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Abstract
Purpose The purpose of the study is to evaluate possible prognostic factors and optimal management for pediatric atypical
teratoid/rhabdoid tumor (AT/RT) of the central nervous system (CNS).
Methods Twenty-eight pediatric patients with CNSAT/RTwho were treated with radiation therapy (RT) as part of multimodality
treatment regimens at a single institution (1996–2015) were reviewed. Survival outcomes were analyzed in relation to possible
prognostic factors.
Results The 28 patients analyzed were followed up for a median 48-month period. Median progression-free survival (PFS) was
11 months, and overall survival (OS) was 57 months. Patients < 3 years old had RT delayed for a longer period after surgery (p =
0.04), and the mean RT dose to tumor bed was lower (p < 0.01) than in patients ≥ 3 years old. In multivariate analysis, a higher
primary tumor bed RT dose was identified as a favorable prognostic factor for both PFS (hazard ratio [HR] = 0.85 per gray,
p < 0.01) and OS (HR = 0.92 per gray, p = 0.02). In addition, an interval between surgery and RT initiation > 2 months, with
disease progression observed before RT, as compared with an interval ≤ 2 months without disease progression prior to RT, was
associated with worse PFS (HR = 8.50, p < 0.01) and OS (HR = 5.27, p < 0.01).
Conclusions Early and aggressive RTafter surgery is critical for successful disease control in AT/RT patients. Conversely, a delay
in RT until disease progression is observed that leads to unfavorable outcomes.
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Introduction

Atypical teratoid/rhabdoid tumor (AT/RT) is a rare subtype of
embryonal tumors that is characterized by a lack of INI-1
protein expression [4, 11, 15]. The age distribution of patients
with AT/RT is younger than that characteristic of patients with
medulloblastoma or embryonal tumors with multilayered ro-
settes [25]. Furthermore, the prognosis for AT/RT is worse
than that for medulloblastoma [13], with a 20–40%metastatic
rate at diagnosis [12, 14] and a median survival of 9–
15 months [14, 25].

High heterogeneity has been observed among treatment
protocols described in most studies of AT/RT [9, 12].
Consequently, no definitive conclusions have been drawn re-
garding prognostic factors and optimal treatment. Moreover,
despite the young age distribution for AT/RT, which makes
patients more susceptible to complications associated with
aggressive treatment strategies, several studies have
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demonstrated the necessity for intensive multimodality treat-
ments [7, 10, 23, 24]. Accumulating evidence also suggests an
important role for radiation therapy (RT) [1, 5, 10]. However,
there is still no definitive consensus regarding the sequence of
RT and chemotherapy, irradiation field, and RT dose that
should be utilized [14].

In 2006, a review of 17 patients with AT/RT treated at Taipei
Veterans General Hospital from 1990 to 2003 reported a medi-
an overall survival (OS) of 17 months in these patients [6]. In
the present study, we included a larger number of patients and
analyzed more detailed profiles. The aim of the present study
was to identify patient characteristics and treatment factors that
may influence treatment outcome for patients with AT/RT.

Methods

Patients and treatment

Pediatric AT/RT patients who received treatment at Taipei
Veterans General Hospital between 1996 and 2015 were ret-
rospectively reviewed. Only patients who received RT as part
of their treatment were included in our analysis.

All patients underwent brain and spine magnetic resonance
imaging (MRI) prior to or within 1 week after a craniotomy. A
pathological diagnosis of AT/RT was made based on both
histological features and negative immunohistochemical
(IHC) staining for INI-1 [3, 15] after 2007. For those patients
diagnosed before 2007, when the initial diagnosis was only
based on histology, additional IHC staining was performed
subsequently to confirm the diagnosis. The multimodality
treatment included surgery, RT, and chemotherapy. Surgery
was classified as gross total/nearly total resection, subtotal
resection, or biopsy only, according to the surgeon’s judgment
during surgery and post-operative imaging results. RT was
administered either immediately after surgery or after a few
cycles of chemotherapy. For chemotherapy, the main regi-
mens that were administered included intravenous administra-
tion of ifosfamide, cisplatin, and etoposide (ICE). From 2008,
patients < 3 years of age have received a single or tandem high
dose of chemotherapy, followed by autologous hematopoietic
cell rescue (HDCT/AuHCR), in addition to conventional che-
motherapy. The HDCT conditioning regimen includes
carboplatin, thiotepa, and etoposide, or cyclophosphamide
and melphalan.

Outcome measurement and statistical analysis

Characteristics and treatments of patients < 3 years old were
compared with those ≥ 3 years old, using Fisher’s exact test
for categorical variables and the Mann–Whitney U test for
continuous variables. OS, progression-free survival (PFS),
and neuro-axis failure-free survival were analyzed using the

Kaplan–Meier (K–M) method. OS was calculated from the
date of diagnosis to the date of death from any cause. PFS
was defined as the interval between the end of RT and the first
evidence regarding relapse or progression at any site or death
from any cause. Neuro-axis failure was defined as newly
found seeding in the brain or spinal canal or progression of
original seeding lesions. Neuro-axis failure-free survival was
calculated from the end of RT to the date of the first evidence
of neuro-axis failure or death from any cause.

Univariate Cox regression analyses were performed to
identify potential prognostic factors for OS and PFS and to
analyze the effect of CSI on neuro-axis failure-free survival.
Factors with a p value ≤ 0.1 in the univariate Cox regression
were further analyzed in a multivariate Cox regression analy-
sis. For the analysis of OS, Cox regression with time-
dependent covariates was applied to the treatment factors
whose status could change over time, in order to eliminate a
possible immortal time bias [21].

All of the analyses performed were two-sided, and the cut-
off p value for significance was 0.05. For patients who were
followed for more than 5 years, late sequelae were reported.

Results

Patients

Thirty patients were initially identified; however, two patients
were excluded because they did not receive RT as a result of
mortality soon after diagnosis. Thus, 28 patients were ana-
lyzed. The median age at diagnosis for this cohort was
4.3 years (range, 0.6–19.0 years). The baseline characteristics
and treatment profiles are presented in Table 1. Details regard-
ing the individual patients are presented in Supplementary
Table 1. Twelve patients (42.9%) were < 3 years old.
Primary tumors were localized to the infra-tentorial region
(n = 21), supra-tentorial region (n = 6), and spinal canal (n =
1). Six patients (21.4%) exhibited image evidence of neuro-
axis seeding at diagnosis. Cerebrospinal fluid cytology at di-
agnosis was available for 11 of 22 patients who had no evi-
dence of seeding based on MRI, and all exhibited negative
results. Gross total or nearly total tumor resection was
achieved in 12 (42.9%) patients. None of the 28 patients had
synchronous or metachronous rhaboid tumors outside of the
CNS.

Radiation therapy

The median age of patients at the time of RT was 4.3 years
(range, 1.0–19.1 years). A comparison of characteristics and
treatments between the patients aged < 3 years versus≥ 3 years
is presented in Table 2. The median intervals between surgery
and RT for the two age groups were 4.0 and 0.7 months,
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respectively (p = 0.04). Overall, 11 of 13 patients who re-
ceived RT > 2 months after surgery experienced disease pro-
gression before RT was started. Among these 11 patients, 5
exhibited primary tumor relapse, 4 exhibited new neuro-axis
seeding, and 2 exhibited both conditions. Moreover, 9 of these
11 patients were undergoing chemotherapy when disease pro-
gression was observed. The median time from surgery to dis-
ease progression was 3 months (range, 1–16 months).

Regarding RT volume, all of the patients ≥ 3 years old (n =
16) received CSI. Only 4 of 12 patients < 3 years old received
CSI, while the remaining patients received focal irradiation to

the primary tumor bed and seeding lesions. The mean CSI
dose was 29.6 ± 3.1 gray (Gy), and the mean primary tumor
bed dose was 48.7 ± 6.5 Gy. The RT details of individual
patients are presented in Supplementary Table 2. The mean
primary tumor bed dose used in patients < 3 years old was
significantly lower than that used in patients ≥ 3 years old
(46.1 ± 4.3 Gy vs. 50.6 ± 7.3 Gy, respectively; p < 0.01).

Chemotherapy

Twenty-four patients received chemotherapy. The chemother-
apy was administered intravenously at three different time
points: prior to the start of RT (n = 14), concurrent with RT
(n = 7), or after RT (n = 20) (Table 1). In addition, seven of
these patients underwent a ventricular lumbar infusion of
nimustine (ACNU). Intrathecal (IT) chemotherapy was ad-
ministered to three patients who were < 3 years old. HDCT/
AuHCR was administered to eight patients (66.7%) who were
< 3 years old (Table 2). RT was delayed until after HDCT/
AuHCR for two patients; one exhibited disease progression
after HDCT/AuHCR, while the other exhibited partial disease
regression after HDCT/AuHCR.

Treatment outcomes

The median follow-up time for the entire cohort was
48 months (range 10–191 months). At the end of follow-up,
15 patients (53.6%) experienced disease relapse: two patients
exhibited primary site failure, eight patients exhibited neuro-
axis seeding, and five patients exhibited both conditions. The
median PFS was 11 months, and the median OS was
57 months (Fig. 1a, b). The 3-year PFS and OS rates were
46.4 ± 9.4% and 57.1 ± 9.4%, respectively.

Univariate Cox regression analysis (Table 3) revealed that
an interval between surgery and RT initiation of > 2 months
(hazard ratio [HR], 3.38; 95% confidence interval [CI] 1.29–
8.86; p = 0.01) and disease progression before RT initiation
(HR, 3.28; 95% CI 1.28–8.38; p = 0.01) were both associated
with worse PFS. Higher primary tumor bed RT dose (HR,
0.90 per Gy increase; 95% CI 0.84–0.97; p < 0.01) was asso-
ciated with better PFS.

For OS, an interval between surgery and RT initiation of >
2 months (HR, 4.24; 95% CI 1.52–11.90; p < 0.01) was asso-
ciated with worse OS. Worse OS with disease progression
prior to RT initiation (HR, 2.53; 95% CI 0.96–6.64; p =
0.06) and better OS with higher primary tumor bed RT dose
(HR, 0.94 per Gy increase; 95% CI 0.89–1.01; p = 0.07) ex-
hibited borderline statistical significance. Kaplan–Meier plots
are shown in Fig. 2a–f. Notably, the extent of resection did not
significantly impact PFS or OS on univariate Cox analysis.

Due to possible interactions between the interval from sur-
gery to RT initiation and disease progression rate prior to RT, a
two-by-two combination of these two factors into four

Table 1 Patient characteristics

Characteristics

Age at diagnosis, N (%)
< 3 years 12 (42.9)
≥ 3 years 16 (57.1)
Median (years) 4.3

Gender, N (%)
Male 16 (42.9)
Female 12 (57.1)

Tumor location, N (%)
Supra-tentorial 6 (21.4)
Infra-tentorial 21 (75.0)
Spinal canal 1 (3.6)
Neuro-axis seeding at diagnosis 6 (21.4)

Surgery, N (%)
Gross total/nearly total tumor resection 12 (42.9)
Partial tumor resection or biopsy only 16 (57.1)

Age at initiation of RT, N (%)
< 3 years 11 (39.3)
≥ 3 years 17 (60.7)
Median age (years) 4.3

Interval between surgery and RT initiation, N (%)
≤ 2 months 15 (53.6)
> 2 months 13 (46.4)

Evidence of disease progression after surgery and prior to RT initiation, N (%)
Primary site failure only 5 (17.9)
New neuro-axis spreading only 4 (14.3)
Both 2 (7.1)

Radiation therapy volume, N (%)
Focal irradiation only 8 (28.6)
Craniospinal irradiation + focal boost 20 (71.4)

Radiation therapy technique, N (%)
2D 1 (3.5)
3D-conformal radiation therapy 25 (89.3)
Intensity modulation radiation therapy 2 (7.1)

Craniospinal irradiation dose (Gy)
Mean (SD) 29.6 (3.1)
Range 24.0–36.0
Range of dose per fraction 1.5–1.8

Primary tumor bed RT dose (Gy)
Mean (SD) 48.7 (6.5)
Range 30.0–56.0
Range of boost dose 1.5–2.0

Chemotherapy, N (%)
Prior to the start of RT 14 (50.0)
Concurrent with RT 7 (25.0)
After RT 20 (71.4)
HDCT/AuHCR 8 (28.6)

RT radiation therapy, HDCT/AuHCR high-dose chemotherapy and autol-
ogous stem cell rescue, SD standard deviation
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covariates was included in a multivariate regression model
(Table 4). Higher primary tumor bed RT dose was identified
as a favorable prognostic factor for both PFS (HR, 0.85 per Gy
increase; 95% CI 0.77–0.94; p < 0.01) and OS (HR, 0.92 per

Gy increase; 95% CI 0.85–0.99; p = 0.02). In contrast, an
interval between surgery and RT initiation of > 2 months, with
disease progression observed before RT, was associated with
worse PFS (HR, 8.50; 95% CI 2.39–30.19; p < 0.01) and
worse OS (HR, 5.27; 95% CI 1.65–16.81; p < 0.01) than an
interval ≤ 2 months without disease progression prior to RT.
Unfortunately, the numbers of patients with an interval be-
tween surgery and RT initiation ≤ 2 months with disease pro-
gression, and with an interval between surgery and RT initia-
tion > 2 months without disease progression, were too small
for meaningful comparisons with the other two groups.

Among the eight patients who received focal irradiation
without CSI, six patients exhibited neuro-axis failure after
RT. In a univariate Cox analysis, CSI was associated with
better neuro-axis failure-free survival (HR, 0.37; 95% CI
0.13–1.01; p = 0.05), with borderline statistical significance.

For patients < 3 years old, the median OS of the eight
patients who underwent HDCT/AuHCR was 35 months
(range, 17–90months) and four survived for more than 3 years
without evidence of disease. In contrast, three of the four
patients who received IV ± IT chemotherapy alone died of
their disease within 2 years.

Of the 15 patients who exhibited disease relapse or progres-
sion after RT, 14 (93.3%) experienced disease-related death,
with 11 dying within 1 year after their disease relapse was
detected.

Late sequelae in long-term survivors

There were 12 (42.9%) patients who were followed for more
than 5 years, and all of them were disease free at the end of
their follow-up. The most common sequelae for these patients
were short stature (n = 7), muscle weakness (n = 5),
neurocognitive development deficits (n = 5), and endocrine
insufficiency (n = 4). One patient developed quadriparesis,
and one had a vegetative status, and both eventually died of
pneumonia. One patient developed hemiparesis, while four
patients were ambulatory despite various degrees of limb

Fig. 1 Kaplan–Meier plot of a progression-free survival and b overall
survival for the 28 patients studied

Table 2 Comparison of
characteristics and treatments
between patients < 3 and ≥ 3 years
old

< 3 years old ≥ 3 years old p value

Patient number, N 12 16 –

Median age at RT (year) 1.9 7.8 –

Neuro-axis spreading at diagnosis, N (%) 2 (16.7) 4 (25) 0.67

Median interval between surgery and RT initiation (month (IQR)) 4.0 (0.6–16.2) 0.7 (0.4–7.0) 0.04

Interval between surgery and RT initiation > 2 months, N (%) 8 (66.7) 5 (31.2) 0.13

Disease progression prior to RT initiation, N (%) 7 (58.3) 3 (18.8) 0.02

Craniospinal irradiation, N (%) 4 (33.3) 16 (100.0) < 0.01

Mean RT dose for primary tumor, (Gy (SD)) 46.1 (4.3) 50.6 (7.3) < 0.01

HDCT/AuHCR, N (%) 8 (66.7) 0 (0.0) < 0.01

N number, IQR interquartile range, SD standard deviation, RT radiation therapy, HDCT/AuHCR high-dose che-
motherapy and autologous stem cell rescue
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weakness. Academic performance was documented within
medical records in nine of these patients: three required spe-
cial education, and six attended regular school, but three of
these six children had learning or social problems in school.
Four patients required long-term hormone replacement for
endocrine insufficiency, and two patients relied on anti-
epileptic drugs for seizure control. A secondary malignancy
developed in three patients. The latter included a dural malig-
nant spindle cell tumor, which developed 5 years after RT, a
skull osteosarcoma, which developed 3 years after RT, and a
glioblastoma, which developed 7 years after RT.

Discussion

The results of the present study demonstrated that, for the
cohort examined, a high radiation dose for the primary tumor
bed was associated with better PFS and OS. In contrast, a
delay in RT for more than 2 months after surgery, with disease
progression observed prior to RT, was associated with worse
PFS and OS. Furthermore, 76.9% of the patients who received
RT > 2 months after surgery experienced disease progression
before RT, even though 81.8% of these patients were receiving
chemotherapy when disease progression was observed.
Similarly, in a German HIT database study, a 56% failure rate

during initial post-operative chemotherapy was observed [25].
Thus, chemotherapy alone after surgery, without immediate
RT, may not be adequate for treating AT/RT. Moreover, in a
study conducted at St. Jude Hospital, a 23% increase in local
failure was observed when RT was delayed ≥ 1 month after
surgery [16]. However, to reduce the possible risk of late se-
quelae, RT is often deferred in young children [10, 16], or it
serves as a salvage treatment. In the present study, the median
interval between surgery and RT was longer, with a lower
mean tumor bed RT dose, for patients < 3 years old than for
older children.While these differences in treatment for the two
age groups did not translate into significant differences in
survival, possibly due to the small number of patients exam-
ined, the benefits and costs of postponing RT in young chil-
dren should be carefully evaluated.

In the analysis of patients < 3 years old, half of those who
underwent HDCT/AuHCR survived for more than 3 years
without evidence of disease, but most of the patients who
received IV ± IT chemotherapy alone died of disease within
2 years after diagnosis. In retrospective reviews of patients
with AT/RT, a significant survival benefit has been associated
with HDCT [10, 14, 17]. Based on this evidence, investigators
have attempted to use HDCT/AuHCR to avoid, or defer, RT in
young patients with AT/RT. A study from Vienna [20] report-
ed a 100% 5-year OS in patients who received RT after

Table 3 Univariate Cox regression for progression-free survival and overall survival

Variables Progression-free survival Overall survival

HR 95% CI p value HR 95% CI p value

Age

≥ 3 vs. < 3 yearsb 0.58 0.22–1.51 0.26 0.69 0.25–1.86 0.46

Neuro-axis seeding at diagnosis

Yes vs. nob 0.74 0.21–2.66 0.64 0.71 0.20–2.56 0.60

Extent of tumor resection

GTR vs. STR/biopsyb 1.06 0.42–2.70 0.90 1.01 0.39–2.63 0.98

Interval between surgery and RT initiation

> 2 vs. ≤ 2 monthsb 3.38 1.29–8.86 0.01 4.24a 1.52–11.90 < 0.01

Disease progression prior to RT initiation

Yes vs. nob 3.28 1.28–8.38 0.01 2.53a 0.96–6.64 0.06

Craniospinal irradiation

Yes vs. nob 0.42 0.15–1.16 0.10 0.65a 0.19–2.20 0.49

Primary tumor bed RT dose (per gray increase) 0.90 0.84–0.97 < 0.01 0.94 0.89–1.01 0.07

Chemotherapy

Yes vs. nob 1.87 0.43–8.25 0.41 2.11a 0.48–9.33 0.33

HDCT/AuHCR

Yes vs. nob 0.93 0.30–2.86 0.89 0.92a 0.29–2.89 0.89

HR hazard ratio, 95% CI 95% confidence interval, GTR gross tumor resection, STR subtotal tumor resection, RT radiation therapy, HDCT + AuHCR
high-dose chemotherapy and autologous stem cell rescue
a Cox regression with time-dependent covariate was used
b Reference
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Fig. 2 Kaplan–Meier plots for
progression-free survival (PFS)
and overall survival (OS) accord-
ing to different factors. a PFS:
interval between surgery and ra-
diotherapy (RT) initiation ≤ 2 and
> 2 months. b OS: interval be-
tween surgery and RT initiation ≤
2 and > 2 months. c PFS: without
and with disease progression prior
to RT initiation. d OS: without
and with disease progression prior
to RT initiation. e PFS: without
and with craniospinal irradiation.
f OS: without and with
craniospinal irradiation. RT radi-
ation therapy, PD progressive
disease, CSI craniospinal
irradiation

Table 4 Multivariate Cox regression for progression-free survival and overall survival

Variables Progression-free survival Overall survival

HR 95% CI p value HR 95% CI p value

Interval between surgery and RT initiation/disease
progression prior to RT initiationa

≤ 2 months/nod 1.00 1.00

≤ 2 months/yesb 2.29 0.23–23.02 0.48 0.00 – 0.99

> 2 months/noc 2.52 0.45–14.11 0.29 3.95 0.74–21.08 0.11

> 2 months/yes 8.50 2.39–30.19 < 0.01 5.27 1.65–16.81 < 0.01

Craniospinal irradiation

Yes vs. nod 0.69 0.21–2.26 0.54 – – –

Primary tumor bed RT dose (per gray increase) 0.85 0.77–0.94 < 0.01 0.92 0.85–0.99 0.02

HR hazard ratio, 95% CI 95% confidence interval, RT radiation therapy
a Cox regression with time-dependent covariate was used
b The patient number of B≤ 2 months/yes^ was only 1
c The patient number of B> 2 months/no^ was only 3
d Reference

1018 Childs Nerv Syst (2019) 35:1013–1020



courses of chemotherapy and HDCT/AuHCR. However, oth-
er studies have reported less favorable results. Among 19 chil-
dren treated with the Head Start III protocol, which involves
in tens ive induc t ion chemotherapy fo l lowed by
HDCT/AuHCR, without early RT, 11 children experienced
disease progression [26]. In a prospective Korean study,
HDCT/AuHCR was performed to defer RT for patients with
AT/RT, who were < 3 years old; all five of these patients even-
tually died of disease [22]. In the present cohort, RT was
delayed by HDCT/AuHCR in two patients. In one of these
patients, new seeding was observed after HDCT/AuHCR,
while the other patient exhibited disease regression before
RT was initiated. While this evidence suggests that HDCT/
AuHCR may improve treatment outcome, trials need to be
conducted to clarify the role of HDCT/AuHCR in delaying
RT in young patients.

There is no definitive conclusion regarding the most appro-
priate irradiation volume for patients with AT/RT who are
< 3 years old. In the present study group, univariate analysis
identified an association between CSI and improved neuro-
axis failure-free survival. While CSI is widely considered to
be the primary treatment for patients ≥ 3 years old, focal irra-
diation is more often administered to young children to avoid
complications that can arise following CSI [8, 18]. To date, a
direct comparison of CSI efficacy and focal irradiation has not
been published exclusively for patients with AT/RT. However,
a few studies have reported that for patients treated with focal
irradiation, with IT chemotherapy included in their treatment
protocol, more than half of these patients were alive without
evidence of disease at the end of their follow-up [7, 12, 20].
Therefore, IT chemotherapy may achieve better neuro-axis
control when focal irradiation without CSI is administered.

The effect of the extent of resection on outcomes has been
discussed in several publications [1, 2, 14, 16, 19], but the
results were inconsistent across studies. In the current study,
univariate analyses showed no statistically significant effects
of this factor on PFS and OS. Further investigation is needed
to establish the role of complete resection in the treatment of
AT/RT.

There are limitations associated with the present study.
First, due to rarity, the small number of patients examined
was under-powered for drawing valid conclusions. Second,
various RTand chemotherapy protocols were used in the cases
of AT/RT examined, thereby introducing heterogeneity into
our study population. Due to these limitations, further studies
with a larger sample size and a well-designed treatment pro-
tocol are needed to confirm the reported results.

Conclusions

In conclusion, for patients with AT/RT, early and aggressive
RT following surgery is essential for better disease control and

improved survival. In younger patients, high-dose chemother-
apy with autologous stem cell rescue may augment treatment
efficacy, although it remains to be determined whether this
treatment approach can be used to delay RT. It is anticipated
that long-term survival will be achieved with improvements in
treatment, although reducing and managing late toxicities
caused by aggressive treatment is also of great importance.

Acknowledgements We would like to thank Taipei Veterans General
Hospital pediatric CNS tumor group for assistance in this study.

Funding No funding was received for this study.

Data availability The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Compliance with ethical standards

The study was conducted in accordance with the Declaration of Helsinki.

Ethical approval The data of this study was extracted from database of
pediatric brain tumors in Taipei Veterans General Hospital, and the study
protocol was approved by the Institutional Review Board of the Taipei
Veterans General Hospital. The IRB number is 97-07-05A.

Conflict of interest The authors declare that they have no conflict of
interest.

Informed consent Informed consent to this study was obtained from the
parents of all participants.

References

1. Athale UH, Duckworth J, Odame I, Barr R (2009) Childhood atyp-
ical teratoid rhabdoid tumor of the central nervous system: a meta-
analysis of observational studies. J Pediatr Hematol Oncol 31:651–
663. https://doi.org/10.1097/MPH.0b013e3181b258a9

2. Bartelheim K, Nemes K, Seeringer A, Kerl K, Buechner J, Boos J,
Graf N, Durken M, Gerss J, Hasselblatt M, Kortmann RD, Teichert
von Luettichau I, Nagel I, Nygaard R, Oyen F, Quiroga E, Schlegel
PG, Schmid I, Schneppenheim R, Siebert R, Solano-Paez P,
Timmermann B, Warmuth-Metz M, Fruhwald MC (2016)
Improved 6-year overall survival in AT/RTS—results of the registry
study Rhabdoid 2007. Cancer Med 5:1765–1775. https://doi.org/
10.1002/cam4.741

3. Biegel JA (2006) Molecular genetics of atypical teratoid/rhabdoid
tumor. Neurosurg Focus 20:E11

4. Burger PC, Yu IT, Tihan T, Friedman HS, Strother DR, Kepner JL,
Duffner PK, Kun LE, Perlman EJ (1998) 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

5. Buscariollo DL, Park HS, Roberts KB, Yu JB (2012) Survival out-
comes in atypical teratoid rhabdoid tumor for patients undergoing
radiotherapy in a Surveillance, Epidemiology, and End Results
analysis. Cancer 118:4212–4219. https://doi.org/10.1002/cncr.
27373

Childs Nerv Syst (2019) 35:1013–1020 1019

https://doi.org/10.1097/MPH.0b013e3181b258a9
https://doi.org/10.1002/cam4.741
https://doi.org/10.1002/cam4.741
https://doi.org/10.1002/cncr.27373
https://doi.org/10.1002/cncr.27373


6. Chen YW,Wong TT, Ho DM, Huang PI, Chang KP, Shiau CY, Yen
SH (2006) Impact of radiotherapy for pediatric CNS atypical
teratoid/rhabdoid tumor (single institute experience). Int J Radiat
Oncol Biol Phys 64:1038–1043. https://doi.org/10.1016/j.ijrobp.
2005.10.001

7. Chi SN, Zimmerman MA, Yao X, Cohen KJ, Burger P, Biegel JA,
Rorke-Adams LB, Fisher MJ, Janss A, Mazewski C, Goldman S,
Manley PE, Bowers DC, Bendel A, Rubin J, Turner CD, Marcus
KJ, Goumnerova L, Ullrich NJ, Kieran MW (2009) Intensive
multimodality treatment for children with newly diagnosed CNS
atypical teratoid rhabdoid tumor. J Clin Oncol 27:385–389.
https://doi.org/10.1200/jco.2008.18.7724

8. Christopherson KM, Rotondo RL, Bradley JA, Pincus DW, Wynn
TT, Fort JA, Morris CG, Mendenhall NP, Marcus RB Jr, Indelicato
DJ (2014) Late toxicity following craniospinal radiation for early-
stage medulloblastoma. Acta Oncol (Stockh) 53:471–480. https://
doi.org/10.3109/0284186x.2013.862596

9. DiPatri AJ Jr, Sredni ST, Grahovac G, Tomita T (2015) Atypical
teratoid rhabdoid tumors of the posterior fossa in children. Childs
Nerv Syst 31:1717–1728. https://doi.org/10.1007/s00381-015-
2844-x

10. Fossey M, Li H, Afzal S, Carret AS, Eisenstat DD, Fleming A,
Hukin J, Hawkins C, Jabado N, Johnston D, Brown T, Larouche
V, Scheinemann K, Strother D, Wilson B, Zelcer S, Huang A,
Bouffet E, Lafay-Cousin L (2017) Atypical teratoid rhabdoid tumor
in the first year of life: the Canadian ATRT registry experience and
review of the literature. J Neuro-Oncol 132:155–162. https://doi.
org/10.1007/s11060-016-2353-0

11. Haberler C, Laggner U, Slavc I, Czech T, Ambros IM, Ambros PF,
Budka H, Hainfellner JA (2006) Immunohistochemical analysis of
INI1 protein in malignant pediatric CNS tumors: lack of INI1 in
atypical teratoid/rhabdoid tumors and in a fraction of primitive
neuroectodermal tumors without rhabdoid phenotype. Am J Surg
Pathol 30:1462–1468. https://doi.org/10.1097/01.pas.0000213329.
71745.ef

12. Hilden JM, Meerbaum S, Burger P, Finlay J, Janss A, Scheithauer
BW, Walter AW, Rorke LB, Biegel JA (2004) Central nervous
system atypical teratoid/rhabdoid tumor: results of therapy in chil-
dren enrolled in a registry. J Clin Oncol 22:2877–2884. https://doi.
org/10.1200/jco.2004.07.073

13. Ho DM, Hsu CY, Wong TT, Ting LT, Chiang H (2000) Atypical
teratoid/rhabdoid tumor of the central nervous system: a compara-
tive study with primitive neuroectodermal tumor/medulloblastoma.
Acta Neuropathol 99:482–488

14. Lafay-Cousin L, Hawkins C, Carret AS, Johnston D, Zelcer S,
Wilson B, Jabado N, Scheinemann K, Eisenstat D, Fryer C,
Fleming A, Mpofu C, Larouche V, Strother D, Bouffet E, Huang
A (2012) Central nervous system atypical teratoid rhabdoid tu-
mours: the Canadian Paediatric Brain Tumour Consortium experi-
ence. Eur J Cancer 48:353–359. https://doi.org/10.1016/j.ejca.
2011.09.005

15. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, Ohgaki H, Wiestler OD, Kleihues P,
Ellison DW (2016) The 2016 World Health Organization
Classification of Tumors of the Central Nervous System: a summa-
ry. Acta Neuropathol 131:803–820. https://doi.org/10.1007/
s00401-016-1545-1

16. Pai Panandiker AS, Merchant TE, Beltran C, Wu S, Sharma S, Boop
FA, Jenkins JJ, Helton KJ, Wright KD, Broniscer A, Kun LE, Gajjar
A (2012) Sequencing of local therapy affects the pattern of treatment
failure and survival in children with atypical teratoid rhabdoid tumors
of the central nervous system. Int J Radiat Oncol Biol Phys 82:1756–
1763. https://doi.org/10.1016/j.ijrobp.2011.02.059

17. Perez-Martinez A, Lassaletta A, Gonzalez-Vicent M, Sevilla J, Diaz
MA, Madero L (2005) High-dose chemotherapy with autologous
stem cell rescue for children with high risk and recurrent medullo-
blastoma and supratentorial primitive neuroectodermal tumors. J
Neuro-Oncol 71:33–38. https://doi.org/10.1007/s11060-004-4527-4

18. Reddickaij WE, Russell JM, Glass JO, Xiong X, Mulhern RK,
Langston JW, Merchant TE, Kun LE, Gajjar A (2000) Subtle white
matter volume differences in children treated for medulloblastoma
with conventional or reduced dose craniospinal irradiation. Magn
Reson Imaging 18:787–793. https://doi.org/10.1016/S0730-
725X(00)00182-X

19. Schrey D, Carceller Lechon F, Malietzis G, Moreno L, Dufour C,
Chi S, Lafay-Cousin L, von Hoff K, Athanasiou T, Marshall LV,
Zacharoulis S (2016) Multimodal therapy in children and adoles-
cents with newly diagnosed atypical teratoid rhabdoid tumor: indi-
vidual pooled data analysis and review of the literature. J Neuro-
Oncol 126:81–90. https://doi.org/10.1007/s11060-015-1904-0

20. Slavc I, Chocholous M, Leiss U, Haberler C, Peyrl A, Azizi AA,
Dieckmann K, Woehrer A, Peters C, Widhalm G, Dorfer C, Czech
T (2014) Atypical teratoid rhabdoid tumor: improved long-term
survival with an intensive multimodal therapy and delayed radio-
therapy. The Medical University of Vienna experience 1992-2012.
Cancer Med 3:91–100. https://doi.org/10.1002/cam4.161

21. Suissa S (2008) Immortal time bias in pharmacoepidemiology. Am
J Epidemiol 167:492–499. https://doi.org/10.1093/aje/kwm324

22. Sung KW, Lim DH, Yi ES, Choi YB, Lee JW, Yoo KH, Koo HH,
Kim JH, Suh YL, Joung YS, Shin HJ (2016) Tandem high-dose
chemotherapy and autologous stem cell transplantation for atypical
teratoid/rhabdoid tumor. Cancer Res Treat 48:1408–1419. https://
doi.org/10.4143/crt.2015.347

23. Tekautz TM, Fuller CE, Blaney S, Fouladi M, Broniscer A,
Merchant TE, Krasin M, Dalton J, Hale G, Kun LE, Wallace D,
Gilbertson RJ, Gajjar A (2005) Atypical teratoid/rhabdoid tumors
(ATRT): improved survival in children 3 years of age and older
with radiation therapy and high-dose alkylator-based chemothera-
py. J Clin Oncol 23:1491–1499. https://doi.org/10.1200/jco.2005.
05.187

24. Verma V, Johnson CP, Bennion NR, Bhirud AR, Li S, McComb
RD, Lin C (2015) Atypical teratoid rhabdoid tumor: long-term sur-
vival after chemoradiotherapy. Childs Nerv Syst 31:1393–1399.
https://doi.org/10.1007/s00381-015-2723-5

25. von Hoff K, Hinkes B, Dannenmann-Stern E, von Bueren AO,
Warmuth-Metz M, Soerensen N, Emser A, Zwiener I, Schlegel
PG, Kuehl J, Fruhwald MC, Kortmann RD, Pietsch T, Rutkowski
S (2011) Frequency, risk-factors and survival of children with atyp-
ical teratoid rhabdoid tumors (AT/RT) of the CNS diagnosed be-
tween 1988 and 2004, and registered to the German HIT database.
Pediatr Blood Cancer 57:978–985. https://doi.org/10.1002/pbc.
23236

26. Zaky W, Dhall G, Ji L, Haley K, Allen J, Atlas M, Bertolone S,
Cornelius A, Gardner S, Patel R, Pradhan K, Shen V, Thompson S,
Torkildson J, Sposto R, Finlay JL (2014) Intensive induction che-
motherapy followed by myeloablative chemotherapy with autolo-
gous hematopoietic progenitor cell rescue for young children
newly-diagnosed with central nervous system atypical teratoid/
rhabdoid tumors: the Head Start III experience. Pediatr Blood
Cancer 61:95–101. https://doi.org/10.1002/pbc.24648

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

1020 Childs Nerv Syst (2019) 35:1013–1020

https://doi.org/10.1016/j.ijrobp.2005.10.001
https://doi.org/10.1016/j.ijrobp.2005.10.001
https://doi.org/10.1200/jco.2008.18.7724
https://doi.org/10.3109/0284186x.2013.862596
https://doi.org/10.3109/0284186x.2013.862596
https://doi.org/10.1007/s00381-015-2844-x
https://doi.org/10.1007/s00381-015-2844-x
https://doi.org/10.1007/s11060-016-2353-0
https://doi.org/10.1007/s11060-016-2353-0
https://doi.org/10.1097/01.pas.0000213329.71745.ef
https://doi.org/10.1097/01.pas.0000213329.71745.ef
https://doi.org/10.1200/jco.2004.07.073
https://doi.org/10.1200/jco.2004.07.073
https://doi.org/10.1016/j.ejca.2011.09.005
https://doi.org/10.1016/j.ejca.2011.09.005
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/j.ijrobp.2011.02.059
https://doi.org/10.1007/s11060-004-4527-4
https://doi.org/10.1016/S0730-725X(00)00182-X
https://doi.org/10.1016/S0730-725X(00)00182-X
https://doi.org/10.1007/s11060-015-1904-0
https://doi.org/10.1002/cam4.161
https://doi.org/10.1093/aje/kwm324
https://doi.org/10.4143/crt.2015.347
https://doi.org/10.4143/crt.2015.347
https://doi.org/10.1200/jco.2005.05.187
https://doi.org/10.1200/jco.2005.05.187
https://doi.org/10.1007/s00381-015-2723-5
https://doi.org/10.1002/pbc.23236
https://doi.org/10.1002/pbc.23236
https://doi.org/10.1002/pbc.24648

	Role...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Patients and treatment
	Outcome measurement and statistical analysis

	Results
	Patients
	Radiation therapy
	Chemotherapy
	Treatment outcomes
	Late sequelae in long-term survivors

	Discussion
	Conclusions
	References


