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Background. Ependymoma is treated with maximal sur-
gical resection and localized radiotherapy. Minimizing
unnecessaryexposure to radiation isofparamount impor-
tance for young children. Proton radiotherapy (PRT)
spares healthy tissues outside the target region, but
reports of clinical outcomes are scarce. We report out-
comes for 70 patients treated with PRT for intracranial
ependymoma.
Methods. Seventy patients with localized ependymoma
treated with involved-field PRT at the Massachusetts
General Hospital between October 2000 and February
2011 were included.
Results. Median age at diagnosis was 38 months (range,
3 mo–20 y). Nineteen (27%) patients had supratentorial
ependymoma and 51(73%) had infratentorial ependy-
moma. Forty-six (66%) had gross total resection
(GTR), and 24 (34%) had subtotal resection (STR). At a
median follow-upof 46 months, 3-year local control, pro-
gression-free survival, and overall survival were 83%,
76%, and 95%, respectively. STR was significantly asso-
ciatedwithworseprogression-free survival (54%vs88%,
P ¼ .001) and overall survival (90% vs 97% for GTR,
P ¼ .001). In a subset of patients (n ¼ 14), mean intelli-
gence was 108.5 at baseline and 111.3 after mean 2.05
years of follow-up. In a larger group of patients (n ¼ 28),

overall adaptive skills were 100.1 at baseline and 100.8
after 2.21 years of follow-up. Few patients developed evi-
dence of growth hormone deficiency, hypothyroidism, or
hearing loss.
Conclusion. Outcomes for children treated with PRT
compare favorably with the literature. STR correlated
with inferior outcome. The young age at diagnosis and
the proximityof critical structures in patients with ependy-
moma make PRT an ideal radiation modality.
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E
pendymoma represents 5%–8% of pediatric brain
tumors, with most occurring in very young chil-
dren.1 The best outcomes for nondisseminated

disease are achieved with maximal surgical resection fol-
lowed by involved-field radiation therapy (RT).2–12 Late
side effects of RT are of great concern in this young pop-
ulation with a relatively high chance of cure. Many inves-
tigators have explored the delivery of chemotherapy to
avoid or delay RT in children under the age of 3 years,
with inferior results.8,9,13–16

Proton RT (PRT) is a form of particle radiation that
provides highly conformal RT to the area at greatest risk
of recurrence with a lower integral dose than any form
of photon RT. Based on the apparent physical advantage
(Fig. 1) and early outcomes in our previously published
series of 17 patients, many children with ependymoma
are now referred to proton centers to receive RT that is
predicted to maintain rates of local control while decreas-
ing late toxicities.17 Given the increasednumberof proton
facilities and higher cost of PRT, it is crucial to provide
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clinical evidence of comparable survival outcomes and an
improved side effect profile.

We report outcomes in a cohort of 70 patients treated
with PRT for intracranial ependymoma. We report neuro-
cognitive, endocrine, and auditory outcomes for a subset
of these patients. To our knowledge, this study population
is the largest series of pediatric proton patients reported in
the literature, and the first to report endocrine, cognitive,
and auditory outcomes after involved-field PRT.

Materials and Methods

Patient Selection

We identified all pediatric (,21 y) patients (n ¼ 70) with
intracranial ependymoma consecutively treated with
conformal PRT at the Massachusetts General Hospital
between October 2000 and February 2011. Demogra-
phic, tumor, and treatment characteristics were obtained
from review of the medical records. The researchers per-
formed the human investigations after approval by a
local human investigations committee.

Radiation

All children underwent 3D planning with a contrast-
enhanced CT scan and MRI fusion. The tumorbed and re-
sidual tumor were contoured as gross tumor volume. The
clinical tumor volumewas defined as a 0.5- to 1-cm exten-
sion of the gross tumor volume restricted for anatomical
boundaries. Dose was prescribed in gray relative biologi-
cal equivalents (Gy[RBE]) using the RBE value of 1.1. It is
the policyof our institution to giveaprescribed dose to the
clinical tumor volume of 54 Gy(RBE) in fractions of
1.8 Gy(RBE). A higher dose of up to 60 Gy(RBE) was de-
livered to a smaller volume at the discretion of the treating
physician for high-risk features. All patients were treated
with a conformal proton plan using at least 3 fields.

Surgery, Chemotherapy, and Residual Disease

Maximal feasible resection was performed for all pa-
tients. Patients were referred for a second surgical resec-
tion when necessary. GTR was defined as no evidence
of disease on immediate postoperative MRI. Near-total
resection (NTR) was defined as ,5 mm of enhancing

tumor visible on immediate postoperative MRI. STR
was defined as ≥5 mm of enhancing tumor. This designa-
tion was given after retrospective review of patient films
by a single radiologist (P.C.). The most common indica-
tions for chemotherapy were residual disease after resec-
tion and patient age under 3 years.

Clinical Data

Variables from demographic, tumor, and treatment char-
acteristics included the patient’s gender, ethnicity, date of
birth, date of pathological diagnosis, histological grade
(based on review by Massachusetts General Hospital pa-
thologists), receipt of chemotherapy before RT, dates of
surgical procedures, extent of surgical resection, RT
dose, field arrangement, dates of start and completion of
RT, location of relapse if any, date of relapse, treatment
of relapse, and date of last follow-up.

Endocrine and Auditory Follow-up

A subset of patients (n ¼ 24) underwent endocrinology
evaluation in follow-up. Growth hormone deficiency
(GHD) was defined as below-normal levels of insulin-like
growth factor 1 (IGF-1) and/or IGF-binding protein 3
(IGF BP-3), in addition to clinical diagnosis by a pediatric
endocrinologist. We used normal ranges by gender and
age, but not pubertal status, from assays by the Esoterix
facility.18 Most recent height was obtained from the last
available clinic note. Baseline height was defined as the
measurement recorded within 50 days of the initiation
of RT. Height percentiles were calculated using the
2000 Centers for Disease Control and Prevention
age-appropriate growth charts. Hypothyroidism was
defined as abnormal values of thyroid stimulating
hormone (TSH) and/or free thyroxine (T4). Auditory
follow-up time was defined as the time from the start of
RT to the most recent evaluation by an audiologist.

Neurocognitive Assessment

All assessments wereconducted byoneneuropsychologist
atour institution (M.P.). Testing was administered during
RT, which served as the pre-PRT baseline, and after the
completion of RT. Intelligence was assessed using one of
the following age-appropriate, standardized measures:
Bayley Scales of Infant Development–Second Edition

Fig. 1. Representative (A) proton RT plan and (B) intensity-modulated RT plan for infratentorial ependymoma.
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Mental Scale, the Wechsler Preschool and Primary Scale
of Intelligence–Third Edition, the Wechsler Intelligence
Scale for Children–Fourth Edition, and the Wechsler
Adult Intelligence Scale–Third Edition. The primary out-
comes for these standardized measures are either an age-
based Mental Development Index (MDI; Bayley-II) or
an intelligence quotient (IQ) score (all mean ¼ 100;
SD ¼ 15). Adaptive skills and functional independence
were assessed using the Scales of Independent
Behavior–Revised (SIB-R) reference (mean ¼ 100;
SD ¼ 15), a standardized written questionnaire complet-
ed by the parents.

Statistical Analysis

Progression-free survival (PFS) was measured from the
startof RT to the dateof the first local, distant, or synchro-
nous failure. Overall survival (OS) was measured from
the start of RT to the date of death from disease. PFS
and OS were censored for patients who had not failed or
died at the date of their last follow-up, defined as
the date of the most recent clinic note and/or MRI.
PFS, OS, and disease-free survival were estimated by the
Kaplan–Meier method, using progression, death, and
local and distant recurrence as the respective failure end-
points. The log-rank test was used for univariate analysis
of PFS and OS. The proportional hazards model was used
in multivariate analysis to assess the independent effects
of prognostic factors while controlling for confounding
variables. Change in total IQ and SIB-R from baseline
to follow-up was assessed for significance using a paired
t-test. The change in IQ and SIB-R was compared
between age groups (≤3 vs .3 y) using a repeated-
measuresANOVA. Weused SAS v9.2 forall dataanalyses
except exact log rank P-values in the OS analysis, which
were computed by StatXact 6.0 (Cytel Software). All
P-values were based on a 2-sided hypothesis.

Results

Patient and Tumor Characteristics

Table 1 summarizes the characteristics of all the patients
included in this study. Chemotherapy before radiotherapy
was administered to 21 (30%) patients, 15 of whom had
residual disease after resection, and 13 of whom were
under 3 years of age at the time of diagnosis. The most
common regimen was vincristine, carboplatin, cyclophos-
phamide, and etoposide. Five patients were managed with
observation after a GTR (n ¼ 3), chemotherapy alone
(n ¼ 1), and resection followed by chemotherapy (n ¼
1). After suffering local recurrence, all of these patients re-
ceived PRT as their first radiation treatment.

Treatment Outcomes

Sixty-three patients were alive and were followed for a
median of 46 months (range, 1–11.7 y) after the initiation
of RT. A Kaplan–Meier estimate of PFS was 76% at

3 years (Fig. 2B). Univariate analysis (Table 2) found a
statistically significant difference in 3-year PFS by extent
of resection (88% for GTR vs 54% for STR/NTR,
P ¼ .001; Fig. 2C) and tumor location (68% for infraten-
torial vs 100% for supratentorial, P ¼ .019). Worse PFS
was observed for anaplastic tumors (83% for differentiat-
ed vs 69% for anaplastic, P ¼ .509; Fig. 2D), but the dif-
ference was not statistically significant. Other variables,
including gender, age at diagnosis, ethnicity, and the use
of chemotherapy, were not associated with worse PFS.

Table 1. Patient characteristics

Patients Treated With Protons n 5 70

Age at diagnosis

Median (range) 38 mo (3 mo– 20 y)

,3 y 34 (49%)

Gender

Female 37 (53%)

Male 33 (47%)

Ethnicity

White 60 (86%)

Hispanic 4 (6%)

Black 1 (1%)

Other 5 (7%)

Home region

New England (MA, ME,
NH, CT, RI)

27 (39%)

Other 43 (61%)

Pre-RT chemotherapy 21 (30%)

Duration of RT

Median (range) 43 days (34 d–54 d)

Time to RT from most recent surgery

Median (range) 49 days (30 d–9 mo)

Dose

Median (range) 55.8 Gy (50.4–60.0 Gy)

.54 Gy 40 (57%)

Tumor grade

Differentiated (classic) 37 (53%)

Anaplastic 33 (47%)

Tumor location

Infratentorial 51 (73%)

Supratentorial 19 (27%)

Extent of resection

GTR 46 (66%)

STR 23 (33%)

NTR 1 (1%)

Number of surgeries

1 54 (77%)

2 14 (20%)

3 2 (3%)

Hydrocephalus 38 (54%)

Shunt 29 (76%) patients with
hydrocephalus

Follow-up of 63 patients still alive

Median (range) 46 months (12 mo–11.7 y)

MacDonald et al.: Proton radiotherapy for ependymoma

1554 NEURO-ONCOLOGY † N O V E M B E R 2 0 1 3

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/15/11/1552/1052455 by guest on 25 April 2024



The OS at 3 years was 95% (Fig. 2A). Seven patients
died of disease at a median time of 46.8 months (range,
22.1–61.9 mo). In univariate analysis, extent of resection
significantly affected survival (97% for GTR vs 90% for
STR/NTR, P ¼ .001). Tumor location showed a trend
approaching significance (93% for infratentorial vs
100% for supratentorial, P ¼ .106). Other variables,
including gender, age at diagnosis, ethnicity, use of

chemotherapy, and the time to start of RT, did not signifi-
cantly affect OS.

Patterns of Failure

Eighteen patients experienced disease progression at a
median time of 18.0 months (range, 5.3–68.1 mo).
Figure 3 presents patterns of failure by tumor grade and

Fig. 2. (A) PFS for all patients in the cohort. (B) OS for all patients in the cohort. (C) PFS by extent of resection (GTR vs STR/NTR). (D) PFS by

histology (differentiated vs anaplastic). (E) Local control for all patients in the cohort. (F) Distant control for all patients in the cohort.

Abbreviations:GTR,gross-total resection;NTR,near-total resection;OS,overall survival;PFS,progression-free survival; STR, sub-total resection.
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location. Seventeen of the 18 relapsing patients had infra-
tentorial primary tumors. Eight relapses were local, 8
were distant (5 occurred in the spine and 3 in the brain),
and 2 were synchronous local and distant failures. Local
and distant control rates at 3 years were 83% and 86%,
respectively. At 5 years, respective local and distal
control rates were 77% and 83% (Fig. 2E and F).

Endocrine and Auditory Outcomes

Of 32 patients (median age at diagnosis, 34 mo; range,
4–250) with median 42 months of thyroid hormone
follow-up, only 1 exhibited laboratory evidence of
central hypothyroidism. Of 25 patients (median age, 33
months; range, 4–250) with median 42 months of
growth hormone follow-up, 2 were diagnosed with
GHD and are being treated with replacement therapy.
Nine additional patients demonstrated deficient levels of
IGF-1 but have not received a diagnosis of GHD and are
not on replacement therapy. Two of these patients had
baseline IGF-1 deficiency. Two additional patients had
normal values of IGF BP-3 obtained in follow-up. The
growth hormone status of the remaining 5 patients was
equivocal (see Appendix).

Fifty-seven patients (median age at diagnosis, 34
months; range, 4–210) had recorded heights available
at a median of 41 months (range, 9 mo–9.9 y) from the
start of radiotherapy. Baseline median height was in the
54th percentile (range, 0.2–99.9). Follow-up median

height was in the 36th percentile (range, 0.1–99.9), and
follow-up median z-score was 20.312. The change in
height was highly variable among the patients, ranging
from a loss of 94 percentiles to a gain of 74 percentiles.
On average, the change in height was a median loss of
2.6 percentiles (P ¼ .142). Among 68 patients, median
average doses to the hypothalamus and pituitary were
2.25 Gy(RBE) (range, 0–52.2) and 0.4 Gy(RBE) (range
0–52.6), respectively.

Twenty-three patients (median age at diagnosis, 34
months; range, 6–250) underwent audiology evaluation
at a median of 27 months (range, 4 mo–9.4 y) from the
start of RT. Two patients with infratentorial tumors de-
veloped hearing loss attributable to RT. Both of these pa-
tients received higher doses of radiation to their cochlea
than the average median dose because of tumor extension
into the foramen of Luschka. Among 68 patients, the
average median dose to the right cochlea was 7.1 Gy(RBE)
(range, 0–54.5), and the average median dose to the left
cochlea was 6.95 Gy(RBE) (range 0–51.9).

Table 2. Univariate analysis of survival outcomes

Variable PFS OS

3 y
(+++++95% CI)

P 3 y
(+++++95% CI)

P

All patients 76% 95%

Age .431 .155

,3 y 69% 92%

≥3 y 83% 96%

Gender .61 .388

Female 77% 94%

Male 75% 96%

Ethnicity .576 .697

White 78% 94%

Non-White 70% 100%

Tumor grade .509 .336

Differentiated 83% 93%

Anaplastic 69% 96%

Tumor location .019 .106

Infratentorial 68% 93%

Supratentorial 100% 100%

Extent of resection .001 .001

GTR 88% 97%

STR/NTR 54% 90%

Pre-RT Chemo .594 .464

No 81% 95%

Yes 64% 93%

Bolded type-face indicates statistical significant (P , .05).

Fig. 3. Patterns of failure: blue, gross-total resection (GTR); purple,

sub-total resection/near-total resection (STR/NTR); square shape,

classic histology; circle shape, anaplastic histology.
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Neurocognitive Assessment

A subset of patients (n ¼ 14) had neurocognitive testing
before and after RT with a mean time interval of 2.05
years (range, 1.0–4.5). A larger subset, comprising
nearly half of the cohort (n ¼ 28), underwent assessment
ofadaptive skills/functional independence (SIB-R)before
and after RT with a mean time interval of 2.21 years
(range, 1.0–5.9). The average total MDI/IQ across all
measures was 108.5 at baseline and 111.3 at follow-up
(P ¼ .475). The mean SIB-R standard score was 100.1
at baseline and 100.8 at follow-up (P ¼ .809). Among pa-
tients aged 3 years and younger (n ¼ 6), the mean MDI/
IQ was 104.3 at baseline and 114.0 at follow-up (P ¼
.145). In the same age group (n ¼ 12), SIB-R was 93.3
at baseline and 96.5 at follow-up (P ¼ .404). Among pa-
tients above the age of 3 years (n ¼ 8), the mean IQ was
111.6 at baseline and 109.3 at follow-up (P ¼ .618). In
the same age group (n ¼ 16), SIB-R was 105.2 at baseline
and 104 at follow-up (P ¼ .774). Comparison of change
in MDI/IQ between patients aged 3 years and under
and patients over the age of 3 years was not statistically
significant (9.7 vs 22.4; P ¼ .118). Similarly, compari-
son of change in SIB-R scores between these age groups
was not statistically significant (3.2 vs 21.2; P ¼ .449).

Other Toxicity

We identified no cases of secondary malignancies. There
were 2 cases of cervical subluxation. Both occurred in pa-
tients who required laminectomy for cervical extension
of infratentorial tumor. Postradiotherapy development
of cavernomas was noted in 2 patients. One patient with
residual disease adjacent to the brainstem developed ne-
crosisof this tumorwith symptomsofbrainstem compres-
sion. Biopsy of the mass was performed and it was
confirmed as a viable tumor with necrosis (Fig. 4). The
patient later went on to have a resection of this tumor
with pathology showing anaplastic ependymoma and ne-
crosis and later developed metastatic disease. There were
no cases of brainstem necrosis.

Discussion

Our results suggest effective disease control in the treat-
ment of ependymoma by postoperative PRT. Recent

estimates of 5-year PFS and OS from other retrospective
single-institution photon series have ranged from 41%–
58% and 54%–71%, respectively.3,5,8,11,19 Merchant
et al,10 in their landmark report on a prospective cohort
of 153 patients with ependymoma, found a 5-year PFS
of 74% and a 5-year OS of 85%. Our outcomes, after
shorter follow-up, are comparable to this report, particu-
larly considering that we had a lower rate of GTRs (66%
vs 81.7% in the Merchant series). In addition, 5 patients
in our series were treated with their initial course of RT
following a relapse. We report few overall toxicities and
encouraging cognitive, endocrine, and hearing outcomes.
We had no cases of brainstem necrosis.

Our analysis finds prognostic value to the extent of re-
section, joining many previous studies that have empha-
sized the importance of aggressive removal of the
primary tumor.2,3,6,8,10,11,15 We report a rate of GTR
similar to other series, but not as high as that of
Merchant et al, in part because of differences in the rate
of second surgery. In the 2009 series, 66 patients
(43.1%) underwent a second surgery, compared with
16 (23%) in our series. The decision to refer for additional
surgery remains challenging and is often limited by ana-
tomical constraints and the level of morbidity considered
acceptable by parents and physicians. Morris et al20 re-
cently established that .1 surgical procedure is safe for
most patients.20 We advocate second-look surgery.

The role of other prognostic factors is less clear.
Anaplastic histology has been shown to worsen OS and
PFS in some series, including the large prospective cohort
studied by Merchant et al.2,6–8,10,11 Other series, similar
to our report, found worse outcomes that did not reach stat-
istical significance.5,21 This variation in findings may result
from lack of statistical power and variation in the patholog-
ical interpretation of anaplasia. Emerging genetic profiles
may better characterize prognostic subgroups.2,22

We did not find worse survival outcomes among pa-
tients under the age of 3 years, a trend that was reported
by older studies, but not by Merchant’s study.3,5,8,19 This
finding was likely related to the formerly common practice
of delaying or omitting RT for this population. The useful-
ness of RT in children under the age of 3 years, and the
limited efficacy of chemotherapy as a tool to delay RT, is
well established, and postoperative conformal RT should
continue as the standard of care for all ages.6,10,15,16

Similar to Merchant et al, we note that the incidence
of distant failures appears to be increasing relative to

Fig. 4. (A) Pretreatment and (B) posttreatment images for a child with residual tumor in the left foramen of Luschka showing tumor recurrence

with necrosis adjacent to the brainstem.
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theincidenceoflocalfailure,likelybecauseofimprovements
in local disease control. However, while distant relapses
appear more frequent, the absolute incidence does not
appear to have changed. Modern series describe a cumu-
lative incidence between 10% and 15% over 3–5 years,
which is similar to historical rates of distant failure reported
inolder single-institutionseries,manyofwhichdescribepa-
tients treated with craniospinal irradiation.7,11,12

This is the first report of long-term endocrine and audi-
ology results after focal PRT. Few of our patients devel-
oped frank GHD or central hypothyroidism, both of
which are common complications of focal photon radio-
therapy.23–25 Merchant et al, in a prospective study of pe-
diatric patients receiving focal photon RT for localized
brain tumors, found a correlation of dose to the hypothal-
amus and GHD. A mean dose below 16.1 Gy limited the
risk to 50%, and a dose under 5 Gy limited the risk to
below 20%.26 We delivered an average median dose of
2.25 Gy(RBE) to the hypothalamus. Although follow-up
was short and not available for all patients, GHD and/or
height impairment was seen in few patients. Two cases of
hearing loss attributed to RT were noted. Even with PRT,
tumor extension into the foramina of Luschka can require
high doses to the cochlea; however, in our cohort, the
average median doses delivered to the cochleae were
very low.

We also provide the first report on the impact of focal
PRT for ependymoma on intelligence and adaptive func-
tioning. Relative cognitive stability after conformal
photon therapy for patients with ependymoma has
already been established.27–29 In addition, theoretical
quantitative modeling predicted a benefit for protons
from the decreased volume of temporal lobes and cere-
brum receiving intermediate and high doses.30 Among a
subset of patients in our cohort, we found stable overall
intelligence and adaptive skills/functional independence
after the completion of RT. Similar to other reports, we
observed that patients under the age of 3 years had a
lower baseline IQ but improved substantially over
time.29 These results will require validation in larger
cohorts and longer follow-up.

The major limitationof our studywas the retrospective
nature of the data collection. In addition, our cognitive,
endocrine, and auditory data were obtained at varying
schedules from subsets of patients rather than the whole

cohort. The effect of the selection bias introduced
by this method is unknown. Finally, growth hormone
status was not evaluated using provocative testing,
which made it difficult to assess its true incidence.

In summary, we report encouraging survival, cogni-
tive, auditory, and endocrine outcomes in a large cohort
of ependymoma patients treated with PRT. We demon-
strate that disease control and a low rate of complications
can be jointly achieved with PRT. The young age of pa-
tients at diagnosis and the close proximity of ependy-
moma tumors to critical brain structures make protons
an attractive form of radiation treatment for this pediatric
malignancy.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).

Funding

R.V.S. was supported as a clinical research fellow by a
grant from the Doris Duke Charitable Foundation
to Harvard Medical School. B.Y.Y. and a portion of
this research was supported by the Federal Share of
program income earned by Massachusetts General
Hospital on C06 CA059267, Proton Therapy Research
and Treatment Center.

Conflict of interest statement. N.T. was on the medical
advisory board of ProCure until 2008 and has stock
options in ProCure that are currently without value.
N.T.’s spouse continues to serve on the medical advisory
board of ProCure. Actual or potential conflicts of interest
do not exist for any other author.

Appendix

The following table summarizes the status of 9 patients
with equivocal growth hormone laboratory testing who
had not received a diagnosis of GDH and are not on re-
placement therapy.

Patient Age at
Follow-up

Follow-up
IGF-1 (ng/mL)

Follow-up IGF
BP-3 (ng/mL)

Height z-Score
in Follow-up

Age at
Baseline

Baseline
IGF-1
(ng/mL)

Baseline IGF
BP-3 (ng/mL)

Height z-Score
at Baseline

1 19.7 Low: 219 – 0.136 13.4 – – 0.198

2 11.6 Low: 130 – 20.625 – – – –

3 5.7 Low: 65 Normal: 3.8 0.226 5.3 Normal: 141 Normal: 4.1 1.176

4 5.8 Low: 39 – 21.53 1.3 – – 0.241

5 5.3 Low: 67 Normal: 3.7 20.917 4.4 – – 1.697

6 5.4 Low: 56 – 21.458 1.7 – – 0.094

7 9.1 Low: 114 Normal: 3.8 21.404 8.0 Low: 90 Normal: 4.1 20.839

8 5.3 Low: 52.9 – 2.8 Normal: 183 Normal: 3.3 0.309

9 2.6 Low: 48 Normal: 2.6 21.02 1.29 Low: ,25 Normal: 1.6 21.201
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