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Abstract: Atypical teratoid/rhabdoid tumor (AT/RT) is a highly malignant embryonal central 

nervous system tumor commonly affecting children <3 years of age. It roughly constitutes 

1%–2% of all pediatric central nervous system tumors. Recent data show that it is the most 

common malignant central nervous system tumor in children <6 months of age. Management 

of this aggressive tumor is associated with a myriad of diagnostic and therapeutic challenges. 

On the basis of radiology and histopathology alone, distinction of AT/RT from medulloblastoma 

or primitive neuroectodermal tumor is difficult, and hence this tumor has been commonly mis-

diagnosed as primitive neuroectodermal tumor for decades. Presence of a bulky heterogeneous 

solid-cystic mass with readily visible calcification and intratumor hemorrhage, occurring 

off-midline in children <3 years of age, should alert the radiologist toward the possibility of 

AT/RT. Presence of rhabdoid cells on histopathology and polyphenotypic immunopositivity 

for epithelial, mesenchymal, and neuroectodermal markers along with loss of expression of 

SMARCB1/INI1 or SMARCA4/BRG1 help in establishing a diagnosis of AT/RT. The optimal 

management comprises maximal safe resection followed by radiation therapy and multiagent 

intensive systemic chemotherapy. Gross total excision is difficult to achieve in view of the 

large tumor size and location and young age at presentation. Leptomeningeal spread is noted 

in 15%–30% of patients, and hence craniospinal irradiation followed by boost to tumor bed is 

considered standard in children older than 3 years. However, in younger children, craniospinal 

irradiation may lead to long-term neurocognitive and neuroendocrine sequel, and hence focal 

radiation therapy may be a pragmatic approach. In this age group, high-dose chemotherapy 

with autologous stem cell rescue may also be considered to defer radiation therapy, but this 

approach is also associated with significant treatment-related morbidity and mortality. Novel 

small molecule inhibitors hold promise in preclinical studies and should be considered in patients 

with relapsed or refractory tumor.

Keywords: atypical teratoid/rhabdoid tumor, intracranial, medulloblastoma, primitive neuro-

ectodermal tumor

Introduction
Rhabdoid tumor was originally described by Beckwith and Palmer as a variant of Wilms 

tumor with a rhabdosarcomatous component.1 Apart from kidney,1 rhabdoid tumors 

have been reported from many organs, including soft tissues2 and central nervous sys-

tem (CNS).3 Atypical teratoid/rhabdoid tumor (AT/RT) of CNS was first recognized in 

1987, when it was simply referred to as “rhabdoid tumor”.4 It was defined as a distinct 

entity in 19965 and included in World Health Organization classification of CNS tumors 

in 2000.6 AT/RT currently constitutes one of three major CNS embryonal tumors in 
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the 2007 World Health Organization classification of CNS 

tumors and is accorded World Health Organization grade IV 

due to its highly malignant nature.7 The tumor cells show 

histologic diversity with a combination of rhabdoid cells 

and neuroectodermal, epithelial, and mesenchymal elements 

but lack divergent tissue development pathognomonic of 

teratoma.8,9 Hence, it is designated as AT/RT. Despite prog-

ress in treatment modalities, this highly malignant tumor of 

CNS carries dismal prognosis. So far, there is no consensus 

regarding optimal management of this tumor. Critical location 

of the tumor precludes complete resection and young age of 

patients restricts optimal integration of radiation therapy (RT) 

in the management of this aggressive tumor.

Epidemiology
The accurate incidence of AT/RT is not yet known. This may 

be because of the recent recognition of AT/RT as a distinct 

pathologic entity and lack of prospective studies in patients 

with this tumor, with most of the series being retrospective 

case reviews or pathologic reviews. AT/RT is predominantly 

observed in children younger than 3 years.10 As per hospital-

based series, prevalence of AT/RT in pediatric brain tumor 

ranges from 1% to 2%.11–13 A population-based study by 

Austrian Brain Tumor Registry showed an age-standardized 

incidence rate of 1.38 per 100,000 person years in children 

and peak incidence was found in the first 2 years of life.10 

Median age at diagnosis ranges from 1.2 years to 2.3 years in 

various large series.14–16 AT/RT has a slight male preponder-

ance till the age of 3 years.17,18 As per Central Brain Tumor 

Registry of the United States, AT/RT accounts for 1.6% of 

all pediatric CNS tumors and 4.4% of all CNS tumors in 

children of 0- to 5-year age group, with an average annual 

incidence of 0.07 per 100,000.19 Recent data show that AT/

RT is the most common malignant CNS tumor in children 

<6 months of age.20

AT/RT has been described in virtually all CNS locations, 

including the cerebellopontine angle cistern, meninges, cra-

nial nerves, spinal canal, and extradural location.21 There is 

discrepancy regarding the most common site of involvement 

of AT/RT, with some series suggesting the supratentorial 

region,22,23 while other series suggesting the infratentorial 

region.24 Some series have shown equal involvement of both 

supratentorial and infratentorial regions.15,17 This discrepancy 

may be due to the small number of patients in the reported 

series of AT/RT. Around 14%–21% of patients in different 

series have been found to have disseminated disease at diag-

nosis.17,18,22,23 Historically, survival in patients with AT/RT has 

been dismal, with a reported median survival of ~1 year.14,15 

The poor prognostic factors associated with AT/RTs are 

age <2 years, metastatic disease at diagnosis, and delayed 

initiation of radiotherapy. Patients with supratentorial tumor 

location have relatively favorable outcome.14–16

Adult AT/RT is very rare, with isolated case reports 

existing in literature.25 Majority of adult-onset AT/RTs are 

located in the supratentorial region, with sellar and suprasel-

lar regions being the preferential site of involvement.26 In 

contrast to pediatric AT/RT, adult-onset AT/RT has favorable 

clinical course, and many reported cases have shown long-

term survival.27

Diagnosis
Clinical features of AT/RT depend on the location of tumor 

and age of the patient. Patients usually present with symptoms 

of raised intracranial tension, including headache, vomiting, 

lethargy, failure to thrive, regression of developmental mile-

stones, irritability, and macrocephaly in very young children. 

Involvement of cerebellar hemisphere may lead to symptoms 

of ataxia, head tilt, and nystagmus. Patients can also present 

with cranial nerve palsies (cranial nerves VII and VIII) if 

cerebellopontine angle is involved by tumor.28–30

Computed tomography of brain demonstrates hyper-

dense lesion attributable to the high cellularity of the tumor 

and heterogeneous enhancement on postcontrast images. 

Calcification may be seen in up to 40% of tumors.30 Mag-

netic resonance imaging (MRI) is the imaging modality of 

choice in patients with AT/RT (Figure 1).29,30 On MRI, AT/

RTs show heterogeneous iso-intense signal on both T1- and 

T2-weighted MR images. Contrast-enhanced MRI shows 

variable enhancement (heterogeneous, peripheral nodular, 

intense, and mild). Peripherally located cystic components 

are commonly demonstrated on MR images and are a use-

ful distinguishing feature.29–31 Majority of the supratentorial 

AT/RTs arise from cerebral hemispheres, and frontal lobe is 

commonly involved.32 Supratentorial AT/RT demonstrates 

thick irregular heterogeneously enhancing wall encircling 

central cystic or necrotic lesion. In one series, this feature 

was shown to have high specificity and negative predictive 

value for AT/RT.33

The main radiological differential diagnosis of AT/

RT is medulloblastoma (MB). Other differentials include 

supratentorial primitive neuroectodermal tumor (SPNET), 

ependymoma, teratoma, choroid plexus tumors, pilocytic 

astrocytoma, and desmoplastic infantile ganglioglioma.29 

There are certain radiologic features that may help in dif-

ferentiating AT/RT from MB such as off-midline location 

and presence of eccentric cyst, calcification, and intratumor 

hemorrhage.29,30 Both AT/RT and MB show diffusion restric-

tion on diffusion-weighted MRI.34
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Figure 1 Midsagittal (left panel) and parasagittal (middle and right panel) T2 weighted MRI of brain in a 8 year old male child with AT/RT showing a bulky (5.3 cm × 3.1 cm), 
heterogeneous, intracranial mass in the posterior fossa involving the fourth ventricle, cerebellar vermis, midbrain and pineal region, pushing the brainstem anteriorly and 
cerebellum posteriorly; the tumor is lifting the tentorium cerebelli and causing herniation of the cerebellar tonsils in the middle panel; the tumor is abutting the straight sinus 
in the right panel; intra-tumor necrosis is better appreciated in middle and right panel.
Abbreviation: MRI, magnetic resonance imaging; AT/RT, atypical teratoid/rhabdoid tumor.

Cerebrospinal fluid involvement via leptomeningeal dis-

semination can be found in 15%–30% of patients; hence, 

MRI of entire neuraxis and cerebrospinal fluid cytology form 

integral part of diagnostic evaluation.29,30 Additional investi-

gation includes renal ultrasound to rule out rhabdoid tumor 

of kidney,30 as patients with rhabdoid tumor predisposition 

syndrome can develop multiple rhabdoid tumors.35

Histopathology
AT/RTs are heterogeneous tumors that are often difficult to 

recognize on histopathology alone (Figure 2). They show 

complex histologic patterns resulting from an intimate 

admixture of primitive neuroctodermal elements along with 

rhabdoid cells.5 The rhabdoid phenotype is characterized by 

large cells with abundant eosinophilic cytoplasm, paranuclear 

A B C D

E F G H
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Figure 2 Histopathology and immunohistochemistry of AT/RT.
Notes: Photomicrographs showing a heterogeneous tumor (A; HE, 100×) with areas of necrosis (B; HE, 100×) composed of small round cells admixed with cells with 
eosinophilic cytoplasm (C; HE, 200×); higher magnification shows typical rhabdoid cells (arrow) (D; HE, 400×). On IHC, tumor cells are positive for vimentin (E; IHC, 200×), 
EMA (F; IHC, 200×), synaptophysin (G; IHC, 200×), SMA (H; IHC, 200×), and focally for GFAP (I; IHC, 200×) and cytokeratin (J; IHC, 200×); MIB-1-LI is high (K; IHC, 200×) 
and tumor cells show loss of INI1, while endothelial cells (arrow) show retained expression (L; IHC, 200×).
Abbreviations: HE, hematoxylin and eosin; IHC, immunohistochemistry; EMA, epithelial membrane antigen; SMA, smooth muscle actin; GFAP, glial fibrillary acidic protein; 
MIB-1-LI, MIB-1 labeling index; INI1, integrase interactor 1; AT/RT, atypical teratoid/rhabdoid tumor.
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globular cytoplasmic inclusions that correspond to aggregates 

of intermediate filaments, eccentrically placed nuclei with 

vesicular chromatin, and a prominent eosinophilic nucleolus. 

The primitive neuroectodermal component is characterized 

by undifferentiated small round blue cells. The mesenchymal 

component is represented by spindle cells within a basophilic 

myxoid background. The epithelial component, which is 

rarely detected, can be observed as squamous, papillary, 

adenomatous, or ribbon-like structures.28,29 Mitotic figures 

are frequent (including atypical mitotic figures), as are areas 

of necrosis and hemorrhage. On the basis of histopathology 

alone, differentiation of AT/RT from primitive neuroectoder-

mal tumors and MB remains difficult.5,29

On immunohistochemistry, AT/RTs show polyphenotypic 

reactivity, demonstrating immunopositivity for vimentin, 

epithelial membrane antigen, smooth muscle actin, synap-

tophysin, and, to a lesser extent, cytokeratin, glial fibrillary 

acidic protein, and neurofilament protein.5,29,30,36 AT/RTs are 

highly proliferative tumors and show high MIB-1 labeling 

indices.5,29,30

Majority of AT/RTs show loss of SMARCB1/INI1, while 

loss of SMARCA4/BRG1 expression is seen in a small pro-

portion of cases.36,37 Integrase interactor 1 (INI1), the gene 

product of SMARCB1, is a constitutively expressed protein 

that is present in all normal tissues, as well as in most neo-

plasms. In AT/RTs, there is loss of nuclear expression of this 

protein, due to deletion or mutation of the SMARCB1 locus 

on 22q11.2, a genetic hallmark of this tumor.29,30 A recently 

described subset of embryonal tumors designated as cribri-

form neuroepithelial tumor also shows loss of INI1 expres-

sion without evidence of rhabdoid morphology – this group 

of tumors is now being considered an epithelioid variant of 

AT/RT.38 Rarely, tumors with histological features typical 

of AT/RT show retained INI1 expression. These AT/RTs 

show loss of nuclear expression of BRG1, resulting from 

mutation and inactivation of the SMARCA4 gene, and are 

associated with a poorer prognosis.37,39 Thus, loss of either 

of these markers is essential for establishing a diagnosis of 

AT/RT. Immunohistochemistry also has potential for predict-

ing prognosis, with one study showing association of FLI-1 

and cyclin D1 immunopositivity with improved survival.40

Molecular classification
The prognosis of patients with AT/RT is grave. However, 

some patients respond favorably to standard treatment, 

suggesting the existence of molecular intertumor hetero-

geneity. In a landmark study involving 192 patients with 

AT/RT, Johann et al41 identified three distinct molecular 

subtypes by genetic and epigenetic analysis of tumor  tissue. 

Loss of SMARCB1 expression was noted in 188 (98%) 

patients. Four cases had retained SMARCB1 expression, 

of which three cases were confirmed to have a SMARCA4 

mutation. In AT/RT-TYR subgroup, patients were younger 

(usually <1 year) and had mostly infratentorial tumor. This 

subgroup was characterized by broad SMARCB1 deletion 

and overexpression of melanosomal genes – TYR and MITF. 

In AT/RT-SHH subgroup, patients had both supratentorial 

and infratentorial tumors. This subgroup was character-

ized by focal SMARCB1 aberration and overexpression 

of Sonic Hedgehog (SHH) pathway genes – MYCN and 

GLI2. In AT/RT-MYC subgroup, patients were older (usu-

ally >1 year) and had mostly supratentorial tumor. This 

subgroup was characterized by focal SMARCB1 deletion 

and overexpression of MYC, HOTAIR, and HOX cluster of 

genes. There was no sex predilection noted in any of the 

aforementioned molecular subtypes. Genes that were highly 

expressed in almost all AT/RTs compared with normal brain 

included components of the Polycomb Repressive Complex 

2 (PRC2) – EZH2, SUZ12, and EED – confirming previous 

reports that suggest an antagonistic relationship between 

members of the SWI/SNF complex and PRC2 complex in 

chromatin remodeling and epigenetic silencing of genes.

Surgery
Surgery provides rapid relief of symptoms in patients with 

AT/RT. Extent of surgical resection is influenced by age of 

the patient, location, and size of the tumor.29,30 Extension of 

posterior fossa tumor to cerebellopontine angle may make 

surgical resection difficult due to involvement of cranial 

nerves. Impact of extent of resection on survival outcome is 

not conclusive. In studies by Biswas et al30 and  Lafay-Cousin 

et al,42 overall survival (OS) significantly improved with gross 

total resection compared with subtotal/near total resection. 

Other series have reported no significant difference in sur-

vival based on the extent of surgical resection.17,22,23 In light 

of these data, the aim of surgery should be maximal safe 

resection with adequate preservation of neurological func-

tion. Apart from resection, surgical intervention is required 

for placement of ventriculoperitoneal shunt to relieve raised 

intracranial pressure and for placement of ventricular catheter 

and reservoir to deliver intraventricular chemotherapy.

Chemotherapy
Chemotherapy is an integral component of multimodality 

management of patients with AT/RT. Adjuvant chemotherapy 

in AT/RTs is intensive, and published series have used two 

backbones of chemotherapy: Children’s Cancer Group 

(CCG)-9921 and Intergroup Rhabdomyosarcoma III (IRS III) 
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protocols. In CCG-9921 induction chemotherapy regimen, 

a four drug combination, consisting of either vincristine, 

cisplatin, cyclophosphamide, and etoposide, or vincristine, 

carboplatin, ifosfamide, and etoposide were used.43 This 

induction regimen was found to be active in pediatric brain 

tumors (overall response rate 42%). IRS III Regimen 36, orig-

inally designed to treat parameningeal rhabdomyosarcoma, 

has been used in treatment of patients with AT/RT.44 IRS III 

Regimen 36 consists of vincristine, cisplatin, doxorubicin, 

cyclophosphamide, dacarbazine, etoposide, actinomycin-

D, and triple intrathecal chemotherapy with methotrexate, 

hydrocortisone, and cytarabine.45

Gardner et al46 evaluated the role of postoperative inten-

sive chemotherapy with stem cell rescue in young children 

with AT/RT with the intent of avoiding irradiation. Che-

motherapy regimen consisted of five cycles of induction 

chemotherapy followed by consolidation chemotherapy with 

autologous stem cell rescue. The induction chemotherapy 

regimen consisted of vincristine, cisplatin, etoposide, and 

cyclophosphamide in “Head Start I” (HS I) study (n=6). 

High-dose intravenous methotrexate was added to the same 

regimen in Head Start II (HS II) study (n=7). Consolidation 

chemotherapy consisted of carboplatin, thiotepa, and etopo-

side. RT was administered in patients with partial response or 

stable disease and omitted in patients with complete response 

on MRI following induction chemotherapy. The estimated 

event-free survival (EFS) and OS rates at 3 years among 

the 13 children were 23%. The authors concluded that long-

term survival can be achieved in a subset of young children 

with CNS AT/RT with the use of postoperative high-dose 

methotrexate-based multidrug chemotherapy and autologous 

stem cell rescue without RT.

Chi et al47 evaluated the role of intensive multimodality 

treatment in a study involving 25 children with AT/RT. They 

used modified IRS III regimen consisting of vincristine, 

actinomycin-D, cyclophosphamide, cisplatin, doxorubicin, 

and temozolomide. Triple intrathecal chemotherapy with 

methotrexate, hydrocortisone, and cytarabine was also 

administered by alternate intralumbar and intraventricular 

routes. Induction chemotherapy was administered in three 

phases of 6 weeks each: pre-irradiation induction, chemo-

irradiation induction (focal RT – eleven patients; craniospinal 

irradiation [CSI] – four patients), and post-irradiation induc-

tion. This was followed by maintenance and continuation 

phases of chemotherapy up to 51 weeks. The authors reported 

2-year progression-free survival and OS rates of 53% and 

70%, respectively. Though the clinical outcome with this 

approach was encouraging, there was one treatment-related 

death and frequent dose adjustments of chemotherapeutics 

due to grade 3 and 4 toxicities.

In a retrospective analysis of 22 patients with AT/RT 

confirmed by immunonegativity for SMARCB1/INI1 from 

the Medical University of Vienna (MUV), Slavc et al48 com-

pared the clinical outcome of patients treated uniformly with 

intensive chemotherapy and delayed radiotherapy (cohort A; 

n=9) and patients treated variably as per the different initial 

diagnoses (cohort B; n=13). The MUV AT/RT regimen 

consisted of three 9-week courses of a dose-dense regimen 

comprising doxorubicin, cyclophosphamide, vincristine, 

ifosfamide, cisplatin, etoposide, and high-dose methotrexate 

augmented with intrathecal chemotherapy followed by high-

dose chemotherapy (HDCT) with autologous hematopoietic 

stem cell rescue. Focal radiotherapy (54 Gy in 30 fractions 

over 6 weeks) was deferred to the very end of treatment 

(between 38 weeks and 43 weeks). The 5-year OS rates were 

100% and 28.8% in patients in cohorts A and B, respectively, 

underlining the importance of HDCT and intrathecal chemo-

therapy in the management of patients with AT/RT.

Zaky et al49 evaluated the role of postoperative intensive 

induction chemotherapy followed by myeloablative chemo-

therapy with autologous stem cell rescue in 19 patients with 

AT/RT enrolled on Head Start III (HS III) protocol. The induc-

tion regimen consisted of five cycles of vincristine, cisplatin, 

etoposide, cyclophosphamide, and high-dose methotrexate 

alternating with vincristine, etoposide, cyclophosphamide, 

and temozolomide. After induction phase, patients received 

HDCT with thiotepa, etoposide, and carboplatin followed by 

autologous stem cell recue. Radiotherapy was administered in 

patients with pre-consolidation residuum or with age between 

6 years and 10 years. However, only four patients finished 

induction chemotherapy and three patients proceeded to con-

solidation phase. There was significant hematologic toxicity 

and five treatment-related deaths reported in the study. The 

median survival was only 6.1 months, and the 3-year EFS 

and OS rates were 21% and 26%, respectively, underscoring 

the necessity of upfront use of RT after surgery.

In the recently closed ACNS0333 multicentre Phase 

III clinical trial conducted by Children’s Oncology Group, 

70 patients with AT/RT received two cycles of induction 

chemotherapy with vincristine, high-dose methotrexate 

(with leucovorin rescue), etoposide, cyclophosphamide, 

and cisplatin after surgery. Patients were reevaluated after 

the completion of induction chemotherapy, and those with 

residual disease were considered for second-look surgery and 

three-dimensional conformal radiotherapy to brain (and spine 

if needed) 5 days a week for 5–6 weeks. Patients with disease 
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progression on induction chemotherapy were removed from 

the study. Within 2–6 weeks of induction chemotherapy or 

radiotherapy, patients received three courses of HDCT with 

carboplatin and thiotepa followed by autologous peripheral 

blood stem cell rescue. The primary end points of the study 

were evaluation of OS, EFS, and toxic death, and the second-

ary end point was assessment of overall toxicity.

Biswas et al30 evaluated the role of ifosfamide, carbopla-

tin, and etoposide or vincristine, actinomycin-D, and cyclo-

phosphamide as adjuvant chemotherapy in a retrospective 

series of 15 patients with AT/RT. Chemotherapy was usually 

administered after completion of RT (CSI). However, patients 

<3 years of age received upfront chemotherapy with deferred 

RT. The median OS was 10 months, and the actuarial rate 

of OS at 2 years was 24.1%, suggesting the effectiveness of 

this pragmatic approach within the resource constraints of 

a developing nation.

HDCT with autologous stem cell rescue has been used 

in younger children in order to defer radiotherapy. However, 

in view of formidable toxicity profile and limited evidence, 

the use of HDCT should be carefully considered.49 Despite 

being a chemosensitive tumor, AT/RT usually recurs within 

6 months and progresses relentlessly on recurrence.29,30,50 

In patients with recurrent CNS embryonal tumor, use of 

single-agent temozolomide may lead to prolonged disease 

stabilization without any severe toxicity.51

Radiotherapy
Radiotherapy is an important component of treatment in 

patients with AT/RT. As the majority of patients diagnosed 

with AT/RT are younger than 3 years, radiotherapy has been 

often deferred in the postoperative setting as this is the criti-

cal time for neurodevelopment in a child. Variable treatment 

volume (craniospinal axis, whole brain, or tumor bed with 

margin) has been used while planning RT in these patients. 

CSI has been used in older children (>3 years) due to high 

propensity of leptomeningeal dissemination (15%–30%) of 

the tumor. The dose of RT required in patients with AT/RT 

has not been standardized perhaps due to rarity of the tumor 

and limited use of RT in many case series. Radiotherapy 

dose to tumor bed ranges from 50 Gy to 56 Gy, while dose 

to neuraxis ranges from 23.4 Gy to 36 Gy in conventional 

fractionation.18,52 In a retrospective series of 15 patients with 

AT/RT by Biswas et al,30 postoperative RT (CSI followed 

by boost to tumor bed) was started in six patients and com-

pleted in five. Use of CSI was a significant predictor of OS 

on univariate analysis (P=0.0087). In another retrospective 

series of 17 patients with CNS AT/RT by Chen et al,52 total 

radiotherapy dose of >50 Gy was associated with significantly 

improved failure-free survival but not OS on multivariate 

analysis. Intensity-modulated radiotherapy helps in delivering 

higher dose to tumor while sparing critical organs at risk, but 

there is concern of high integral dose to the developing brain.

A meta-analysis by Athale et al22 showed significant 

benefit of addition of RT to the treatment protocol in patients 

with AT/RT. The mean survival of patients who received RT 

in addition to chemotherapy was 18.4 months as compared 

with 8.5 months in those who did not receive RT (P=0.097). 

There was significant beneficial effect of RT on OS in patients 

<3 years of age. Buscariollo et al17 used Surveillance, Epi-

demiology and End Results (SEER) database to analyze 

survival outcome in 144 patients with AT/RT treated from 

1973 to 2008. Overall, 33% of patients received postopera-

tive RT. The median OS in the entire cohort was 10 months. 

On multivariate analysis, use of RT was found to be an 

independent predictor of OS (hazard ratio 0.1; P=0.02). This 

landmark analysis showed significant association between 

use of RT and improved OS, and this benefit of RT was more 

pronounced in younger patients <3 years of age.

Use of postoperative RT is associated with acute and late 

treatment-related morbidity, the late effects being of more 

concern in a growing child. Spiegler et al53 evaluated change 

in neurocognitive function after cranial irradiation in child-

hood. Serial clinical neuropsychological assessment was per-

formed 0.79–4.71 years from diagnosis (median time of first 

assessment to last assessment from diagnosis). The authors 

reported an early intellectual decline followed by attenuation 

of the decline. Besides, there was a significant decline in 

visual motor integration, visual memory, verbal fluency, and 

executive functioning. Apart from neurocognitive decline, 

other significant late toxicities include growth suppression, 

hearing impairment, hypothyroidism, adrenocortical hor-

mone deficiency, encephalopathy, cataracts, fertility issues, 

second malignancy, and radiation necrosis.54 Development in 

radiation technology has provided opportunity to minimize 

radiation sequelae by incorporating intensity-modulated 

radiotherapy, helical tomotherapy, and proton therapy in the 

management of these tumors.

Recently, there has been considerable interest in the use 

of proton beam therapy in the management of patients with 

AT/RT. Physical advantage of proton beam over photon 

beam is due to the presence of Bragg’s peak, which, when 

properly spread out, adequately covers the target volume with 

practically no exit dose. Thus, proton radiation allows precise 

delivery of conformal radiation to tumor with simultaneous 

sparing of surrounding critical structures. Proton pencil beam 
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scanning technology allows delivery of intensity-modulated 

proton therapy, which further improves target conformity and 

sparing of adjacent structures.55 Proton beam therapy helps 

in reducing acute hematological and gastrointestinal toxici-

ties and thus improves tolerance to concurrent and adjuvant 

chemotherapy. De Amorim Bernstein et al56 evaluated early 

clinical outcomes using postoperative proton radiation in ten 

children with CNS AT/RT. The patients were treated with 

three-dimensional conformal proton therapy to a median 

dose of 50.4 Gy relative biological effectiveness (RBE) to 

the tumor bed. Nine out of ten patients were alive and disease 

free at a median follow-up of 27.3 months, and none of the 

patients had major radiotherapy-related toxicity. McGovern et 

al57 evaluated clinical outcome and acute toxicity profile in a 

larger series of 31 patients with AT/RT undergoing postopera-

tive proton beam radiation. Seventeen patients younger than 

3 years received focal RT up to a dose of 50.4 Gy RBE. Four-

teen patients older than 3 years received CSI (24–30.6 Gy 

RBE) followed by boost to tumor bed up to a dose of 54 Gy 

RBE. The 2-year EFS and OS rates were 47.6% and 68.3%, 

respectively. Within 4 months of completion of RT, 16% of 

patients developed clinical and imaging findings of radia-

tion reaction in the brainstem and adjacent structures, which 

resolved with the use of steroids or bevacizumab. In a series 

of 60 consecutive patients with pediatric CNS malignant 

tumors treated with proton beam therapy at Indianapolis, 

31% of patients developed radiographic sign of radiation 

necrosis (multiple small areas of parenchymal enhancement 

remote from the surgical site).58 The median time to devel-

opment of radiation necrosis was 5 months. Among patients 

with imaging findings of radiation necrosis, 25% had severe 

symptoms needing medical intervention. The associated risk 

factors were use of multiple chemotherapeutic agents (>3) 

(P=0.03) and histology of AT/RT (P=0.03). The median time 

to complete radiological resolution of features of radiation 

necrosis was 5.3 months. Whether the long-term benefits of 

proton therapy (eg, decrease in the risk of hypothyroidism, 

cardiac toxicity, pulmonary fibrosis, and infertility) outweigh 

the risk of radiation necrosis (particularly brain stem injury) 

needs to be carefully considered.20

Literature regarding salvage radiotherapy in patients with 

AT/RT is limited due to dismal prognosis after relapse. In 

patients with disease relapse, RT should be considered if not 

used as a part of primary treatment. CD133, which is marker 

of cancer stem cells, has been found to be expressed by AT/RT 

cells, and the amount of CD133-positive cells in tumor cor-

relates positively with resistance to RT.59 Radiation tolerance 

of brain and relative radioresistance of AT/RT further limit 

the benefit of reirradiation. Radiosurgery can be considered 

in patients requiring reirradiation.29,30 Large fraction size in 

radiosurgery has potential radiobiological advantage in the 

treatment of radioresistant tumor.29,30 There is also a possibil-

ity of sparing adjacent normal structure without significantly 

increasing the integral dose to brain.60

Novel therapeutic targets
Despite the use of intensive multimodality treatment, sur-

vival outcome has been dismal in AT/RT. Although loss 

of SMARCB1 (BAF47/INI1/SNF5) gene is the defining 

genetic alteration in this tumor, the biology contributing to 

development and aggressiveness of the tumor is not com-

pletely understood.61 SMARCB1 is a component of SWI/

SNF chromatin remodeling complex, and loss of function 

of SMARCB1 can dysregulate thousands of genes across 

the genome.62 Recently, various molecular biology studies 

have tried to identify potential therapeutic targets in these 

dysregulated pathways.36,41

A preclinical study by Jayanthan et al63 has demonstrated 

the potential role of multikinase inhibitors in AT/RT. The 

authors detected expression of receptor tyrosine kinases 

c-Kit, platelet-derived growth factor receptor β, vascular 

endothelial growth factor receptor 2, and Flt3 in AT/RT cell 

lines. Multikinase inhibitors sorafenib and sunitinib have 

been shown to inhibit these target receptors. The authors dem-

onstrated dose-dependent inhibition of AT/RT cell growth by 

these agents. There was also synergistic activity of irinotecan 

with sorafenib and sunitinib, probably due to the ability of 

irinotecan in increasing the activity of vascular endothelial 

growth factor-directed therapy. Analysis of gene expression 

profiling by Sredni et al64 revealed overexpression of ErbB2 

and ErbB3 in AT/RT, accompanied by ErbB2–ErbB3 down-

stream activation of the Ras/Raf/MEK/ERK pathway. The 

authors observed progressive cell death of AT/RT cell line 

with increasing concentration and exposure time to lapatinib 

(dual tyrosine kinase inhibitor of ErbB1 and ErbB2).  Fouladi 

et al65 conducted a Phase II trial evaluating the efficacy of 

lapatinib in children with refractory CNS malignancies 

(recurrent MB, ependymoma, and high-grade glioma). 

Lapatinib was well tolerated in children with recurrent CNS 

malignancies but had little single-agent activity.

Weingart et al66 identified mitogen-activated protein 

kinase as a potential therapeutic target in patients with AT/

RT. The authors found frequent overexpression of the cell 

programming factors LIN28A and LIN28B in AT/RT primary 

tumor samples and cell lines. They demonstrated that LIN28 

is important for overall growth, proliferation,  clonogenicity, 
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and tumorigenicity of AT/RT. LIN28A suppression was 

associated with downregulation of KRAS expression and 

phospho-ERK expression (a key readout of mitogen-activated 

protein kinase pathway activation). The broad expression of 

p-ERK suggests MEK inhibition a promising approach. The 

authors demonstrated sensitivity of LIN28A- and LIN28B-

expressing AT/RT to MEK inhibitor selumetinib.

Loss of INI expression is associated with increased expres-

sion of CCND1 (cyclin D1), AURKA (Aurora A kinase), GLI, 

and insulin-like growth factor-I receptor (IGF-IR) signaling.20 

Cyclin D1 propagates cell through G1–S checkpoint, while 

Aurora A and IGF-IR signaling also play an important role 

in the molecular pathogenesis of AT/RT. These pathways pro-

vide potential therapeutic targets for retinoids, rexinoids, and 

ribociclib (against cyclin D1 and CDK4/6), alisertib (against 

Aurora A kinase), arsenic trioxide As
2
O

3
 (against GLI 1), 

and IGF-IR inhibitors (against IGF-IR).20,67 The chromatin 

antagonizing effect of EZH2 may be therapeutically targeted 

by tazemetostat.20 Histone deacetylase (HDAC) inhibitor 

vorinostat may also be used in combination with conventional 

chemotherapy in patients with AT/RT as HDAC1 and HDAC2 

are overexpressed in primary tumors and cell lines.20 Banderali 

et al68 in an in vitro study identified chloride-selective volume-

sensitive ion channel as a potential therapeutic target and 

demonstrated the synergistic effect of ion-channel inhibition 

with antineoplastic agents in AT/RT cell lines.

Survival, patterns of failure, and 
prognostic factors
In a study of 52 patients with AT/RT, Rorke et al5 reported 

median time to progression and OS to be 4.5 months and 

6 months, respectively. Another study of eight patients 

with AT/RT by Bambakidis et al69 showed a median OS 

of 9 months. The median OS in a study of 144 patients by 

Buscariollo et al17 was 10 months (13 months in patients 

with localized disease and 3 months in patients with meta-

static disease). In the Canadian population-based study of 

50 pediatric patients with CNS AT/RT reported by Lafay-

Cousin et al,42 median time to progression and median OS 

were noted to be 5.5 months and 13.5 months, respectively. 

With the passage of time and refinement of treatment strate-

gies, there has been modest improvement in survival out-

come in patients with AT/RT (OS rate 65%–70% at 2 years; 

55%–60% at 5 years).47,48,57 Long-term survivors are being 

increasingly seen. In the Austrian study by Slavc et al,48 all 

nine MUV-AT/RT regimen-treated patients were alive after 

a median follow-up of 76 months. A prolonged survival of 

>6 years has been reported by Hirth et al in a patient with 

AT/RT of the right temporal lobe initially treated with gross 

total excision and multiagent chemotherapy and a second 

resection, triple intrathecal chemotherapy and gamma knife 

radiosurgery on relapse.70

In spite of intensive multimodality management, AT/RT 

typically recurs within 6 months,29,30 the patterns of failure 

being local recurrence, diffuse leptomeningeal spread in 

brain and spinal cord, and rarely distant metastases. In a 

retrospective study of 17 patients with CNS AT/RT by Chen 

et al,52 14 (82.4%) patients relapsed – two patients had local 

recurrence and 12 patients had disseminated intracranial and 

spinal seeding. Eleven patients eventually died of progres-

sive disease, the median time from relapse to death being 

only 6 months. In a meta-analysis of observational studies 

of childhood CNS AT/RT (1995–2007) by Athale et al,22 

overall mortality was noted in 67% of patients with disease 

progression being the major cause of death. Craniospinal 

spread was found in 58% of patients at progression. In an 

interesting study of 133 patients with pediatric embryonal 

CNS tumor from North America by Perreault et al,71 overall 

49 (36.8%) patients relapsed (MB 29.2%, nonpineal SPNET 

56%, AT/RT 40%, and pinealoblastoma 55.6%). The majority 

of failures were local (79%) in nonpineal SPNET, diffuse 

leptomeningeal (100%) in pinealoblastoma, and diverse 

(local 27%, distant 35%, diffuse leptomeningeal 38%) in MB. 

Among ten patients with AT/RT in this series, four patients 

relapsed – two had local failure and two had diffuse lepto-

meningeal failure at first relapse. The median time to relapse 

were 16 months, 11.5 months, 5.5 months, and 20 months, 

respectively, in patients with MB, nonpineal SPNET, AT/RT, 

and pinealoblastoma.

There are various putative factors associated with long-

term survival in patients with this aggressive tumor. In a 

population-based study of 19 patients with AT/RT by Austrian 

Brain Tumor Registry from 1996 to 2006, all eight long-term 

survivors underwent multimodality therapy with HDCT in 

seven, intrathecal chemotherapy in six, and focal radiation 

in all.10 Extent of resection and intensified treatment with 

MUV AT/RT protocol were significant predictors of OS. In 

the Canadian population-based study of 50 patients with AT/

RT by Lafay-Cousin et al,42 patients undergoing gross total 

resection and HDCT had significantly improved OS. In the 

study of 144 patients with AT/RT from National Cancer Insti-

tute SEER database (1973–2008), metastatic disease and use 

of RT were significant predictors of OS.17 In a meta-analysis 

of 79 patients with AT/RT by Athale et al, use of intrathecal 

chemotherapy led to significantly improved 2-year OS and 

lower prevalence of distant CNS metastases. The relative role 
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of each treatment modality, namely, gross total resection, RT, 

HDCT, and intrathecal chemotherapy, toward therapeutic 

success in this aggressive tumor is difficult to dissect, but 

multimodal management appears to be the key.30

Conclusion
AT/RTs are aggressive CNS malignancies that require 

multimodality approach consisting of maximal safe sur-

gery, chemotherapy, and radiotherapy. Intensive multiagent 

chemotherapy with alkylating agents, anthracyclines, and 

platinum should be administered in these patients. HDCT 

with hematopoietic stem cell rescue can be carefully 

considered in very young children, where RT has to be 

deferred. Addition of radiotherapy has conferred an OS 

benefit in patients with AT/RT, and hence, radiotherapy 

should be administered as a part of multimodality treat-

ment. CSI followed by boost to tumor bed should be used 

in children >3 years preferably by innovative techniques 

such as helical tomotherapy or proton beam therapy for 

optimal target coverage with simultaneous sparing of 

surrounding critical structures. In children younger than 

3 years, an individualized pragmatic approach to RT with 

focus on reduction of dose and volume (focal radiotherapy) 

should be considered. Novel therapeutic target inhibitors, 

being investigated in various in vitro studies, should be 

incorporated in Phase I/II clinical trials in patients with 

relapsed or refractory AT/RT. Once the safety and efficacy 

of these novel small molecule inhibitors are established, 

integration of these newer agents in the primary systemic 

management of this aggressive tumor is imperative. 

National AT/RT registry should be established to consoli-

date data regarding epidemiology and treatment of these 

aggressive tumors and to develop optimal management 

guidelines for patients diagnosed with this relatively rare 

tumor.
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