:81.1
7y:81
5y:71.2
5y:66.2
3y:90.4
3y:885y:76

Late Toxicities

The 7-year cumulative incidence of grade I+ radiation injury/
necrosis in the brainstem for the intracranial cohort was 1.1%
(crude incidence: 0.7%) (n =1). This patient had STR, sickle
cell disease, and severe posterior fossa syndrome re-
quiring daily anesthesia and multiple transfusions to keep
hemoglobin S within a safe range (<30%) for anesthesia. He
also required intensive inpatient rehabilitation postoperatively
and during RT. He developed grade Il brainstem injury
4 months after RT (Fig. 3A) and improved with steroid treat-
ment. The prescription dose was 55.8 Gy, with a mean, me-
dian (D50), and max dose to the brainstem in Gygg, of 51.2,
54.5, and 56.1, respectively. At last follow-up over 5 years after
PRT, the patient is disease free with a Lansky score of 70 with
persistent deficits in speech and cerebellar function. Two pa-
tients with residual disease adjacent to the brainstem devel-
oped tumor necrosis with edema and symptoms of brainstem
compression and injury. One patient underwent biopsy of the
mass and had pathology-confirmed viable tumor with tumor
necrosis (Fig. 3B). The second patient exhibited partial resolu-
tion of these MRI changes but remained clinically symptomatic
with balance and swallowing deficits (Fig. 3C). Both patients
developed progressive disease and later died. There were no
cases of grade ll+ radiation necrosis outside of the brainstem.

The 7-year cumulative incidence of secondary tumors
was 2.2% (crude incidence: 0.7%) (n =1). One patient de-
veloped a radiation-induced glioblastoma 9 years after RT
and died 11 months after diagnosis. The 7-year cumulative
incidence of grade ll+ radiation-induced vasculopathies in
the cohort was 1.5% (crude incidence: 1.4%) (n =2). There
were no cases of myelopathy in the cohort.
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79
5
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2.6 PRT, 4.9 IMRT

125
9.2
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Proton, IMRT, and 3D
Proton, IMRT, and 3D

Photons:3D
Photons: 3D/IMRT

RT Technique
Proton

Photons: 3D
Photons: 3D
Proton

IMRT or protons

N
145
356
202
160
153

60

49
179
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intensity modulated radiotherapy.

Discussion

Table 3 Literature review of children treated with radiotherapy for pediatric intracranial ependymoma

*NTR grouped with STR; **NTR grouped with GTR; N/A, not available

Merchant et al, 2009*
Mansur et al, 2005
Indelicato et al, 2017**
Sato et al, 2017

Massimino et al, 2016
Shu et al, 2007

Merchant et al, 2019**

(ACNS 0121)
Ducassou et al, 2018

Patteson et al, 2019**

IMRT

This is one of the largest studies to report mature dis-
ease outcomes for a cohort of patients with pediatric
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Fig. 3 Pretreatment and posttreatment images for 3 children. (A) Brainstem injury/necrosis with lesion intrinsic to the brainstem. (B—C) Tumor
swelling with brainstem compression causing injury but no direct radiation injury or necrosis in the brainstem.

ependymoma treated with PRT. We show that disease con-
trol is comparable to other photon treated cohorts (Table 3).
Our data reinforce the well-known prognostic significance
of achieving GTR, which has been most recently valid-
ated by COG ACNS 0121 and previously validated in sev-
eral other studies.’® " Qur STR cohort had a 5-year EFS of
42.3%, which is comparable to, albeit slightly higher than,
the 37.2% reported in COG ACNS 0121.The 7-year LC for the
STR cohort was 53.9%, comparable to other studies when
accounting for length of follow-up time,'?>'4'6 although

significantly lower than the 7-year LC for the GTR cohort
at 81.56%. These data suggest that over half of patients with
gross residual disease will have long-term LC. The role of
adjuvant chemotherapy is still being explored in ongoing
COG and SIOP trials with the hope of improving outcomes
in this high-risk subset of patients.

The importance of other prognostic factors is less under-
stood. Some studies have demonstrated worse EFS and
LC in patients with anaplastic (grade Ill) tumors.'>">'8 Qur
series shows a trend toward inferior EFS and LC but failed

ABoroouQ
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to reach statistical significance, possibly due to insufficient
statistical power. Other studies show worse outcomes
in male patients,’>'%'7 but our cohort did not confirm that
finding.The apparent decrement in OS and LC on univariate
analysis in patients given a dose above 54 Gygg, can be ex-
plained by the fact that these patients were more likely to
have gross residual disease (P< 0.0001) at the time of RT.
The treating physicians were escalating RT dose based on
the knowledge that residual disease puts the patient at a
higher risk of disease progression. Overall, we did not find a
dose response relationship in our cohort, which is in itself an
important finding given that the last two COG ependymoma
protocols call for a prescription dose of 59.4 Gygg..

The most appropriate radiation dose for proton-treated
pediatric ependymoma patients merits discussion. In our
study, 41.4% of our GTR/NTR patients received a dose
>b4 Gygpge. However, our analysis did not demonstrate an
improvement in LC or other disease outcomes. Taken to-
gether with our low radiation brainstem injury rate, these
findings suggest that the majority of proton-treated pa-
tients with a GTR/NTR do not require doses above 54 Gygg,
to achieve disease outcomes as comparable to what has
been reported in the literature. Furthermore, dose escala-
tion above 54 Gygg. may be harmful to surrounding critical
structures, such as the brainstem, and may contribute to
higher rates of injury in other studies.?® Merchant et al spe-
cifically analyzed the effect of dose in the photon-treated
pediatric ependymoma cohort and noted no difference
in LC, EFS, or OS between patients treated with 54 Gy,
or 59.4 ; qge® Given our proton cohort’s outcome data
with doses <59.4 Gygg. and previous photon data failing
to show a benefit to dose escalation to 59.4 Gygg,. and the
higher risk of injury to surrounding critical structures, we
should reconsider using doses above 54 Gy in patients
with GTR/NTR. Given the increased risk of disease progres-
sion in patients with STR, doses higher than 54 Gy, may
still be warranted with sufficient care taken to protect the
brainstem and spinal cord.

We also evaluated whether a prolonged interval from
the last surgical resection until the start of RT affected dis-
ease control. We found that the interval between surgery
and RT initiation does not seem to influence treatment out-
comes in the whole cohort of patients and in those with a
GTR/NTR, specifically. Subgroup analysis in the GTR/NTR
cohort by histologic grade revealed a trend toward worse
LC in grade Il patients (but not in the grade Ill patients)
if the interval stretched longer than 9 weeks. The reason
for this finding is unclear and should be explored in other
ependymoma cohorts. Gunther et al from The University
of Texas MD Anderson Cancer Center found that early initi-
ation of RT may lead to a higher incidence of radiographic
evidence of radiation injury in pediatric ependymoma pa-
tients.?' In summary, it appears that there is no decrement
in disease control if RT is started within 9 weeks, which
may allow more time for patients to recover from surgical
morbidity and for referral to an appropriate pediatric radi-
ation facility.

Five patients in our cohort had ependymoma of the
spine. Three patients were treated after STR and 2 patients
were treated after GTR. All remained controlled of their
disease despite one patient being treated after multiple re-
currences and surgical resections. Though observation is

typically recommended in patients with a GTR and grade |l
spinal ependymoma, one patient underwent adjuvant PRT
due to a worrisome pathology report indicative of more ag-
gressive behavior. With an actuarial EFS of 100% at a me-
dian follow-up time of 8.0 years, PRT is an attractive option
for patients with primary spinal ependymoma who require
adjuvant RT for residual disease or anaplastic histology,
as it spares abdominal and thoracic organs unnecessary
radiation dose.

A limitation of this study is that a minority of the co-
hort (45%) was followed retrospectively, which could have
introduced selection bias. Another limitation is that molec-
ular subtyping and genetic profiling of the tumors was un-
available for most patients, since they were accrued over
an 18-year period and subtyping only recently became
available in the clinical setting. However, the recently pub-
lished COG ependymoma study ACNS 0121 showed no sig-
nificant effect on EFS among fusion status for RELA (v-rel
avian reticuloendotheliosis viral oncogene homolog A) or
grouping for posterior fossa A/posterior fossa B. Notably,
however, 1q gain status was significantly associated with
worse EFS among patients with infratentorial tumors.™

Late recurrences are not uncommon and reinforce the
need for long-term surveillance. They also highlight the
importance of reading the literature critically for median
follow-up when drawing comparisons between studies.
Favorable estimates of OS emphasize the importance of
considering morbidity and late effects when determining
treatment options.The incidence of radiation-related brain-
stem injury (7-year cumulative: 1.1%, crude, 0.7%) and
secondary tumors (7-year cumulative: 2.2%, crude: 0.7%)
in our cohort is low compared with other photon and
proton series.'*'”'° Of note, in ACNS 0121, a predominantly
photon-treated cohort (94%), the cumulative incidence of
secondary malignancies was 3.4% at 10 years.

Radiation-induced brainstem injury is an important tox-
icity that has been recently evaluated and described in
proton-treated pediatric brain tumor cohorts, who may be
at higher risk of toxicity due to variable RBE."2922 Here,
we draw an important distinction between direct brain-
stem injury from RT and indirect injury from inflammatory
changes of treated residual tumor. While patients’ symp-
toms can be identical, the causes are very different, and
thus prevention and treatment strategies are also unique.
The risk of direct radiation injury to the brainstem can be
minimized by limiting the brainstem dose in accordance
with published guidelines.?%23 The only patient with direct
radiation-related brainstem injury in our cohort had sickle
cell disease.These patients are at risk of infarctions without
additional risk factors, such as RT. During treatment which
required daily anesthesia, transfusions were used to main-
tain the hemoglobin S level under 30%. Though there are
no data to guide management of patients with sickle cell
disease needing RT, it is possible that aggressive exchange
transfusion in the immediate post-RT period could reduce
the risk of brainstem injury in future patients.

Two patients suffered from compressive injuries on the
brainstem from inflamed, irradiated residual tumor. This
type of indirect injury, though no less consequential for the
patient, should not be considered direct radiation injury or
necrosis of the brainstem. Aggressive attempts at surgical
resection near the brainstem should be pursued whenever
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feasible to limit the volume of residual tumor and thereby
limit this risk. Additionally, we advocate for early interven-
tion with steroids, bevacizumab, or surgical intervention if
the inflammatory reaction causes symptomatic brainstem
compression. Finally, if adjuvant chemotherapy or immu-
notherapy is being administered at the time of symptom
onset, we advocate immediate cessation, as many agents
can augment the inflammatory injury.

PRT is safe and efficacious when brainstem constraints
are kept within recently published guidelines' 202 and
when overall prescription doses to the tumor bed and re-
sidual disease range 50.4-59.4 Gygg.. We advocate for ag-
gressive surgical resection whenever possible, not only
because STR confers significantly worse outcomes, but
also because radiation to residual disease abutting brain-
stem can cause unwanted toxicity through compressive in-
jury from inflammation. Importantly, the escalation of RT
dose should not be seen as a substitute for GTR, as pa-
tients with STR who received RT dose >54 Gygg. had poor
outcomes. With acceptable toxicity and comparable treat-
ment outcomes to conformal photon RT, PRT will continue
to play an important role in the treatment of childhood
ependymoma.

Supplementary Material

Supplementary data available at

Neuro-Oncology online.
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