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abstract

PURPOSE Atypical teratoid/rhabdoid tumor (AT/RT) is an aggressive, early-childhood brain tumor without
standard effective treatment. To our knowledge, we conducted the first AT/RT-specific cooperative group trial,
ACNS0333, to examine the efficacy and safety of intensive postoperative chemotherapy and focal radiation to
treat AT/RT.

PATIENTS AND METHODS Patients from birth to 22 years of age with AT/RT were eligible. After surgery, they
received 2 courses of multiagent chemotherapy, followed by 3 courses of high-dose chemotherapy with pe-
ripheral blood stem cell rescue and involved-field radiation therapy. Timing of radiation was based on patient age
and disease location and extent. Central testing of tumor and blood for SMARCB1 status was mandated. Tumor
molecular subclassification was performed retrospectively. The primary analysis was event-free survival (EFS)
for patients , 36 months of age compared with a cooperative groups’ historical cohort. Although accrual was
based on the therapeutic question, potential prognostic factors, including age, tumor location, M stage, surgical
resection, order of therapy, germline status, and molecular subtype, were explored.

RESULTS Of 65 evaluable patients, 54 were , 36 months of age. ACNS0333 therapy significantly reduced the
risk of EFS events in patients , 36 months of age compared with the historical cohort (P, .0005; hazard rate,
0.43; 95% CI, 0.28 to 0.66). Four-year EFS and overall survival for the entire cohort were 37% (95% CI, 25% to
49%) and 43% (95% CI, 31% to 55%), respectively. Timing of radiation did not affect survival, and 91% of
relapses occurred by 2 years from enrollment. Treatment-related deaths occurred in 4 patients.

CONCLUSION The ACNS0333 regimen dramatically improved survival compared with historical therapies for
patients with AT/RT. Clinical characteristics and molecular subgrouping suggest prognostic differences.
ACNS0333 results lay a foundation on which to build future studies and incorporate testing of new therapeutic
agents.

J Clin Oncol 38:1175-1185. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Atypical teratoid/rhabdoid tumor (AT/RT) is a highly
malignant CNS neoplasm affecting very young
children.1-3 Prior trials, Pediatric Oncology Group (POG)
9233/4 and Children’s Cancer Group (CCG) 9921,
which applied dose-intensified multiagent chemother-
apy to treat a spectrum ofmalignant brain tumors in very
young children, showed AT/RT to be a highly lethal
disease.4,5 Together, these studies enrolled 63 patients
with AT/RT and achieved a 24-month event-free sur-
vival (EFS) of 6.4%.

No prospective AT/RT-specific trials were reported
when ACNS0333 was developed. Case series and

retrospective data suggested high-dose chemotherapy
(HDC) with peripheral blood stem cell (PBSC) rescue,
early radiation therapy (RT), and methotrexate had
activity against AT/RT.6-11 We used these data to de-
sign the first AT/RT-specific prospective cooperative
group trial, ACNS0333. Building on intensified che-
motherapy regimen CCG-99703, ACNS0333 added
methotrexate to multiagent induction chemotherapy.12

It also included HDC and RT, given either postinduction
or postconsolidation. To our knowledge, ACNS0333
was the first Children’s Oncology Group (COG) brain
tumor study to mandate submission of frozen tumor
tissue and blood for central review andmolecular testing
as an eligibility requirement. This enabled germline and
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tumor mutational analyses, as well as tumor banking for
future studies.

AT/RTs exhibit characteristic low mutation genomes with
biallelic alterations of the SMARCB1 gene on chromosome
22q11.2 that lead to loss of SMARCB1 protein expression
detectable by diagnostic immunohistochemistry assays.2,13-15

Germline SMARCB1 alterations are reported in 10%-35%
of patients with AT/RT or related kidney and soft tissue
tumors.16-18 These correlate with earlier age of diagnosis and
development of synchronous tumors. Despite genomic
simplicity, recent transcriptional and methylation profiling
studies of large retrospective cohorts indicate molecular
heterogeneity of AT/RT and identify 3 subtypes.19,20 Banked
tumor tissue from ACNS0333 provided a unique opportunity
to validate these retrospective findings. The COG biology
study ACNS15B1-Q was approved by COG and the Cancer
Therapy Evaluation Program in 2016. Primary and secondary
objective results of both ACNS0333 and ACNS15B1-Q are
reported here.

PATIENTS AND METHODS

Trial Oversight

ACNS0333 (ClinicalTrials.gov identifier: NCT00653068)
was activated in December 2008 after approval by the
Pediatric Central Institutional Review Board and/or the local
institutional review board at each participating site. Written
informed consent was obtained according to institutional
guidelines.

Patients

Patients from birth to 22 years of age with AT/RT were
included. Patients with concurrent non-CNS rhabdoid
tumors or M4 disease were excluded. Complete patient
criteria are provided in the treatment protocol (Data
Supplement).

Trial Design

ACNS0333 was a nonrandomized phase III trial. All en-
rolled patients received induction therapy and were sub-
sequently assigned to 1 of 2 treatment arms based on age,
tumor location, and extent of disease (Fig 1; Table 1).

Surgery

The goal of surgery was to perform maximal safe tumor
resection and to obtain tissue for diagnosis and biology
studies. Second-look surgery was recommended after in-
duction if there was resectable residual tumor. Institutions
reported extent of tumor resection, defined in the protocol,
as follows: gross total, near total, subtotal, partial, or biopsy
(Table 2).

Chemotherapy

Two 21-day induction cycles of chemotherapy included
vincristine, methotrexate, etoposide, cyclophosphamide,
and cisplatin (Table 1). Collection of PBSCs took place after
induction cycles. Consolidation comprised 3 cycles of

carboplatin and thiotepa with PBSC support. The study was
amended 2 years after opening because of an unexplained
fatal pulmonary toxicity. With this, consolidation cycles
were lengthened from 21 to 28 days and additional sup-
portive care measures added (Data Supplement).

Radiation Therapy

Conformal RT was administered between induction and
consolidation to patients who were at least 6 or 12 months
of age with tumor localized to the infratentorial or supra-
tentorial brain, respectively. RT was administered after
completion of consolidation for younger patients or those
with metastatic disease. The protocol allowed either photon
or proton therapy. Total RT dose to the primary site was to
be 50.4 Gy for patients , 36 months of age and 54 Gy for
older patients (Appendix Table A1, online only). All insti-
tutions had to complete quality assurance benchmarks and
submit digital data.

Evaluation and Follow-Up

Patient assessments at regular intervals included clinical
and laboratory examinations, neuroaxis imaging, and
evaluations of heart function and hearing. Treating insti-
tutions assigned staging and treatment response per the
protocol (Data Supplement).

Central Pathology Review and SMARCB1 Gene Analyses

Diagnosis was centrally confirmed by study neuropathol-
ogists (P.C.B., A.R.J.). Germline and somatic SMARCB1
gene analyses were performed in the College of American
Pathologists/Clinical Laboratory Improvement Amendments–
certified Cancer Cytogenetics Laboratory at Children’s
Hospital of Philadelphia (J.A.B.) according to published
methods.13

Molecular Profiling of AT/RT

DNA from snap-frozen or paraffin-embedded tumor sam-
ples was processed for global methylation profiling analyses
on the Illumina 850K platform (Illumina, San Diego, CA)
using published methods at the University Health Network
Genomics Core.21 Processing and analyses of methylation
data were performed at the Hospital for Sick Children (A.H.)
as previously reported.19,21 Methylation profiles were first
analyzed relative to a reference set of 1,200 pediatric brain
tumors to confirm diagnosis and then in relation to
a methylation data set of 300 primary AT/RTs to establish
subtype.

Statistical Methods

The primary analysis for ACNS0333 was a comparison of
risk of an EFS event for patients , 36 months of age at
diagnosis with a historical cohort of patients from CCG-
9921 and POG-9923/4 with centrally confirmed AT/RT.4,5

EFS was defined as the time from study enrollment until
detection of a relapse or second malignancy, death, or last
patient contact, whichever occurred first. Overall survival
(OS) was defined as the time from study enrollment to death

1176 © 2020 by American Society of Clinical Oncology Volume 38, Issue 11

Reddy et al

https://clinicaltrials.gov/ct2/show/NCT00653068


or last patient contact, whichever occurred first. EFS and
OS as a function of time since enrollment were calculated
using the method of Kaplan and Meier. We used a 1-sided
log-rank test to analyze risk of an EFS event across

ACNS0333 and the historical cohort. A P value of# .05 was
considered indicative of significant improvement associ-
ated with ACNS0333. All other statistical testing of risk for
an EFS event or death was 2 sided.

M0: Focal irradiation
M+: Age-adjusted craniospinal irradiation**

Study enrollment

Staging

Surgery

Mandatory pathology rapid central review
and mandatory biology tissue submission

Induction (2 cycles)*
PBSC harvest

Methotrexate, vincristine, etoposide, 
cyclophosphamide, cisplatin

No resectable disease Resectable disease

Consider second surgery

No resectable disease Resectable disease

Infratentorial M0 (age < 6 months)
Supratentorial M0 (age < 12 months)

Metastatic disease M+ (any site, any age)

Consolidation (3 cycles)*
Thiotepa, carboplatin 

PBSC rescue

Consolidation (3 cycles)
Thiotepa, carboplatin

PBSC rescue

Consider second surgery

Focal irradiation

Infratentorial M0 (age ≥ 6 months) 
Supratentorial M0 (age ≥ 12 months)

FIG 1. Experimental design schema. (*) See Chemotherapy Dosing Table (Table 1). (**) Recommended but not mandated by study. M0, no
evidence of metastatic disease at the time of enrollment; M+, evidence of metastatic disease (M1-M3) at the time of enrollment. PBSC,
peripheral blood stem cell.
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The study design required at least 40 enrolled patients
, 36 months of age (statistical stratum I). Enrollment of
patients $ 36 months of age (statistical stratum II) con-
tinued until stratum I was complete. Historical data pre-
dicted 40 patients , 36 months could be enrolled within
3.5 years of trial initiation. With an additional 6 months of
follow-up after enrollment closure, the log-rank test would
have 80% power to detect a 1.8-fold decrease in risk of an
EFS event in ACNS0333 compared with the historical
cohort.

The study was monitored by the COG Data Safety and
Monitoring Committee for the feasibility of completing in-
duction, inferior outcome compared with the historical co-
hort, and excessive toxic death. Details on interim analysis
are in the protocol (Data Supplement).

Type of EFS failure was further classified as (1) relapse/
progression at the original site of disease (local failure); (2)
relapse/progression at a site not identified as involved at
enrollment (distant failure); (3) local plus distant failure;
and (4) death without documented progression. The cu-
mulative incidence of each failure type was estimated by
the method of Gray. Relative hazard rates (HRs) were
estimated using a proportional hazards regression
model. The estimate and the 95% CI were calculated
using the proportional hazards regression model with
the characteristic of interest as the only variable in
the model.

RESULTS

Patients and Disease Features

Seventy patients were enrolled from 41 COG institutions
between February 2009 and May 2013. Data current to
June 30, 2017, were used for all analyses. Table 2 lists
the demographic and disease features of the 65 evalu-
able patients. Children , 36 months of age comprised
83% of the total cohort. Tumor location split between

infratentorial (51%) and supratentorial tumors (40%),
whereas 7.5% of patients had contiguous primary tumor
in both locations. Metastatic disease (M1-M3) was
present in 37% of patients, and 62% had residual dis-
ease after surgery.

TABLE 1. ACNS0333 Chemotherapy Dosing Table
Drug Dose (maximum) Days

Induction

Methotrexate 8 g/m2 (20 g) 1

Vincristine 0.05 mg/kg (1.5 mg/m2)a 1, 8, and 15

Etoposide 2.5 mg/kg (75 mg/m2)a A, B, and Cb

Cyclophosphamide 60 mg/kg (1.8 g/m2)a A and Bb

Cisplatin 3.5 mg/kg (105 mg/m2)a Cb

Consolidation

Carboplatin 17 mg/kg (510 mg/m2)a 1 and 2

Thiotepa 10 mg/kg (300 mg/m2)a 1 and 2

am2 dosing used for patients . 36 months of age.
bA, B, and C refer to consecutive days after methotrexate clearance;

additional details in the treatment protocol (Data Supplement).

TABLE 2. ACNS0333 Patient Characteristics at Baseline

Characteristic
Frequency (%)

N = 65

Sex

Male 30 (46)

Female 35 (54)

Age at diagnosis, months

# 5 7 (11)

6-11 13 (20)

12-35 34 (52)

$ 36 11 (17)

Race

White 43 (66)

Black or African American 8 (12)

Other/unknown 14 (22)

Ethnicity

Non-Hispanic 43 (66)

Hispanic 18 (28)

Unknown 4 (6)

Primary site

Infratentorial 33 (51)

Supratentorial 26 (40)

Both infratentorial and supratentoriala 5 (7.5)

Spinal cord 1 (1.5)

M stage

M0 41 (63)

M1 3 (5)

M2 10 (15)

M3 11 (17)

Extent of resectionb

Gross total 25 (38)

Near-gross total 11 (17)

Subtotal, partial, or biopsy 29 (45)

Abbreviations: M0, no evidence of metastasis; M1, tumor cells in
CSF; M2, gross nodular seeding of brain; M3, gross nodular seeding
of spine.

aDescribed as a contiguous tumor that extended through both
infratentorial and supratentorial compartments.

bGross total means no visible tumor mass after surgery confirmed
by magnetic resonance imaging. Near-gross total means removal of
. 95%, but , 100% of the tumor mass. Subtotal means removal
of 50%-95% of the tumor mass; partial means removal of 10%-49% of
the tumor mass; biopsy means removal of , 10% of the tumor mass.
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Therapy Delivered, Feasibility of Induction, and Response

Figure 2 (Consort Diagram) demonstrates the flow of pa-
tients through this study. Median time between induction
cycles 1 and 2 was 27 days. Seventeen patients did not
receive postinduction therapy according to protocol. For 8
of these patients, the reason was because of physician or
parent choice without meeting off-study criteria. Sixty-three
patients were evaluated for treatment response after in-
duction. Responses were as follows: 10 had a complete
response, 13 had a partial response, and 17 had stable
disease; 17 patients who had complete resection and were
M0 pretreatment had continued complete response. No-
tably, only 6 patients experienced disease progression
during induction.

Treatment Efficacy

Median follow-up time was 4.7 years (95% CI, 4.2 to 5.3
years).22 At 4 years, the EFS and OS for all patients were
37% and 43%, respectively (Fig 3A). The primary analytic

comparison showed ACNS0333 therapy significantly re-
duced the risk of EFS events in patients, 36months of age
compared with the historical cohort (P , .0005; estimated
relative HR, 0.43; 95% CI, 0.28 to 0.66; Fig 3B). At 4 years,
EFS for patients in ACNS0333 was 35% compared with
6.4% for the historical cohort. For 11 patients$ 36 months
of age, 4-year EFS and OS were 48% and 57%,
respectively.

Prognostic Variables

Table 3 shows the number of EFS events and deaths, as well
as the HR for patients grouped by age at diagnosis, tumor
location, M stage, surgical resection, presence of germline
mutation, molecular subgroup, and order of therapy after
induction. EFS at 6 months and 1, 2, and 4 years, and OS at
4 years for the same variables are shown in Table 4. We
subdivided age , 36 months into infants (, 6 months),
babies (6-11 months), and toddlers (12-35 months) and did
not find an age group at significantly higher risk for death.

Enrolled
(N = 70)

Eligible
(n = 68)

Induction
(n = 65)

Omitted third cycle
(n = 3)

Ineligible
   Not ATRT per institution
   No tumor tissue available

(n = 2)
(n = 1)
(n = 1)

Included in outcome analysis
(n = 65)

Consolidation
(n = 22)

Consolidation
(n = 20)

Inevaluable
   Not ATRT on central review
   No tumor tissue submitted

(n = 3)
(n = 2)
(n = 1)

Off protocol therapy
   Progressive disease
   MD or parent choice

(n = 8)
(n = 3)
(n = 5)

Off protocol therapy
   Progressive disease
   Parent choice

(n = 6)
(n = 4)
(n = 2)

Radiation
   Photon
   Proton

                  (n = 12)
(n = 6; CSI [n = 3])
(n = 6; CSI [n = 3])

Off-protocol therapy
   Progressive disease
   MD or parent choice
   Inadequate stem-cell collection
   Toxic death

(n = 17)
  (n = 6)
  (n = 8)
  (n = 2)
  (n = 1)

Focal radiation
   Photon
   Proton
   CSI

(n = 28)
(n = 20)
  (n = 8)
  (n = 0)

FIG 2. CONSORT diagram. Flow of patients enrolled in ACNS0333 through therapy. All patients received induction chemotherapy.
The order of consolidation and radiation was based on age, tumor location, and extent of disease. All 65 evaluable patients were
included in the outcome analysis, including those who came off protocol therapy without meeting off-study criteria. AT/RT, atypical
teratoid/rhabdoid tumor; CSI, craniospinal irradiation; MD, physician.

Journal of Clinical Oncology 1179

High-Dose Chemotherapy and 3-D Conformal Radiation for AT/RT



With 4-year OS of 54% for infratentorial tumors and 35% for
supratentorial tumors, location did not have a statistically
significant impact on survival. However, patients whose
primary tumor contiguously involved both infratentorial and
supratentorial locations or who had a spinal primary were at
significantly increased risk for death (HR, 2.65; 95%CI, 1.03
to 6.85). Neither the presence of metastatic disease (M1-3)
nor surgical residual disease significantly increased the risk
of death (Table 3). Only 6 patients underwent second-look

surgery after induction, and its impact on survival could not
be evaluated. For 48 patients who continued to receive
protocol therapy after induction, the sequence of radia-
tion and consolidation did not affect EFS or OS (Table 4). The
4-year OS was 49% for RT before consolidation versus 48%
for consolidation before RT. This result is notable because
patients who received consolidation first were very young or
had metastatic disease, both generally considered high-risk
features.

SMARCB1 Analysis

A homozygous deletion, mutation, or intragenic copy
number alteration ofSMARCB1was identified in the tumor of
each evaluable patient. The type of genetic alteration was not
associated with significant differences in survival (analysis
not shown). Ten of 64 patients tested had germline deletions
or mutations of SMARCB1. Patients with SMARCB1 germ-
line alterations had a median age of 7 months (range, 4-21
months) compared with 18 months (range, 2-165 months)
for those without these mutations. Seven of 10 patients with
germline mutations relapsed by 2 years, and this cohort had
a 4-year OS of only 20% (Table 4).

Molecular Subclassification

Fifty-six archived patient tumor samples were available for
global methylation profiling. ACNS0333 AT/RTs segre-
gated into 3 molecular classes, with a frequency of dis-
tribution similar to what has been previously reported in
retrospective series.19,20 Tumors with group 2A/TYR fea-
tures were the most common. Patient with group 1/SHH-
NOTCH tumors had 4-year OS of 56% compared with
41% for group 2A/TYR and 27% for group 2B/MYC
(Table 4). Although patient numbers in each group were
relatively small, survival patterns similar to retrospective
studies emerged. Notably, patients with group 1/SHH-
NOTCH tumors had a 6-month EFS of 100%, suggesting
this may be a biologically less aggressive subgroup.

Treatment Failures

Thirty-three patients experienced documented treatment
failure; 16 had only local failure, 7 had only distant failure,
and 10 had combined local and distant failure (Fig 4). Thirty
treatment failures (91%) occurred by 2 years from enroll-
ment. The estimated cumulative incidence of isolated local
failure at 2 years was 25% of all patients, more than twice as
common as distant failure (11%) or combined local and
distant failure (11%). Three treatment failures after 2 years
were all combined local and distant. None of these patients
had a germline mutation. To date, no second malignancies
have been reported. Eight additional patients had death
reported as a first event as a result of disease (n = 2), other
causes (n = 2), or in association with treatment (n = 4).

Toxicity and Complications of Therapy

There was significant toxicity associated with the
ACNS0333 regimen. Grade 4 or higher toxicities that oc-
curred in 5% or more of patients are outlined in Appendix
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FIG 3. (A) Event-free survival (EFS) and overall survival (OS) for
all 65 evaluable patients treated in ACNS0333. At 4 years, the
EFS andOS (95%CI) were 37% (25% to 49%) and 43% (31% to
55%), respectively. (B) ACNS0333 therapy significantly reduced
the risk for EFS events in patients , 36 months of age (n = 54)
compared with the historical cohort from Pediatric Oncology
Group 9233/4 and Children’s Cancer Group 9921 (n = 63; P ,

.0005; hazard rate for ACNS0333, 0.43; 95% CI, 0.28 to 0.66).
Gray shaded areas represent the pointwise 95% CIs for EFS.
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Table A2 (online only). The majority of reported toxicity was
hematologic and infectious, occurring during both in-
duction and consolidation. Four treatment-related patient
deaths were reported. One patient died as a result of sepsis
at the end of induction after prolonged myelosuppression.
One patient, taken off protocol therapy after induction, died
as a result of respiratory failure from pulmonary fibrosis
after receiving further therapy. Two patients died as a result
of CNS necrosis 49 and 494 days after completion of

protocol therapy. The latter had viral encephalitis and
sepsis at the time of death.

DISCUSSION

ACNS0333, to our knowledge the first cooperative group
AT/RT trial, achieved significantly improved survival for
children , 36 months of age compared with the historical
cohort, which did not require RT for all patients or incor-
porate methotrexate and HDC. ACNS0333 results validate

TABLE 3. ACNS0333 EFS and OS Events With Associated HRs

Variable No.
EFS

No. of Events
EFS

HR, % (95% CI) P a
OS

No. of Events
OS

HR, % (95% CI) P b

Entire cohort 65

Age, months

, 36 54 36 1 .207 33 1 .162

, 6 7 4 1 4 1

6-11 13 8 1.17 (0.35 to 3.91) 8 1.04 (0.31 to 3.47)

12-35 34 24 1.33 (0.46 to 3.85) 21 1.13 (0.39 to 3.3)

$ 36 11 5 0.57 (0.22 to 1.45) 4 0.51 (0.18 to 1.43)

Location

Infratentorial 33 18 1 .115 16 1 .113

Supratentorial 26 18 1.32 (0.68 to 2.54) 16 1.46 (0.73 to 2.94)

Other (5 both, 1 spinal) 6 5 3.26 (1.19 to 8.93) 5 3.16 (1.15 to 8.7)

Stage

M0 41 26 1 .743 23 1 .581

M1+ 24 15 1.11 (0.59 to 2.11) 14 1.21 (0.62 to 2.35)

Resection

GTR 25 14 1 .660 12 1 .392

NTR 11 7 1.11 (0.45 to 2.75) 7 1.43 (0.56 to 3.65)

Subtotal, partial, or biopsy only 29 20 1.37 (0.69 to 2.72) 18 1.65 (0.79 to 3.44)

SMARCB1 germline

Yes 10 8 1 .233 8 1 .131

No 54 33 0.61 (0.28 to 1.33) 29 0.52 (0.24 to 1.15)

Molecular subgroup

Group 1/ SHH-NOTCH 17 8 1 .140 7 1 .266

Group 2A/TYR 24 17 1.92 (0.83 to 4.48) 15 1.51 (0.61 to 3.7)

Group 2B/MYC 15 12 2.31 (0.94 to 5.69) 11 2.17 (0.84 to 5.63)

Order of therapy after inductionc

Radiation first 28 17 1 .807 14 1 .960

Consolidation first 20 11 0.91 (0.43 to 1.94) 10 1.02 (0.45 to 2.30)

NOTE. Estimates and confidence intervals in italics represent comparisons of risk for EFS event and risk for death relative to patients
, 6months of age at enrollment.P-values were not calculated for those comparisons. TheP-values quoted for patient age are those where patients
, 36 months of age at enrollment are considered the reference category and the comparison category consists of patients $ 36 months
of age enrollment.

Abbreviations: EFS, event-free survival; GTR, gross total resection; HR, hazard ratio; M0 = no evidence of metastasis at enrollment;
M1+, evidence of metastasis at enrollment; NTR, near-total resection; OS, overall survival.

aP value associated with the likelihood ratio test, the null hypothesis of no effect of the characteristic on risk of EFS event.
bP value associated with the likelihood ratio test, the null hypothesis of no effect of the characteristic on risk of OS event.
cEFS and OS are for patients who continued to receive protocol therapy after induction.
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smaller, registry, and retrospective series, which suggested
benefit of intensive multimodal regimens to treat AT/
RT.23-26 A multicenter phase II trial with systemic and in-
trathecal chemotherapy and RT reported a 2-year EFS of
53%.23 Compared with ACNS0333, this study had a higher
proportion of patients older than 36 months of age (40%)
and shorter follow-up, compromising the comparability of
results. In the European Rhabdoid Registry (EU-RHAB), 31
patients were treated with systemic and intrathecal che-
motherapy, 23 of whom received radiation and 8 of whom
received HDC.25 The 6-year OS for patients , 36 months
of age was 35%, comparable to ACNS0333. Similar to
ACNS0333, most recurrences occurred in the first 2 years

after diagnosis, and tumor metastases or extent of resec-
tion did not significantly affect survival. In a recent meta-
analysis of 332 patients from 12 series, HDC and RT were
associated with reduced risk of death, whereas complete
tumor resection and the use of intrathecal chemotherapy
were not.27 These studies support our finding that a sub-
stantial portion of patients treated with HDC and RT will
have durable survival regardless of staging, tumor location,
or degree of resection. Smaller series report long-term
survivors who did not receive either RT or HDC.11,12,24,28

In our cohort, 7 patients who were in response after 2
phases of treatment but taken off therapy before RT (n = 5)
or HCT (n = 2) because of physician or parent decision all

TABLE 4. ACNS0333 EFS and OS

Variable No.
6-Month EFS,
% (95% CI)

1-Year EFS,
% (95% CI)

2-Year EFS,
% (95% CI)

4-Year EFS,
% (95% CI)

4-Year OS,
% (95% CI)

Entire cohort 65 73 (61 to 83) 50 (37 to 62) 42 (30 to 54) 37 (25 to 49) 43 (31 to 55)

Age, months

, 36 54 70 (56 to 81) 46 (33 to 59) 39 (26 to 52) 35 (22 to 48) 40 (27 to 53)

, 6 7 71 (26 to 92) 57 (17 to 84) 43 (10 to 73) 43 (10 to 73) 43 (10 to 73)

6-11 13 69 (37 to 87) 46 (19 to 70) 38 (14 to 63) 38 (14 to 63) 38 (14 to 63)

12-35 34 71 (52 to 83) 44 (27 to 60) 38 (22 to 54) 32 (17 to 48) 40 (24 to 56)

$ 36 11 90 (47 to 99) 70 (33 to 89) 60 (25 to 83) 48 (16 to 74) 57 (22 to 81)

Location

Infratentorial 33 70 (51 to 82) 55 (36 to 70) 52 (34 to 67) 48 (30 to 64) 54 (36 to 69)

Supratentorial 26 88 (68 to 96) 52 (31 to 69) 36 (18 to 54) 27 (12 to 45) 35 (17 to 54)

Other (5 both, 1 spinal) 6 33 (5 to 68) 17 (1 to 52) 17 (1 to 52)

Stage

M0 41 76 (59 to 86) 51 (35 to 65) 41 (26 to 56) 36 (22 to 51) 43 (28 to 58)

M1+ 24 70 (47 to 84) 48 (27 to 66) 44 (23 to 62) 39 (19 to 58) 43 (22 to 62)

Resection

GTR 25 75 (53 to 88) 54 (33 to 72) 50 (29 to 68) 46 (25 to 64) 54 (32 to 71)

NTR 11 90 (51 to 99) 55 (23 to 78) 45 (23 to 78) 36 (11 to 63) 36 (11 to 63)

Subtotal, partial, or biopsy only 29 66 (45 to 80) 45 (27 to 62) 34 (18 to 51) 31 (16 to 48) 38 (21 to 55)

SMARCB1 germline

Yes 10 70 (33 to 89) 30 (7 to 58) 20 (3 to 47) 20 (3 to 47) 20 (3 to 47)

No 54 74 (60 to 83) 53 (39 to 65) 45 (32 to 58) 39 (26 to 52) 46 (22 to 59)

Molecular subgroup

Group 1/SHH-NOTCH 17 100 69 (40 to 86) 50 (25 to 71) 50 (25 to 71) 56 (30 to 76)

Group 2A/TYR 24 54 (33 to 71) 46 (26 to 64) 42 (22 to 60) 33 (15 to 52) 41 (22 to 60)

Group 2B/MYC 15 73 (44 to 89) 27 (8 to 50) 20 (5 to 42) 20 (5 to 42) 27 (8 to 50)

Order of therapy after inductiona

Radiation first 28 82 (62 to 92) 54 (34 to 70) 43 (24 to 60) 39 (21 to 56) 49 (29 to 66)

Consolidation first 20 75 (50 to 89) 50 (27 to 69) 50 (27 to 69) 44 (22 to 64) 48 (25 to 68)

NOTE. EFS at 6 months and 1, 2, and 4 years, and OS at 4 years for patients treated in ACNS0333 grouped by age at diagnosis, tumor location,
M stage, surgical resection, presence of germline mutation, molecular subgroup, and order of therapy after induction.

Abbreviations: EFS, event-free survival; GTR, gross total resection; M0, no evidence of metastasis at enrollment, M1+, evidence of metastasis
at enrollment; NTR, near-total resection; OS, overall survival.

aEFS and OS are for patients who stayed on protocol therapy after induction.
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died as a result of disease. We are cautious about elimi-
nating a phase of this regimen based on current knowledge.
Although the majority of patients in ACNS0333 were
, 36 months old, older patients had survival rates similar to
other reports.8 However, only 2 older ACNS0333 patients
received craniospinal irradiation, suggesting that HDC and
local RT alone may be adequate to achieve disease control
in older patients with nonmetastatic disease.

ACNS0333 demonstrated the ability and value of man-
dating submission of tumor tissue and blood in prospec-
tive brain tumor trials, establishing this as a best practice
for COG trials. In addition to allowing central SMARCB1
analysis and germline characterization, tumor molecular
subgrouping was performed, to our knowledge, for the first
time in a uniformly treated cohort and confirmed the pres-
ence of AT/RT subgroups.19,20

Similar to other studies, ACNS0333 patients with germline
mutations presented at a younger age; however, a lower
percentage of patients (17%) had germline mutations
compared with other reports.16-18 This may be due to the
ACNS0333 exclusion of patients with synchronous non-
CNS tumors. Only 2 of 10 patients with germline mutations
survived beyond 2 years.

ACNS0333 was designed to identify whether the thera-
peutic regimen improved survival. As such, the exami-
nation of prognostic variables was exploratory with no
expectation of demonstrating conventional statistical signifi-
cance. ACNS0333 data do suggest potential positive and
negative prognostic indicators. Given the relative rarity of

AT/RT, the data on tumor location, extent of disease, surgical
resection, SMARCB1 alterations, and molecular profiling
should be combined with other studies tomore clearly identify
prognostic factors and help risk-stratify patients in future trials.

Although significant toxicity was anticipated, we acknowl-
edge that 4 (6%) therapy-associated deaths exceeded the
acceptable threshold of 4% in the protocol. This occurred
because 1 death, 18 months after completing therapy, was
not reported as a serious adverse event by the treating in-
stitution. The study demonstrated, however, that the protocol
amendments to reduce pulmonary toxicity and placing ra-
diation at the end of therapy might reduce treatment-related
mortality. After lengthening consolidation cycles and adding
respiratory supportive care measures, no further fatal pul-
monary toxicity was reported. Both patients whose deaths
were in part attributed to CNS necrosis received radiation
(one photon, one proton) between induction and consoli-
dation. Although this finding may be confounded by tumor
location and size, deaths associated with CNS necrosis were
not reported in any patient who received radiation after all
chemotherapy. Additional details on radiation delivery and
related changes will be reported separately. Because the
timing of radiation did not affect survival for patients who
continued to receive protocol therapy past induction, we
strongly recommend that it follow consolidation in future trials.

With improved survival for patients with AT/RT comes the risk
of long-term sequelae of both disease and treatment. The
early use of RT is controversial in young patients. Some
studies suggest that conformal RT alone does not signifi-
cantly affect neurocognitive outcome29,30. Others have shown
neurocognitive impairment in patients with AT/RT treatedwith
intensive chemotherapeutic regimenswithout radiation.31 The
impact of combining these modalities deserves attention.
ACNS0333 did not imbed neurocognitive measures with the
intent to capture such data for survivors in COG Behavioral
Science studies. With dramatic improvement in survival, age-
appropriate measures should be included in future trials.

ACNS0333 has shown that intensive multimodal therapy
significantly improves survival for patients with AT/RT.
However, further intensification using cytotoxic agents is
likely not feasible. There are increasing data suggesting that
AT/RT may be a good candidate for pathway-specific
targeted therapies. Recently, investigations of altered sig-
naling pathways have yielded a wide array of compounds
with potential therapeutic activity in AT/RT, some of which
are currently in clinical trials, including AURKA, EZH2, and
CDK4/6 inhibitors.32,33 A COG study incorporating a tar-
geted inhibitor into the ACNS0333 backbone is in devel-
opment. Intense clinical and biologic investigation of AT/RT
should continue to more accurately identify prognostic
indicators, assist in risk stratification of patients, and inform
therapy. Subsets of patients who can be cured with less
therapy may exist. The goal must be to continue to improve
survival and reduce toxicity with refinements in therapy
based on integration of biologic and clinical risk factors.
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FIG 4. Event-free survival (EFS) events with patterns of failure. Thirty-
three patients experienced documented treatment failure as an EFS
event. Of these, 16 patients had only local failure, 7 had only distant
failure, and 10 had combined local and distant failure. Thirty failures
(91%) occurred before 2 years. At 2 years, the estimated cumulative
incidence of isolated local failure was 25%, more than twice as
common as distant failure (11%) or combined local and distant failure
(11%). Failures after 2 years were all combined local and distant. (*)
Eight patients had death reported as a first event due to disease (n = 2),
other causes (n = 2), or in association with treatment (n = 4).

Journal of Clinical Oncology 1183

High-Dose Chemotherapy and 3-D Conformal Radiation for AT/RT



AFFILIATIONS
1Departments of Neurology and Pediatrics, University of California San
Francisco, San Francisco, CA
2Cumming School of Medicine, University of Calgary, Calgary, Alberta,
Canada
3Department of Pathology and Laboratory Medicine, Children’s Hospital
Los Angeles; Keck School of Medicine, University of Southern California,
Los Angeles, CA
4Department of Pathology, Johns Hopkins University, Baltimore, MD
5Department Neurosurgery, UPMC Children’s Hospital of Pittsburgh,
Pittsburgh, PA
6Department of Preventive Medicine, Keck School of Medicine,
University of Southern California, Los Angeles, CA
7Children’s Oncology Group, Monrovia, CA
8Department of Pediatrics, Cincinnati Children’s Hospital Medical
Center, Cincinnati, OH
9Department of Radiation Oncology, Mayo Clinic, Rochester, MN
10Department of Radiation Oncology, St Jude Children’s Research
Hospital, Memphis, TN
11Department of Cell Biology, Hospital for Sick Children, Toronto,
Ontario, Canada
12Aflac Cancer & Blood Disorders Center, Children’s Healthcare of
Atlanta; Department of Pediatrics, Emory University School of Medicine,
Atlanta, GA
13Department of Oncology, St Jude Children’s Research Hospital,
Memphis, TN
14Department of Radiology, The George Washington University School
Medicine and Health Sciences, Washington, DC
15Department of Radiology, University of Texas Southwestern, Dallas, TX
16AstraZeneca Pharmaceuticals, Cambridge, UK
17Department of Pediatrics, University of Alabama at Birmingham,
Birmingham, AL
18Department of Mathematics and Statistics, California State University
at Long Beach, Long Beach, CA
19Department of Pediatrics, Hospital for Sick Children, Arthur and Sonia
Labatt Brain Tumour Research Centre, Toronto, Ontario, Canada

CORRESPONDING AUTHOR
Alyssa T. Reddy, MD, UCSFMedical Center-Mission Bay 550 16th St, UC
Box 0137, San Francisco, CA 94158; Twitter: @COGorg;
@UCSFChildrens; @UCSF; UCSFcancer; e-mail: alyssa.reddy@ucsf.edu.

EQUAL CONTRIBUTION
J.A.B. and A.H. are co-senior authors.

SUPPORT
Supported by the Children’s Oncology Group and the National Cancer
Institute of the National Institutes of Health (NIH) under the National
Clinical Trials Network (NCTN) Operations Center Grant No.
U10CA180886, the NCTN Statistics & Data Center Grant No.
U10CA180899, and the St Baldrick’s Foundation. Tumor biology studies
were also supported by NIH Grant No. CA46274, Canadian Cancer
Society Research Grant No. 705056, and the Children’s of Alabama Kaul
Pediatric Research Institute. The content is solely the responsibility of
the authors and does not necessarily represent the official views of
the NIH.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF
INTEREST AND DATA AVAILABILITY STATEMENT
Disclosures provided by the authors and data availability statement (if
applicable) are available with this article at DOI https://doi.org/10.1200/
JCO.19.01776.

AUTHOR CONTRIBUTIONS
Conception and design: Alyssa T. Reddy, Douglas R. Strother, Ian F.
Pollack, Mark D. Krailo, Chris Williams-Hughes, Thomas E. Merchant,
Claire M. Mazewski, Victor A. Lewis, Amar Gajjar, Kerry W. Parsons,
Tianni Zhou, Jaclyn A. Biegel
Administrative support: Amar Gajjar, Vicky L. Poss
Provision of study materials or patients: Ian F. Pollack, Anita Mahajan,
Victor A. Lewis
Collection and assembly of data: Alyssa T. Reddy, Alexander R. Judkins,
Peter C. Burger, Mark D. Krailo, Allen B. Buxton, Maryam Fouladi, Anita
Mahajan, Thomas E. Merchant, Claire M. Mazewski, Victor A. Lewis,
Louis-Gilbert Vezina, Timothy N. Booth, Vicky L. Poss, Tianni Zhou,
Jaclyn A. Biegel, Annie Huang
Data analysis and interpretation: Alyssa T. Reddy, Douglas R. Strother,
Alexander R. Judkins, Ian F. Pollack, Mark D. Krailo, Allen B. Buxton,
Maryam Fouladi, Anita Mahajan, Thomas E. Merchant, Ben Ho, Claire M.
Mazewski, Victor A. Lewis, Amar Gajjar, Timothy N. Booth, Tianni Zhou,
Jaclyn A. Biegel, Annie Huang
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

ACKNOWLEDGMENT
We thank Mei Lu and Laura Tooke for technical assistance with biology
studies. We express sincere gratitude to the patients and their families
who participated in the study.

REFERENCES
1. Rorke LB, Packer R, Biegel J: Central nervous system atypical teratoid/rhabdoid tumors of infancy and childhood. J Neurooncol 24:21-28, 1995

2. Rorke LB, Packer RJ, Biegel JA: Central nervous system atypical teratoid/rhabdoid tumors of infancy and childhood: Definition of an entity. J Neurosurg 85:
56-65, 1996

3. Burger PC, Yu IT, Tihan T, et al: Atypical teratoid/rhabdoid tumor of the central nervous system: A highly malignant tumor of infancy and childhood frequently
mistaken for medulloblastoma: A Pediatric Oncology Group study. Am J Surg Pathol 22:1083-1092, 1998

4. Geyer JR, Sposto R, Jennings M, et al: Multiagent chemotherapy and deferred radiotherapy in infants with malignant brain tumors: A report from the Children’s
Cancer Group. J Clin Oncol 23:7621-7631, 2005

5. Strother DR, Lafay-Cousin L, Boyett JM, et al: Benefit from prolonged dose-intensive chemotherapy for infants with malignant brain tumors is restricted to
patients with ependymoma: A report of the Pediatric Oncology Group randomized controlled trial 9233/34. Neuro-oncol 16:457-465, 2014

6. Olson TA, Bayar E, Kosnik E, et al: Successful treatment of disseminated central nervous systemmalignant rhabdoid tumor. J Pediatr Hematol Oncol 17:71-75,
1995

7. Packer RJ, Biegel JA, Blaney S, et al: Atypical teratoid/rhabdoid tumor of the central nervous system: Report on workshop. J Pediatr Hematol Oncol 24:337-342,
2002

8. Tekautz TM, Fuller CE, Blaney S, et al: Atypical teratoid/rhabdoid tumors (ATRT): Improved survival in children 3 years of age and older with radiation therapy
and high-dose alkylator-based chemotherapy. J Clin Oncol 23:1491-1499, 2005

9. Hilden JM, Meerbaum S, Burger P, et al: Central nervous system atypical teratoid/rhabdoid tumor: Results of therapy in children enrolled in a registry. J Clin
Oncol 22:2877-2884, 2004

1184 © 2020 by American Society of Clinical Oncology Volume 38, Issue 11

Reddy et al

mailto:alyssa.reddy@ucsf.edu
https://ascopubs.org/doi/full/10.1200/JCO.19.01776
https://ascopubs.org/doi/full/10.1200/JCO.19.01776


10. Squire SE, Chan MD, Marcus KJ: Atypical teratoid/rhabdoid tumor: The controversy behind radiation therapy. J Neurooncol 81:97-111, 2007

11. Gardner SL, Asgharzadeh S, Green A, et al: Intensive induction chemotherapy followed by high dose chemotherapy with autologous hematopoietic progenitor
cell rescue in young children newly diagnosed with central nervous system atypical teratoid rhabdoid tumors. Pediatr Blood Cancer 51:235-240, 2008

12. Cohen BH, Geyer JR, Miller DC, et al: Pilot study of intensive chemotherapy with peripheral hematopoietic cell support for children less than 3 years of age with
malignant brain tumors, the CCG-99703 phase I/II study. A report from the Children’s Oncology Group. Pediatr Neurol 53:31-46, 2015

13. Biegel JA, Zhou JY, Rorke LB, et al: Germ-line and acquired mutations of INI1 in atypical teratoid and rhabdoid tumors. Cancer Res 59:74-79, 1999
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APPENDIX

TABLE A1. ACNS0333 Radiation Guidelines
Age at RT (months) M Stage Primary Site Irradiation Volume CSI Dose (Gy) PTV Dose (Gy) Cumulative PTV Dose (Gy) Daily Dose (Gy)

# 6-# 36 M0 IT Focal 0 50.4 50.4 1.8

# 12-# 36 M0 ST Focal 0 50.4 50.4 1.8

. 36 M0 IT/ST Focal 0 54.0 54.0 1.8

# 36 M+ IT/ST Focal and craniospinala 23.4 27.0 50.4 1.8

. 36 M+ IT/ST Focal and craniospinala 36.0 18.0 54.0 1.8

NOTE. The sequencing of radiation therapy and prescribed doses and volumes were based on the age of the patient at the completion of induction
chemotherapy, primary tumor location (infratentorial v supratentorial), and the extent of disease (localized vmetastatic) at the time of enrollment. All patients
were required to receive at least 2 cycles of induction chemotherapy before irradiation. Those with infratentorial tumor location under the age of 6 months at
the completion of induction chemotherapy received consolidation chemotherapy before irradiation. Those with supratentorial primary tumor location under
the age of 12 months at the completion of induction chemotherapy received consolidation chemotherapy before irradiation. Patients with metastatic disease
at the time of enrollment received induction and consolidation chemotherapy before irradiation. The study specified a 10-mmclinical target volumemargin for
treatment of the primary site and mandated the use of computed tomography–magnetic resonance imaging registration to define the primary site target
volumes. The allowed primary site treatment methods were restricted to conformal or intensity-modulated radiation therapy using photons or protons;
electronic data submission was required.
Abbreviations: CSI, craniospinal irradiation; IT, infratentorial; M0, no evidence of metastasis at enrollment; M+, evidence of metastasis at enrollment; PTV,

planning target volume; RT, radiation therapy; ST, supratentorial.
aCSI was recommended and administered at the discretion of the treating institution; supplemental boost irradiation of metastatic sites (45.0-54.0 Gy) was

administered at the discretion of the treating institution.

TABLE A2. Treatment-Associated Toxicity
Reporting Period

Induction
(n 5 65)

Consolidation
(n 5 42)

Radiation
(n 5 40)

Organ System Toxicity Type No. % No. % No. %

Any organ system Not grade 4+a 21 32.3 14 33.3 36 90.0

Metabolism and nutrition disorders Hypokalemia 3 4.6 4 9.5

Vascular disorders Hypotension 3 7.1

Respiratory, thoracic, and
mediastinal disorders

Hypoxia 1 1.5 3 7.1 1 2.5

Infections and infestations Infections and infestations;
other, specify

4 6.2 1 2.4 1 2.5

Sepsis 3 4.6 3 7.1

Investigations ALT increased 4 6.2

Lymphocyte count decreased 18 27.7 12 28.6 1 2.5

Neutrophil count decreased 34 52.3 24 57.1 2 5.0

Platelet count decreased 28 43.1 21 50.0 1 2.5

WBC count decreased 27 41.5 22 52.4

NOTE. Grade 4 or higher adverse events that occurred in 5% or more of patients in at least 1 phase of therapy. The majority of reported toxicity was
hematologic and infectious, occurring during both induction and consolidation.

aPatients with “not grade 4+” had lesser adverse event grade or no adverse event reported. Grade 4 ototoxicity was reported in 1 patient only (during
induction) and is not shown in the table.
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