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Abstract

Purpose—Atypical teratoid/rhabdoid tumor (AT/RT) of the central nervous system is a rare 

cancer primarily affecting children younger than age five. Because patients are young and receive 

intensive chemotherapy, there is concern regarding late radiation toxicity, particularly as survival 

rates improve. Therefore, there is interest in using proton therapy to treat these tumors. This study 

was undertaken to investigate outcomes and acute toxicities associated with proton therapy for 

AT/RT.

Materials and Methods—The records of 31 patients with AT/RT treated with proton radiation 

from October 2008 to August 2013 were reviewed. Demographics, treatment characteristics and 

outcomes were recorded and analyzed.

Results—Median age at diagnosis was 19 months (range, 4 – 55 months), with median age at 

radiation start of 24 months (range, 6 – 62 months). Seventeen received local radiation with 

median dose of 50.4 GyRBE (range, 9 – 54). Fourteen received craniospinal radiation; half 

received 24 GyRBE or less and half received 30.6 GyRBE or higher. For patients receiving 

craniospinal radiation, the median tumor dose was 54 GyRBE (range, 43.2 – 55.8). Twenty-seven 

(87%) completed the planned radiation. With median follow-up of 24 months for all patients 

(range, 3 – 53 months), median progression-free survival was 20.8 months and median overall 
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survival was 34.3 months. Five patients (16%) developed clinical findings and imaging changes in 

the brainstem one to four months after radiation consistent with radiation reaction; all resolved 

with steroids or bevacizumab.

Conclusions—This is the largest report of children with AT/RT treated with proton therapy. 

Preliminary survival outcomes in this young pediatric population are encouraging compared to 

historic results, but further study is warranted.
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Introduction

Atypical teratoid/rhabdoid tumor (AT/RT) is a highly lethal tumor of the central nervous 

system (CNS) that primarily affects children less than five years of age. Despite aggressive 

multi-modality intervention, median survival is historically 6 – 11 months [1,2].

Because AT/RT is an uncommon malignancy, the optimal approach to treatment has not 

been identified. Surgery and chemotherapy are mainstays of therapy; the role of radiation 

remains ill-defined because many patients are younger than 3 years old and very susceptible 

to radiation toxicities. Initial approaches in this disease emphasized delayed radiation to 

minimize neurotoxicity [3]. Emerging evidence supports early radiation, even in very young 

patients, to increase the likelihood of disease control and long-term survival [4-7].

Given the increasing awareness of the role of radiation in AT/RT and the young age of 

patients, there is considerable interest in using proton radiation. Proton therapy decreases 

low dose radiation exposure to uninvolved brain as well as to structures anterior to the 

craniospinal axis compared with standard photon-based radiotherapy [8-10]. Therefore, the 

use of proton therapy may allow for therapeutic doses of radiation to the target volumes with 

greater sparing of adjacent normal tissue compared to photon therapy [11-15]. In the short 

term, these features of proton therapy may increase tolerance of concurrent and adjuvant 

chemotherapy by decreasing hematologic and gastrointestinal side effects [16]. In the long 

term, protons may decrease the neurocognitive, endocrine, vascular, and developmental 

sequelae of treatment, as well as the risk of radiation-induced second malignancies [17,18]. 

This is particularly important because AT/RT typically affects very young children who are 

more likely to have devastating late effects from therapy [19-21].

The aim of this study was to evaluate a single institutional experience in the use of proton 

radiation for the treatment of pediatric AT/RT of the CNS.

Methods

Almost all patients treated with protons at MD Anderson Cancer Center are enrolled on a 

prospective in-house registry protocol to follow the normal tissue toxicity and outcomes of 

patients. The registry protocol was approved by the institutional IRB and informed consent 

was obtained at the time of enrollment. Thirty-one patients with AT/RT of the CNS with at 

least six months of potential follow-up treated at MD Anderson Cancer Center from October 
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2008 to August 2013 were identified from the registry of 700 patients. Their medical records 

were retrospectively reviewed for clinical data, treatment details, and outcomes.

Patients underwent initial diagnosis and treatment at 23 different institutions. Surgical 

pathology for 26 of 31 patients (84%) was reviewed at MD Anderson Cancer Center or 

Texas Children's Hospital prior to radiotherapy. Patients underwent lumbar puncture, MRI 

of the brain, and MRI of the spine at diagnosis and prior to the initiation of radiotherapy. 

The extent of resection was defined as a gross total resection (GTR) or subtotal resection 

(STR) based on analysis of post-operative imaging and the intraoperative determination of 

the neurosurgeon [4]. Metastatic disease was staged according to the modified Chang 

criteria [22]. Briefly, M0 is no evidence of microscopic or gross metastatic disease, M1 is 

microscopic tumor cells present in cerebrospinal fluid, M2 is gross disease in the 

subarachnoid space of the cerebellum or cerebrum or in the lateral or third ventricles, M3 is 

gross disease in the subarachnoid space of the spine, and M4 is metastatic disease present 

outside the neuroaxis.

Chemotherapy was delivered according to a variety of protocols (Supplementary Material). 

All protocols but SJMB03 included patients less than 3 years of age and had a period of 

induction chemotherapy after surgery and before radiation.

All patients were treated with passive scatter proton therapy. For craniospinal irradiation 

(CSI), the brain was treated with opposed oblique fields and the spine was treated with two 

posterior-anterior spinal fields [23]. Junctions between fields were 1 cm apart and were 

shifted every 4 – 5 fractions. Because of the young age of the patients in this study, the 

entire vertebral body was covered for all patients. Figure 1 shows a representative CSI plan.

CSI was followed by a focal boost to the tumor bed. Boost plans and focal radiation alone 

was delivered with passive scatter proton therapy using two or three beams. Gross tumor 

volume (GTV) included the surgical cavity and any gross residual disease identified from 

imaging or the neurosurgeon's assessment. Clinical tumor volume (CTV) was a 1 cm 

anatomically-constrained volumetric expansion of the GTV. To ensure coverage of the 

CTV, fields were designed to encompass the CTV plus uncertainty margins [23]. Distal and 

proximal margins included factors to account for uncertainties in the CT number and 

stopping power as well as a range uncertainty of 0.3 cm. The lateral margin incorporated 

internal motion, setup uncertainty, and penumbral width. When the brainstem was part of 

the treatment volume, no more than one beam was aimed directly at the brainstem and the 

distal margin of that beam was placed past the brainstem so that its end of range was outside 

the brainstem.

All patients required anesthesia for simulation and radiation treatment. All patients were 

treated with 1.8 GyRBE per fraction, except Patient 21 who received CSI at 1.6 GyRBE per 

fraction because she was treated according to the EU-RHAB protocol [24] (Supplementary 

Material). Because patients were treated according to several different protocols, a variety of 

total doses and volumes were used as detailed in Table 1. The protocols allowed for 

decreased radiation volumes or doses for patients less than 3 years of age. A relative 

biological effectiveness (RBE) of 1.1 was used in accordance with ICRU 78 [25].Acute 
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radiation toxicities were scored according to the RTOG Acute Radiation Morbidity Scoring 

Criteria [26]. Neurologic toxicities in patients with imaging changes and/or clinical toxicity 

after radiation were scored according to the Common Terminology Criteria for Adverse 

Events (CTCAE) v4.0.

Progression-free survival (PFS) from diagnosis was defined as time from diagnosis to 

progression or death from any cause. Overall survival (OS) from diagnosis was defined as 

time from diagnosis to death. PFS from radiation end was defined as time from the last day 

of radiation to progression or death from any cause. OS from radiation end was defined as 

time from the last day of radiation to death. For living patients without known progression 

of disease, PFS was censored at time of last follow-up. For patients not known to have died, 

OS was censored at time of last follow-up. Kaplan-Meier survival plots were calculated 

using S-PLUS© 8.0 for Windows (Copyright 1988, 2007 Insightful Corp., Seattle, 

Washington).

Results

Patient characteristics

The characteristics of 31 patients treated with proton radiation are shown in Table 1. 

Thirteen boys and 18 girls were treated, and the median age at diagnosis was 19 months 

(range, 4 – 55 months). Sixteen patients (52%) had disease confined to the primary site in 

the brain. Three had stage M1 disease, five had stage M2 disease, and six had stage M3 

disease. One patient had synchronous disease in the kidney.

Complete resection of the primary disease was attempted when feasible (Table 1). Fifteen 

had gross total resection (48%), 13 had subtotal resection (42%), and three underwent 

biopsy alone (10%). Two patients (6%) underwent second look surgery prior to radiation.

Most patients were treated according to a clinical protocol, including DFCI 02-294 [4] (n = 

8), ACNS0333 (n = 10), EU-RHAB [24] (n = 4), and SJMB03 (n = 5). Consequently, most 

patients (26/31, 84%) received chemotherapy prior to radiation and eleven patients received 

chemotherapy concurrently with radiation (35%). Seventeen patients were documented to 

have received chemotherapy after radiation.

Median time from surgery to radiation was three months (range, 1 – 15 months) and median 

age at radiation was 24 months (range, 6 – 62 months). Four patients did not complete the 

planned radiation course due to toxicity (n = 2) or disease progression during radiation (n = 

2). Seventeen patients, all less than 36 months old at diagnosis, received local radiation with 

a median dose of 50.4 GyRBE (range, 9 – 54). Fourteen received CSI; half received 24 

GyRBE or less and half received 30.6 GyRBE or higher. For patients treated with CSI, the 

median tumor bed dose was 54 GyRBE (range, 43.2 – 55.8).

All patients at least 36 months of age at diagnosis received CSI. Eleven of these 12 patients 

had either metastatic disease or M0 disease and were treated per SJMB03, which includes 

CSI for patients with M0 disease. Doses for these patients were guided by the various 

treatment protocols (Supplementary Material). Additionally, two patients less than 36 
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months of age were treated with CSI at the discretion of the referring and treating physicians 

for disseminated disease.

Outcomes

Median follow-up for all patients was 24 months from diagnosis (range, 3 to 53 months). 

Median follow-up for patients alive at last follow up (n = 18) was 26 months (range, 7 to 53 

months).

Five patients (16%) had progressive disease between surgery and radiation. Sites and timing 

of progression are detailed in Table 1. Patient #3 had widely metastatic disease and received 

only focal radiation to the brain; he died one month after finishing radiation. Patient #4 

progressed during radiation and did not complete the planned treatment; she continued to 

progress and died three months after radiation was stopped. The remaining three patients 

(#11, 18, and 28) were not known to have further progression during or after radiation. For 

these five patients, the median time between surgery and radiation was 192 days (range, 57 

to 456 days) compared to 82.5 days (range, 29 to 307 days) for the 26 patients who did not 

progress prior to radiation (p = 0.10).

Eight patients had documented progression within the neuroaxis during or after radiation 

(Table 1), seven outside of the high radiation dose volume and one in the margin. Five 

patients developed progression during radiation or within two months of completion of 

radiation, and the remaining three recurred 12 or more months after the end of radiation. 

Three patients received additional chemotherapy and radiation, one received chemotherapy, 

one received cediranib on the PBTC 020 protocol, and two received supportive care. The 

treatment of one patient with a recurrence was unknown. Seven of eight patients with 

recurrences subsequently died.

Thirteen patients (42%) were known to have died (Table 1). For all patients, the median PFS 

from diagnosis was 20.8 months (Figure 2A). The 2-year PFS from diagnosis was 47.6% 

(95% CI, 32.2% - 70.5%). The median OS from diagnosis was 34.3 months (Figure 2B). 

The 2-year OS from diagnosis was 68.3% (95% CI, 52.9% - 88.1%).

The 2-year PFS from the end of radiation was 45.9% (95% CI, 29.4% - 71.4%; Figure 2C). 

The 2-year OS from the end of radiation was 52.9% (95% CI, 36.0% - 77.8%; Figure 2D).

Toxicities

For the 27 patients who completed radiation, they generally tolerated radiation well. Most 

patients developed the expected grade 1 or 2 skin toxicities of erythema and alopecia. Grade 

3 – 5 acute toxicities are detailed in Table 2.

Two patients did not complete the planned radiotherapy course due to toxicity. Patient #1 

was neutropenic during and after induction chemotherapy. She died after four fractions of 

radiation due to sepsis from a Pseudomonas diaper rash. Patient #28 was thrombocytopenic 

throughout induction chemotherapy and developed severe hypertension with an acute 

intracranial bleed during radiation. She subsequently recovered and was alive with no 

evidence of recurrence at last follow-up.
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Within four months of completing radiation, five patients developed imaging and clinical 

findings in the brainstem and adjacent structures that were interpreted as radiation reaction 

or necrosis (Table 3). All were treated according to ACNS0333 and received cisplatin, 

etoposide, cyclophosphamide, methotrexate, and vincristine prior to radiation but no 

chemotherapy concurrently with radiation. Review of the radiation plans for these patients 

confirmed that the distal margins of the treatment beams were outside of the brainstem. Four 

of the five patients (#5, 7, 12, 13) received local radiation followed by consolidation high 

dose chemotherapy with carboplatin and thiotepa and developed radiation reaction during or 

within one month after consolidation chemotherapy. One of the five patients (#22) received 

consolidation chemotherapy with carboplatin and thiotepa prior to CSI and developed 

radiation reaction one month after CSI.

Patients #5, 7, 12, and 22 were treated with steroids, and Patient #13 received steroids and 

bevacizumab. All five patients subsequently improved over the following months, as 

illustrated in Figure 3 for Patient #7. Three of the patients (#5, 7, and 13) returned to their 

baseline with no or mild residual symptoms. Patient #12 improved but had moderate 

residual symptoms. Patient #22 did not have documented clinical changes but her imaging 

findings resolved over the following months. Patient #13 had recurrence of similar imaging 

and clinical findings four months later and again improved following bevacizumab.

Discussion

Historically, practitioners have been hesitant to offer radiation to AT/RT patients less than 

three years of age because of the long-term impact on neurocognitive development and the 

risk of second malignancies. However, several recent analyses have suggested that radiation 

confers a meaningful improvement in survival in AT/RT [27-29]. The use of protons may 

lessen the long-term risks of radiation associated with this survival benefit. We found that 

proton-based radiation for AT/RT can be delivered with acceptable short-term toxicity.

For all patients on this study, the 2 year PFS was 47.6% and the 2 year OS was 68.3%. 

These outcomes are comparable to other modern series in this population. Chi, et al. 

reported a 2 year PFS of 53% and OS of 70% from DFCI 02-0294 [4]. In their registry of 42 

AT/RT patients, Hilden, et al. reported a median survival of 16.75 months and a median 

event-free survival (EFS) of 10 months; for the 13 patients who received radiotherapy, the 

median survival and EFS were 48 months [27]. Review of the St. Jude's experience yielded 

a 2 year EFS and OS of 90% for 10 patients treated with both chemotherapy and radiation 

compared to a 1 year EFS of 0% and a 1 year OS of 42% for the 21 patients treated with 

chemotherapy [6].

Our study reflects the poor prognosis associated with progression. Of twelve patients with 

progression, nine subsequently died. This is similar to the results from DFCI 02-0294; of 

eight patients with progressive disease on that study, seven ultimately died [4].

Notably, patients with metastatic disease did not uniformly have the worst outcomes. Of 12 

patients alive at least 24 months after diagnosis, eight had stage M0 disease and four had 
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metastatic disease at presentation. This is consistent with DFCI 02-0294 [4], which found 

two patients with metastatic disease at presentation who survived at least 1.5 and 2.5 years.

For the patients who completed the planned course of radiation, the acute toxicities were 

manageable. This is consistent with other investigations into the use of proton radiation to 

treat AT/RT. de Amorim Bernstein, et al. reported on the successful treatment of ten AT/RT 

patients with protons at Massachusetts General Hospital [12]. At a median follow up of 27 

months, no major radiation related toxicities were reported. Suneja et al. described the 

experience of treating 48 children with brain tumors, including three AT/RT patients, with 

proton radiation at the University of Pennsylvania [30]. These investigators found that acute 

toxicity was acceptable and manageable with supportive care.

Five patients developed clinical signs or imaging changes in the brainstem and adjacent 

structures 1 – 4 months after radiation that were interpreted as radiation reaction or necrosis. 

All patients had received chemotherapy per ACNS0333 prior to radiation, and all improved 

after treatment with steroids or bevacizumab. This pattern is consistent with findings by 

Sabin, et al., who described brain imaging changes in 8 of 17 pediatric patients who 

underwent proton radiation after chemotherapy [31]. Similar to the patients in our study, the 

patients were 3.5 years old or younger, and the median time to the development of imaging 

changes was 3.9 months after the end of proton therapy. This is earlier than would be 

expected for patients treated with photon therapy, for which imaging changes consistent 

with radiation reaction may occur at 6 – 10 months after completion of treatment [31-33]. 

Also similar to the findings our study, these changes occurred at doses that satisfy typical 

dose constraints for the brainstem [34]. The authors suggested that surgery and 

chemotherapy may decrease the tolerance of the brain to radiation. In particular, the 

brainstem and adjacent structures in very young children may be particularly sensitive to 

aggressive multimodality therapy. Timing and doses of chemotherapy, geometry of proton 

beams, or nuances of surgical technique may each contribute to this phenomenon, but a 

definitive cause has not yet been identified. Given the increasing use of proton therapy to 

treat pediatric brain tumors, this is an area of active investigation, and more results can be 

expected in the near term.

Appropriate volumes and radiation doses for the treatment of patients with AT/RT remain 

undefined. Of 21 patients treated without radiation at St. Jude's, 13 failed only locally and 6 

had distant failure (3 distant only, 3 local and distant) [6]. The use of radiation is likely to 

alter this pattern; in our study, seven of eight recurrences were outside of the high dose 

radiation volume and one was on the margin of the field. These observations suggest that 

even if disease within the high dose volume is controlled, the remainder of the neuroaxis is 

at risk.

The question of local vs. craniospinal radiation is particularly relevant for patients older than 

3 years of age with non-metastatic disease at presentation. All five patients in our study with 

stage M0 disease and at least 35 months of age at diagnosis received craniospinal radiation. 

Results from ACNS0333 and SJMB03 are awaited to clarify the appropriate radiation 

volumes for patients with non-metastatic disease
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In conclusion, this study is the largest single institution report of using proton radiation to 

treat pediatric AT/RT of the CNS. Proton radiation for AT/RT is well-tolerated and can be 

delivered safely, even in very young children. Survival outcomes are encouraging compared 

to historical series, and ongoing prospective studies will further define the late effects of 

therapy for this aggressive disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

Proton therapy is increasingly used to treat pediatric patients with atypical teratoid/

rhabdoid tumor (AT/RT) of the central nervous system, but the outcomes are poorly 

defined. Records of 31 patients with AT/RT treated with protons were retrospectively 

reviewed. Median overall survival was 34.3 months. Five patients (16%) developed 

brainstem changes consistent with radiation reaction. Aggressive multimodality therapy 

including protons may improve outcomes, but there is potential for radiation reaction, 

even when routine dose constraints are satisfied.
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Figure 1. 
Sagittal view of craniospinal radiation plan for Patient #29. His primary tumor in the right 

frontal lobe was completely resected and he did not have metastatic disease. He was treated 

per SJMB 03 and received CSI to 23.4 GyRBE followed by a boost to the resection cavity to 

a total dose of 55.8 GyRBE. Dose is shown in colorwash in cGyRBE (centi-GyRBE).
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Figure 2. 
A) Progression-free survival from diagnosis, B) overall survival from diagnosis, C) 

progression-free survival from end of radiation and D) overall survival from end of 

radiation.
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Figure 3. 
A) Radiation plan of Patient #7, with representative isodose lines. The prescription dose was 

50.4 GyRBE, shown in blue. B) Axial T1 with contrast MRI, one month after completion of 

radiation. C) Axial T1 with contrast MRI, four months after completion of radiation, 

showing patchy enhancement in brainstem and cerebellum corresponding to her radiation 

field. D) Axial T1 with contrast MRI, 18 months after completion of radiation, with 

resolution of enhancement.
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