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    To our patients and their families who teach 
us the essence of life every day: 
 Do not look back in the past or plan for the future; 
live life to the fullest today! 
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 Pediatric Neuro-Oncology is undergoing a rapid transformation within all of 
its key disciplines. Rapid advances in our understanding in the biology of 
medulloblastoma, pontine glioma, low-grade and high-grade glioma, epen-
dymoma, embryonal tumors abundant neuropil and true rosettes (ETANER), 
and atypical rhabdoid teratoid tumor (ATRT) have ushered in a new era of 
clinical and molecular diagnostics. Modern treatment approaches are being 
introduced into the clinic based on this advanced understanding of tumor 
biology, and current treatment approaches are being modifi ed to the clinical 
and biological risk so as to reduce the long-term toxicity for patients with 
good prognosis. 

 Newer imaging techniques along with availability of intraoperative MRI 
have facilitated surgical resections that one could only have wished for a few 
decades ago. Sophistication in radiation treatment planning and the gradual 
availability of proton beam radiation therapy hold the promise of decreased 
long-term morbidity in children treated with focal radiation therapy. 

 A better understanding of the pathophysiology of the damage to the devel-
oping brain caused by current therapies has allowed neuropsychologists to 
initiate intervention studies that seek to mitigate the damage and provide the 
children with coping mechanisms. 

 Emerging interest in studying the quality of life and symptom burden in 
this patient population has led to refi ned end-of-life care. The editors, Drs. 
Scheinemann and Bouffet, and their Canadian team of coauthors have done 
an outstanding job of presenting this complex information in a lucid man-
ner—this book is a must-read for the global community of aspiring students 
and neuro-oncology practitioners.  

    Amar     Gajjar, MD      
Member, St. Jude Faculty, Scott and Tracie Hamilton 
Endowed Chair in Brain Tumor Research Co-Chair, 

Department of Oncology Interim Chair, 
Department of Pediatric Medicine Director, Neuro-Oncology Division 

Co-Leader, Neurobiology & Brain Tumor Program
St. Jude Children’s Research Hospital

Memphis, TN, USA
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 Over the past decades the numbers of long-term survivors of pediatric brain 
tumors have increased. It was quickly recognized that this was infl uenced by 
modifi ed multimodal treatment for which a multidisciplinary team was 
needed. In lots of large pediatric oncology units, specialized teams focused 
on pediatric neuro-oncology were created to take care of the complexity of 
these patients. Survivorship of this group also comes with signifi cant long- 
term sequelae which have to be taken care of. 

 The purpose of this book is to provide a comprehensive practical, clinical, 
and research overview for pediatric neuro-oncology. It also emphasizes the 
role of national study groups as this book is authored by the members of the 
Canadian Pediatric Brain Tumor Consortium that involves many disciplines. 

 We would like to thank our chapter authors for their ideas, time, and 
knowledge devoted for this project. 

 We hope that this textbook will provide answers and guidance for health- 
care professionals in this complex and challenging however fascinating fi eld.  

  Hamilton, ON, Canada     Katrin     Scheinemann   
 Toronto, ON, Canada     Eric     Bouffet    
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         Pediatric CNS tumors are the most common solid 
malignancy in childhood and the most common 
cause of cancer-related mortality and morbidity 
in this age group. 

 The diagnosis and treatment of these tumors 
have undergone signifi cant improvement over the 
last decades, starting with the implementation of 
modern imaging techniques like computer tomo-
graphy (CT) in 1972 and magnetic resonance 
imaging (MRI) in 1977. Since 1985 MRI has 
become widely available in tertiary care centers. 

 Given the signifi cance of imaging, neurosur-
geons are able to achieve more precise preopera-
tive planning and they have progressively 
introduced new techniques such as stereotactic 
surgery, neuronavigation, neuroendoscopy, and 
more recently convention-enhanced delivery. 

 Neuropathology has moved from an 
essentially morphology-based approach to a 
sophisticated discipline using a battery of 
immunohistochemical markers. An increasing 
number of tumor subtypes have been identi-
fi ed, which has been refl ected in updated 

versions of the World Health Organization (WHO) 
 classifi cation of tumors of the nervous system—
the last version being published in 2007 and a new 
one is currently planned. 

 Adjuvant treatment options have been imple-
mented started from stereotactic and conformal 
radiation to chemotherapy to high dose chemother-
apy with stem cell rescue to targeted treatment. 

 Over the last three decades pediatric neuroon-
cology has become a subspecialty within pediat-
ric oncology. The treatment of pediatric CNS 
tumors requires an interdisciplinary approach 
with early and ongoing communication between 
all involved disciplines. 

 As the number of long-term survivors is 
growing, the issue of long-term sequelae has 
been clearly recognized. In return, this aware-
ness increasingly infl uences up-front treatment 
decision depending on several factors such as 
tumor biology and age. Pediatric neurooncology 
program requires dedicated and specialized 
aftercare clinics that focus on prevention, early 
recognition, and management of long-term 
sequelae (see Table  1.1 ).

   National and international working groups 
(in particular the CNS tumor committee of the 
Children’s Oncology Group and the International 
Society of Paediatric Oncology) have collabo-
rated to advance care of these patients and per-
form epidemiological as well as basic science 
and treatment research studies. The recent years 
have seen an explosion of knowledge thanks to 
collaborative research efforts by several groups 

        K.   Scheinemann ,  M.D.      (*) 
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around the world, including in Canada. Progress 
in molecular biology has provided new insight 
into this group of tumors and allowed identifi ca-
tion of molecular target. Recent advances in 
genomics of pediatric CN tumors have trans-
formed the research landscape in neurooncology 
and we can expect major changes in the manage-
ment of these tumors in the coming years. 

 The aim of this comprehensive textbook is to 
highlight all aspects of the epidemiology, the 
diagnosis, the biology, the treatment, the follow-
 up as well as the long-term outcomes of the most 
common pediatric central nervous system tumors.     

   Table 1.1    Involved disciplines for a comprehensive 
pediatric neurooncology. Depending on the model, the 
neurooncologist, the neurosurgeons, or the radiation 
oncologist may be the team leader   

 Neurooncology (chair)  Case managers/nurses 
 Neurosurgery (chair)  Social work 
 Neuroradiology  Physiotherapy 
 Neuropathology  Occupational therapy 
 Radiation oncology (chair)  Dietician 
 Neuroophthalmology  Social work 
 Endocrinology  Child life 
 Neurology  Career counseling 
 Neuropsychology  Pharmacy 
 BMT oncologist  Research associate 

K. Scheinemann and E. Bouffet
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           Introduction 

 The clinical diagnosis of central nervous system 
(CNS) tumors can be challenging. There are no 
truly pathognomonic signs or symptoms of CNS 
tumors. This can lead to delay in diagnosis as 
often the initial signs and symptoms are mistaken 
for other childhood conditions such as migraine, 
behavioral problems, or gastroenteritis [ 1 ]. This 
is often further complicated by the inability of 
children to fully describe their symptoms early 
on in the disease process. The age of the child at 
the time of presentation complicates matters fur-
ther. For this reason, physicians must have a 
high index of suspicion for CNS tumors in the 
appropriate clinical setting. A careful history of 
the presenting complaint, including growth 
and developmental milestones, and an age- 
appropriate neurologic examination are the key 
initial steps in making the diagnosis of tumors of 
the CNS. 

 The clinical presentation of CNS tumors is 
variable. In some situations, when invasion of the 
brain is involved, the symptoms are localized. 
In this situation the symptoms depend on the 
region of the brain involved. In other situations, 
the clinical presentation will be nonspecifi c or dif-
fuse secondary to increased intracranial pressure 
or pressure on adjacent brain structures. It also 
varies with the age of the child. Symptoms can 
vary from acute, subacute, or chronic in nature [ 2 ]. 

 The evaluation of the patient with a sus-
pected tumor of the CNS begins with a focused 
history and physical examination. Based on the 
information obtained, a clinical localization of 
the most probable location of the tumor can be 
made and appropriate confi rmatory investiga-
tions considered. 

 The CNS is divided into three main compart-
ments: the spinal cord, the infratentorial region, 
and the supratentorial region. The infratentorial 
region includes the brainstem and the cerebel-
lum, while the supratentorial region included the 
cerebral hemispheres, thalami, basal ganglion, 
diencephalon, optic tracts/chiasmatic region, and 
the pituitary fossa. The presentation varies with 
the region involved.  

   Infratentorial Tumors 

 Tumors involving the infratentorial region are 
more common than those involving the supraten-
torial region in children. They can arise either in 
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   Department of Pediatrics, Division of Hematology/
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the brainstem or the cerebellum. The clinical pre-
sentation differs based on the region in which the 
tumor arises. 

 Tumors involving the cerebellum often pres-
ent in a subtle manner. As the tumor grows, it 
blocks the fl ow of cerebral spinal fl uid (CSF) 
through the fourth ventricle. As the brain paren-
chyma, CSF, and blood are enclosed by a rigid 
skull and the skull cannot expand to accompany 
the increase in CSF, increased intracranial pres-
sure (ICP) occurs. The initial presentation of 
raised ICP often consists of morning headaches 
occurring upon awakening [ 3 ]. The headache 
may or may not initially be associated with effort-
less, projectile vomiting. When the child has 
been standing or sitting for a few minutes, the 
symptoms can signifi cantly decrease as a result 
of reestablishment of CSF fl ow due to the effect 
of gravity and change in position of the tumor 
mass. Though headaches are common in chil-
dren, early morning headache with vomiting, an 
intense headache or one that awakens the child 
from sleep, a headache that worsens with cough, 
defecation or Valsalva maneuver, and the pres-
ence of papilledema on fundoscopy should alert 
the physician of possibility of a cerebellar tumor 
[ 1 ,  4 ,  5 ]. 

 Increased ICP can also be associated with non-
localizing palsy of the sixth (abducens) cranial 
nerve, impaired light refl ex, and a head tilt. The 
abducens nerve innervates the ipsilateral lateral 
rectus muscle which abducts the eye. It has the 
longest intracranial course of all the cranial nerves 
and is usually the fi rst nerve affected by elevated 
ICP. Symptoms include binocular horizontal dip-
lopia which is worst at distance and esotropia. In 
order to minimize diplopia, children may tilt their 
head to reduce double vision. A more extreme 
presentation of rapidly rising ICP consisting of a 
decreased level of consciousness or Cushing’s 
triad (elevated blood pressure, bradycardia, and 
irregular respiration) is uncommon. In these situ-
ations, a rapidly growing tumor of the midline 
brainstem or posterior fossa should be suspected 
and immediate intervention is critical [ 3 ]. 

 Cerebellar signs such as clumsiness in move-
ments, speech, dysmetria, and nystagmus often 
occur late and are more common in tumors that 

involve the cerebellar hemispheres. Truncal 
ataxia, when present, suggests that the cerebellar 
vermis is involved. 

 Brainstem tumors present in a different man-
ner. Increased intracranial pressure, if it occurs at 
all, occurs late. As the brainstem contains the 
cranial nerve nuclei and the motor long tracts, 
cranial nerve palsies with or without motor diffi -
culties are common at presentation. The motor 
diffi culties can be hemiparesis, monoparesis, tet-
raparesis, or quadriparesis. 

 Cranial neuropathies are another common 
presentation of brainstem tumors. Abnormalities 
of extraocular movements are common fi ndings. 
Diplopia and head tilt suggest impairment of cra-
nial nerve IV or cranial nerve VI. Involvement of 
other cranial nerves may cause facial weakness, 
hearing loss, abnormal corneal or gag refl ex, or 
diffi culties with swallowing [ 1 ].  

   Supratentorial Tumors 

 Supratentorial tumors include tumors of the cer-
ebellar hemispheres, basal ganglia, and thalamus 
and hypothalamus regions (gliomas); ventricular 
neoplasms (choroid plexus papillomas and epen-
dymomas); parasellar tumors (craniopharyngio-
mas, optic pathway gliomas, germinomas); and 
other less common tumors such as pinealomas. 
In addition to raised intracranial pressure, supra-
tentorial tumors often present with localizing 
symptoms and signs. These symptoms are gener-
ally related to the location of the tumor and can 
vary from indolent progression to an acute pre-
sentation based on the tumor growth rate. 

 A focal seizure can be a common presenting 
symptom of a tumor involving the cerebral hemi-
sphere. As a rule, seizures do not occur in patients 
with infratentorial tumors [ 3 ]. Depending on the 
site of the tumor, the pattern of seizure may be 
different and occasionally identifi cation of 
patient’s symptoms based on seizure is challeng-
ing, especially in infants and toddlers. The sei-
zures are often resistant to standard antiepileptic 
drug therapy. 

 Supratentorial tumors may involve any part of 
the optic pathway and cause visual complaints. 
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The pattern of visual symptoms and signs sec-
ondary to these tumors is different from those of 
infratentorial and brainstem tumors. Tumors of 
the optic nerve anterior to the optic chiasm (e.g., 
optic gliomas) produce a unilateral monocular 
visual defi cit.  Marcus Gunn pupil  or relative 
afferent pupillary defect is a fi nding associated 
with tumors of the optic nerve or optic chiasm 
and indicates a relative afferent pupillary defect. 
During the swinging-fl ashlight test, the patient’s 
pupils dilate when the light source is moved from 
the unaffected eye to the affected eye. The test 
may also indicate retinal disease. These patients 
may also have proptosis and strabismus. Patients 
with a diagnosis of optic pathway gliomas should 
be screened for signs of neurofi bromatosis type I 
as they are commonly associated with this syn-
drome [ 6 ]. 

 Suprasellar tumors may also cause various 
forms of visual fi eld defects as well as decreased 
visual acuity commonly referred as chiasmal 
syndrome. Anterior lesions may cause  junctional 
scotoma. Bitemporal hemianopsia  (visual loss of 
temporal half of both left and right visual fi elds) 
represents lesions of the body of chiasm while 
paracentral bitemporal fi eld loss and contralateral 
 homonymous hemianopsia  (visual fi eld loss on 
the same side of both eyes) can be signs of poste-
rior chiasmal lesions. Other symptoms of poste-
rior chiasmal tumors include nystagmus in a 
younger child or pituitary endocrinopathies more 
commonly in patients older than 4 years of age 
[ 7 ]. Hemianopsia can also be observed in more 
dorsal tumors that affect the optic tract, lateral 
geniculate nucleus, optic radiations, or occipital 
cortex. 

 Depending on the site of brain lesion, patients 
may present with other symptoms such as hemi-
paresis, hemisensory loss, or aphasia. Thalamic 
 Dejerine – Roussy syndrome  (a pain syndrome 
with poor localization of stimuli) may be seen in 
patients with thalamic tumors, but sensory-motor 
defi cits are more frequent fi ndings [ 8 ]. Children 
with frontal lobe tumors may have behavioral 
problems.  Parinaud ’ s syndrome  (also known as 
dorsal midbrain syndrome) is characterized by 
upward gaze palsy, abnormal pupillary responses, 
retraction of eyelids (Collier’s sign), and retrac-

tion nystagmus. This is a pathognomonic feature 
of pineal region tumors and is usually associated 
with endocrinopathies. Patients may exhibit more 
than one type of dysfunction and up to one third 
of these patients will also have visual symptoms 
associated with involvement of the optic chiasm, 
due to proximity of the optic chiasm to the hypo-
thalamic region [ 9 ]. 

 Hormonal abnormalities can also occur, the 
most common of which is growth hormone defi -
ciency, resulting in short stature, followed by sex 
hormone dysfunction manifested as precocious 
or delayed puberty. However, almost every pitu-
itary hormone system can be affected by a tumor. 
These abnormalities may precede the diagnosis 
of a brain tumor by months to years. It is impera-
tive that patients with chiasmal lesions have a 
complete endocrinology evaluation and their 
baseline hormone levels should be checked and 
followed by an endocrinologist [ 7 ]. 

 Behavioral and sleep disturbances also can 
occur in hypothalamic tumors.  Diencephalic syn-
drome  is a rare but potentially lethal fi nding 
which includes failure to thrive and emaciation 
but a normal linear growth and an increased 
appetite, a euphoric mood, hyperkinesis, and 
occasionally macrocephaly, nystagmus, 
and visual defi cits. This syndrome predominantly 
affects younger children who have hypothalamic 
or optic pathway gliomas [ 10 ].  

   Spinal Tumors 

 Primary tumors of the spine in children are 
uncommon. They account for only 2 % of child-
hood malignancies. As in intracranial tumors, the 
timing and pattern of clinical presentation vary 
based on the child’s age and children are fre-
quently symptomatic for long time before diag-
nosis. In children older than 4 years of age, the 
most common symptom is  back pain  which can 
be the presenting symptom in up to two thirds of 
patients. Realizing that back pain is always 
abnormal in children is paramount in the diagno-
sis of primary spinal tumors or other solid tumors 
with intraspinal invasion (e.g., neuroblastoma) as 
well as other spinal pathologies such as infections. 
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Any child with continued back pain unresponsive 
to analgesics should be investigated with appro-
priate imaging. The pain may fl uctuate in inten-
sity and is commonly worse when lying down 
and at night. The absence of abnormal neurologic 
fi ndings does not exclude tumors of the spine. In 
contrast, in adolescents, paraspinal pathologies 
(mostly musculoskeletal) may be the cause of the 
back pain; however, associated neurological fi nd-
ings make paraspinal processes more likely. 
Other symptoms of spinal tumors may include 
 scoliosis  or  kyphosis  or in the cervical region, 
 torticollis . Suspicion for spinal tumors should be 
high if spinal deformity is associated with pain or 
if there is a rapid increase in spinal curvature. 

 The most common neurologic symptoms of 
spinal tumors are gait disturbances, loss of fi ne 
motor skills, or regression in motor milestones. 
Gait abnormality can be diffi cult to differentiate 
from more common and normal developmental 
variations such as in-toeing or transient tip- 
toeing. The progressive nature of changes in spi-
nal tumors can be a helpful hint to the underlying 
diagnosis. Other defi cits include sensorimotor 
(weakness, numbness, pain) or bowel and blad-
der dysfunctions (like incontinence, dysuria, or 
constipation). Muscle atrophy and abnormal 
muscle refl exes are also commonly seen. As a 
general rule, these manifestations should be 
interpreted based on the complete knowledge of 
neuroanatomy and neurophysiology. Horner syn-
drome may also be observed in spinal tumors in 
the cervico-thoracic region [ 3 ,  11 ,  12 ].  

   CNS Tumors in Infants 

 The presentation of CNS tumors in the neonatal 
group is varied and differs from those of children. 
Infants are unable to articulate their symptoms, 
so the presenting features are generally vague 
and include irritability, poor feeding, emesis, fail-
ure to thrive, hypotonia, regression of acquired 
milestones, apneic episodes, and other nonspe-
cifi c symptoms. Most infants will have symptoms 
with indolent progression for a long duration 
prior to diagnosis. As well, in infants the fonta-
nels are not closed and any enlargement of an 

intracranial mass or development of hydrocepha-
lus will be compensated with increased head cir-
cumference. As a result, symptoms of increased 
ICP and papilledema or headache are not com-
mon presenting features of intracranial tumors in 
infants. Macrocrania (a head circumference in 
excess of that appropriate for patient’s height and 
weight, or crossing growth percentiles), full and 
budging fontanels, splayed sutures, prominent 
veins on the scalp, and sunset eyes are the most 
common presenting signs, observed in up to two 
thirds of infants with CNS tumors. Cranial nerve 
defi cits or other focal motor defi cits as well as 
seizures are uncommon presenting signs, 
although seizures can occur.  Spasmus nutans  
characterized by the triad of pendular nystagmus, 
head nodding, and head tilt suggests chiasmatic 
tumors [ 1 ,  3 ,  13 ].  

   Syndromes Associated with 
Brain Tumors 

 Several genetic syndromes are associated with an 
increased risk of development of brain tumors in 
children. Physicians should be familiar with the 
clinical signs of these syndromes. If a child is 
diagnosed with one of these syndromes, regular 
surveillance for a tumor of the CNS is warranted. 

 The presence of  café au lait spots , axillary 
freckling,  Lisch nodules  of the iris, neurofi -
bromas, and bony abnormalities suggests  neu-
rofi bromatosis type 1  (NF-1). Optic pathway 
glioma is commonly seen in these patients and 
regular monitoring with physical exam includ-
ing assessment of visual fi elds and acuity is 
warranted [ 6 ]. The role of regular imaging in 
these patients is controversial as the majority 
of optic pathway gliomas in these patients are 
asymptomatic and they may regress without any 
interventions. 

  Tuberous sclerosis  is another autosomal domi-
nant genetic disorder resulting in hamartomatous 
lesions in different organs. Seizures, develop-
mental delay, and adenoma sebaceum are among 
its clinical symptoms. These patients are at 
increased risk of subependymal giant cell astro-
cytoma and malignant gliomas [ 2 ,  14 ]. 
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 Cancer predisposing syndromes such as  Li –
 Fraumeni syndrome  may be initially diagnosed 
with non-CNS malignancies, and brain tumors 
may occur later [ 2 ]. 

 Patients with  bilateral retinoblastoma  are at 
risk of developing tumors of the pineal region. 
Close follow-up of these patients and special 
attention to a detailed history and neurological 
exam help in the timely diagnosis of associated 
CNS tumors [ 2 ].  

   Conclusion 

 While CNS tumors are rare in children and adoles-
cents, their diagnosis poses diffi culties and the 
majority of the patients are symptomatic for a long 
period of time prior to their diagnosis. Presentation 
of a child with any potential symptoms or signs of 
brain tumors should lead to a careful assessment 
including a systematic enquiry for associated 
symptoms, complete physical examination, 
including detailed neurologic exam. Knowledge 
of neuroanatomy and the clinical course of CNS 
tumors are essential for timely diagnosis. Once a 
CNS tumor is within the differential diagnosis, 
appropriate diagnostic imaging must be under-
taken to confi rm or exclude its presence.     
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           Introduction 

 When a child is diagnosed with a tumor of the 
central nervous system, parents often search for 
answers as to why this has happened to their 
child; how it could have been prevented; how 
long their child will survive; are other members 
of the family at risk; is treatment available and if 
available, does it work; and what are the side 
effects. Epidemiology provides the scientifi c 
framework to start to answer these questions. 
This is done by providing information about the 
occurrence of a condition in relation to the fac-
tors about the individual, their environment, and 
their lifestyle. 

 Epidemiological studies begin by describing 
the condition/disease (i.e., number of persons, 
their sex, their age at the time of onset, where 
they had lived, their lifestyle, the duration of 
the disorder in question, any interventions 
done). Studies examining a causal relationship 
between the condition/disease and the personal 
characteristics or prior exposures follow the 

description of the condition/disease. Based on 
the information gained from these studies, 
interventions to control, treat, or prevent the 
condition/disease are developed and tested. 

 This chapter provides the basic    information to 
answer the above questions. It includes the global 
descriptive epidemiology of tumors of the central 
nervous system (CNS), changes in the reported 
survival rates, and possible environmental fac-
tors. As interventional studies will be covered in 
other chapters of this book, they are not covered 
in this chapter.  

   Descriptive Epidemiology 

 Overall, tumors of the CNS in children are more 
prevalent amongst males (1.29:1 male to female 
ratio). They tend to be slightly more frequent in 
the infratentorial region than supratentorial 
region [ 1 ]. However, for children under three 
years of age, tumors more frequently occur in the 
supratentorial region (59 %) [ 2 ]. It has been 
reported that the most common histological 
diagnoses are astrocytoma (37.6 %), medullo-
blastoma (17.7 %), ependymoma (9.9 %), cranio-
pharyngioma (7.3 %), and germ cell tumors 
(4.4 %) [ 1 ]. This distribution, however, varies 
with age. The distribution of cases with a histo-
logical diagnosis of ependymoma or medullo-
blastoma decreases with age. Both account for a 
greater percentage of diagnoses in patients under 
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4 years of age than in older age groups. In 
 contrast, the percentage of cases of astrocytoma 
is fairly constant across the pediatric age groups.  

   Incidence Rate 

 Determining an exact incidence fi gure for the 
occurrence of tumors of the CNS can be confus-
ing. Varying estimates have been reported 
depending on the source of the data, the age in 
question, and the time period used. What is 
known about the incidence of childhood tumors 
of the CNS has been obtained using information 
from regional or national databases. Caution 
must be taken in the interpretation of these fi g-
ures. Much of the data that has been reported 
regarding primary brain and CNS tumors has 
been limited to primary malignant tumors. Less 
often have nonmalignant tumors been included. 
Often only summary estimates of tumor location 
and histology are provided. The histological clas-
sifi cations can be different between geographic 
locations and have also changed over time. A lack 
of agreement on diagnostic criteria and the small 
size of available tissue mean that the histological 
diagnoses are infrequently confi rmed by a second 
review. As well, the ages used often have varied 
between reported studies. The populations from 
which the cases are drawn have varied, with var-
ied degrees of completeness. This has resulted in 
a variation of the reported incidence rates of 
tumors of the CNS between the populations 
under study and the time period of interest. 

 Despite these limitations, the reported inci-
dence rates have been similar. For example, in the 
United States, there are principally three large, 
centralized databases: the National Cancer Data 
Base (NCDB), the Central Brain Tumor Registry 
of the United States (CBRTRUS), and the 
Surveillance, Epidemiology, and End Results 
(SEER) database [ 3 ]. Each covers a different 
population base. The NCDB is sponsored by the 
American College of Surgeons and the American 
Cancer Society. The case ascertainment is derived 
from hospital-based follow-up of all primary 
tumors from institutions accredited by the 
American College of Surgeons. The collection of 

data on malignant tumors is mandatory for each 
participating hospital as part of its accreditation; 
however, data collection for benign tumors is vol-
untary. Though it can provide valuable informa-
tion on diagnosis and outcome, it was not 
designed to provide estimates of incidence rates. 
However, annually the American Cancer Society, 
Centers for Disease Control and Prevention, the 
National Cancer Institute, and the North 
American Association of Central Cancer 
Registries    collaborate to provide incidence rates 
in the United States. For the period 1992, the 
reported overall incidence was 4.8 per 100,000 
children [ 4 ]. For the same period, CBTRUS, a 
population-based registry which draws data from 
several regional registries in the United States 
reported an incidence rate of 3.76 per 100,000 
persons [ 5 ]. In comparison, SEER, a population- 
based national cancer registry program funded by 
the National Cancer Institute, reported an inci-
dence rate of 3.5 per 100,000 [ 6 ]. For the same 
time period, the European incidence rate for per-
sons 14 years or less was reported to be 2.9 per 
100,000 [ 7 ]. However, within Europe, the inci-
dence fi gures have varied. Denmark, based on the 
Danish Cancer Registry, Danish Hospital 
Discharge diagnosis, and clinical databases from 
major Danish centers, had an incidence rate of 
3.95 per 100,000 population years [ 8 ]. 
In Germany, a rate of 2.6 per 100,000 children 
under age of 15 years was reported. This fi gure 
was based on data obtained from a tumor registry 
involving130 pediatric hospitals and centers for 
pediatric oncology in Germany [ 9 ]. For the same 
time period, the Japanese incidence was reported 
as 3.43 per 100,000 children [ 10 ]. 

 The incidence of tumors changes with age; 
however, this has differed between registries. 
Kaatsch et al. [ 9 ] noted that the incidence rate in 
German children less than 1 year of age was 2.7 
per 100,000 compared to 3.1 per 100,000 for 
children between the ages of 1–4 years, 2.7 per 
100,000 children between the ages of 5–9 years, 
and 2 per 100,000 children between the ages of 
10–14 years. For a similar time period, Kuratsu 
et al. [ 10 ] reported the age-specifi c Japanese 
annual incidence rates to be 2.43 per 100,000 for 
the 0–4-year age group, 4.67 per 100,000 for the 
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4–9-year age group, and 3.08 per 100,000 for 
10–14-year age group. This difference is most 
likely due to the different mix of tumors between 
the two populations of children; specifi cally the 
number of cases of germ cell tumors was differ-
ent (0.1 per 100,000 incidence rate in the German 
cohort compared to 0.6 per 100,000 in the 
Japanese cohort). In both cohorts, germ cell 
tumors were not reported in patients under 4 
years of age; however, germ cell tumors 
accounted for approximately one third of the 
tumors in the older children. 

 The question has been raised as to whether 
incidence fi gures have increased over time. In 
1973 SEER reported an annual incidence rate of 
2.4 per 100,000 children; however, in 1994, as 
previously mentioned, SEER reported the annual 
incidence rate to be 3.5 per 100,000 children, 
which was a signifi cant difference. The change 
was reported not to have occurred at a constant 
rate, but rather “jumped” from a relatively con-
stant rate prior to 1985 to a higher rate [ 11 ]. It 
was felt that this jump in incidence rate was a 
refl ection of better diagnostic imaging technol-
ogy (i.e., the introduction of magnetic resonance 
imaging). Raaschou-Nielsen et al. [ 8 ] also 
reported an increase in the incidence rate for the 
period 1980–2006 in Denmark (3–5 per 100,000 
population years); however, the increase occurred 
at a constant rate rather than in jump fashion. 
This increase was present across all the age 
groups. However, another Nordic country study 
using the national tumor registries in Denmark, 
Norway, Sweden, and Finland along with the 
Nordic Society of Pediatric Hematology and 
Oncology database for the period 1984–2005 did 
not fi nd a time trend [ 12 ].  

   Survival Rates 

 The survival rates are dependent on the tumor 
type, location of the tumor, and age at the time of 
diagnosis. For example, patients with supratento-
rial low-grade astrocytomas which are com-
pletely resected do well, having an expected 
5-year survival of greater than 90 %, whereas 
patients with diffuse brain stem tumors and ana-

plastic astrocytomas do poorly with an expected 
5-year survival of less than 20 %. Children under 
one year of age do not do as well as older chil-
dren (i.e., ~45 % 5-year survival for children less 
than 1 year of age compared to greater than 70 % 
for children over 10 years of age). The 5-year 
survival rates for childhood CNS tumors, how-
ever, have improved over time (59 % in 1984 
compared to 67 % in 1994). This improvement 
has been driven mostly by improved patient risk 
stratifi cation and treatment protocols [ 11 ].  

   Possible Risk Factors 

 The etiology of tumors of the CNS is not fully 
understood. A small number of children will have 
a strong genetic predisposition for tumor devel-
opment. For example, the risk of cancer in chil-
dren with neurofi bromatosis, tuberous sclerosis, 
nevoid basal cell cancer, Turcot syndrome, and 
Li–Fraumeni syndromes has been known for 
some time. The risk of cancer in these syndromes 
is associated with mutations in known develop-
mental biological pathways resulting in deregula-
tion of the natural cell life cycle. For example, in 
neurofi bromatosis type 1, this is related to the 
NF1 gene, a tumor repressor gene. Mutations in 
this gene result in changes to the gene product, 
neurofi bromin, which plays a role in the down-
regulation of p21-ras which is an essential signal 
transduction molecule for several tyrosine growth 
factor receptors [ 13 ]. Yet, not every person with 
neurofi bromatosis will develop the same type of 
tumor at the same age. 

 For most children, the cause of a CNS tumor 
is not clear. It is likely to be the result of a com-
plex interaction between the child’s genetic back-
ground and specifi c environmental exposure(s). 
Gene copy number aberrations, structural 
arrangements, and/or deregulation of the number 
transcriptome have been found to contribute to 
tumors occurring in children in the absence of 
underlying genetic syndromes [ 14 ]. For example, 
in tumor tissue from children with medulloblas-
toma, deregulation of the Shh, Wnt, NOTCH, 
MYC family, PDGF/MAPK, and p53 signalling 
pathways has been reported. Similarly in tumor 

3 Epidemiology of Central Nervous System Tumors



12

tissue from children with ependymoma, NOTCH, 
EGFR signalling pathway, and MYC family have 
been found [ 14 ]. What causes these changes in 
normal tissue to occur is not completely under-
stood. Epidemiological studies have been used to 
attempt to identify possible causal relationships 
that might play a role in tumor genesis [ 15 ]. Risk 
factors that have been suggested to be associated 
with a greater risk of development of a CNS 
tumor include race, a family history of prior fetal 
loss/birth defects/brain tumors/cancer/mental 
retardation, father’s occupation/exposures to 
N-nitroso compounds, maternal dietary history 
particularly as related to cured meat consump-
tion, maternal age at the time of conception of the 
child, birth order, increased head circumference 
at birth, increased birth weight, exposure to infec-
tious disease in the fi rst year of life, exposure to 
pesticides/irradiation, history of prior head inju-
ries, and more recently prolonged use of mobile 
telephones [ 11 ]. However, the rarity of tumor 
occurrence, variability of age of onset, and the 
retrospective nature of the cohort case study 
designs have made the fi nding of a defi nite etio-
logical agent diffi cult.     
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           Introduction 

 Neuroimaging is a key tool in the diagnosis and 
follow-up of neuro-oncologic patients. Magnetic 
resonance imaging (MRI) and computerized 
tomography (CT) are the main imaging modali-
ties involved in neuroimaging diagnosis of these 
patients. However, MRI is the main imaging 
tool in the daily practice of pediatric neuro-
oncology. The main reason is that CT involves 
radiation exposure risks and MRI has the ability 
to show signifi cant more details about the brain 
parenchyma. 

 PET (positron emission tomography) and 
molecular imaging are rapidly developing as 
new techniques to evaluate brain tumor. The 
results provided by PET and molecular imaging 
appear to corroborate the fi ndings of MRI stud-
ies and may contribute to decision-making in the 
treatment and follow-up of patients. Therefore 
understanding general principles of different 
imaging modalities can help the clinician to 
improve patient care.  

   CT Principles 

 Neuroimaging is essential for diagnosis of both 
primary and secondary central nervous system 
(CNS) neoplasms, and magnetic resonance imag-
ing (MRI) remains the main imaging modality 
for characterization of these lesions. However, 
computerized tomography (CT) is often used in 
patients with acute presentations. The two main 
reasons that CT may be preferred over MRI in 
cases presenting acutely are: faster image acqui-
sition than MRI, within few seconds, and diag-
nostic images are accrued more rapidly, which is 
important if the patient’s clinical status is unsta-
ble. In addition, there is rarely a need for sedation 
[ 1 ] and CT may often be more instantly available 
than MRI [ 2 ]. However, a downside of CT is the 
ionizing radiation exposure, of particular impor-
tance in children who are more sensitive to its 
effects than adults (Fig.  4.1 ) [ 3 ].

      Radiation Safety 

 Biological radiation effects can be divided into 
two categories: stochastic and deterministic 
effects. Deterministic effects are set by exposure 
threshold, and doses above the cutoff cause dam-
age (e.g., cataract occurs if the crystalline lenses 
are exposed above 5 Gy (gray is the radiation unit 
for absorbed dose of radiation)) [ 3 ]. Stochastic 
effects are the result of cumulative doses of radia-
tion and are related to genetic abnormalities and 
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carcinogenic effects. There are no safe levels of 
radiation exposure related to stochastic effects, 
and the cancer risk increases as cumulative doses 
increase [ 3 ]. 

 Recently, Pearce et al. (2012) demonstrated 
the association of low doses of radiation adminis-
trated on CT with occurrence of brain tumors and 
leukemia in a pediatric population (Fig.  4.2 ). 
This was the fi rst time that this association was 
proven, although previous publications based on 
information gathered from the survivors follow-
ing atomic explosions had raised the concern 
about the use of low dose radiation in medical 
imaging modalities [ 4 ]. Therefore, extra care 
should be taken when requesting a CT scan in the 
pediatric population, weighing the risks and ben-
efi ts for each case.

   There are three principles of radiation safety 
that should be kept in mind when requesting and 
performing a CT examination: justifi cation, opti-
mization, and dose limitation (Table  4.1 ) [ 5 ].

   The North American radiological societies 
have mounted campaigns in an effort to educate 
doctors and the general population regarding 

radiation effects and radiation safety. The most 
important radiation safety campaigns (Image 
Gently® for pediatric population (  http://www.
pedrad.org/associations/5364/ig/    ) and Image 
Wisely® for the adult population (  http://www.
imagewisely.org/    )) have made optimization (“as 
low as reasonably achievable” (ALARA)) a very 
popular principle. However, justifi cation is also 
very important, not only because it justifi es the 
investigation, but also because it helps to decide 
which adjustments are necessary in the imaging 
technique in order to make the diagnosis. 

 There are several techniques that can be 
applied in CT imaging acquisition. For exam-
ple, a patient who needs to have only the size of 
the cerebral ventricles assessed can have a study 
performed with low radiation exposure. In con-
trast, for brain parenchyma assessment, a scan 
with a regular radiation dose exposure is 
required to prevent artifacts related to low doses 
[ 6 ] (Fig.  4.3 ).

   The clinical information provided in the 
request form also helps the radiologist to 
decide if the study requires contrast. For 

  Fig. 4.1    The graphic demonstrates the increased carcino-
genic risk related to radiation exposure for the pediatric 
population compared to the adult population. Reprinted 
from Peck DJ, Samei E. How to Understand and 
Communicate Radiation Risk. Image Wisely. Available at: 
  http://www.imagewisely.org/Imaging-Professionals/

Medical-Physicists/Articles/How-to-Understand-and-
Communicate-Radiation-Risk    . Reprinted with permission 
of the American College of Radiology, Reston, Virginia. No 
other representation of this material is authorized without 
express, written permission of the American College of 
Radiology       
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  Fig. 4.2    Relative risk of 
leukemia and brain tumors 
in relation to estimated 
radiation doses to the red 
bone marrow and brain 
from CT 
scans: ( a ) Leukemia and 
( b ) brain tumors.  Dotted 
line  is the fi tted linear 
dose–response model 
(excess relative risk per 
mGy).  Bars  show 95 % 
CIs. Reprinted Pearce MS, 
Salotti JA, Little MP, 
McHugh K, Lee C, Kim 
KP, et al. Radiation 
exposure from CT scans in 
childhood and subsequent 
risk of leukaemia and brain 
tumours: a retrospective 
cohort study. Lancet. 2012 
Aug 4;380(9840):499- 505. 
With permission from 
Elsevier       
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 example, melanoma metastases are easier to 
depict after intravenous contrast injection. 
However, if the radiologist is not informed 
about a clinical suspicion of melanoma, intra-
venous contrast might not be used, thereby 
increasing the chance of missing lesions. The 
same problem applies for leptomeningeal dis-
ease in patients with history of malignancy as 
this can be diffi cult to visualize without the 
administration of intravenous contrast media 
as illustrated in Figs.  4.4  and  4.5 .

    The contrast used in CT scans is an iodine- 
based media. The use of this contrast should be 
cautious since it is not innocuous and contraindi-
cations to its use must be taken into account 
(Table  4.2 ) [ 7 ]. In addition, if a pre- and post- 
contrast study is needed, the patient will need to 
be scanned twice, receiving two doses of 
radiation.

   In conclusion, every time a physician fi lls out a 
requisition with adequate clinical information, the 
radiologist is being helped to decide if the image 
modality chosen by the clinician is the most appro-
priate for the diagnosis and what is the best techni-
cal approach to perform it. The clinician must also 
fl ag any risk factors or contraindications for the 
use of contrast media. The chosen diagnostic test 
will have adequate sensitivity and specifi city and 
patients will be saved from unnecessary radiation 
exposure if all these principles are followed. 

 Here are some questions that might help phy-
sicians to evaluate the appropriateness of a CT 
request:
 –    Are there publications or protocols to support 

the choice of a CT study for the condition?    
 The American College of Radiology website 

(   h t t p : / / w w w. a c r . o r g / Q u a l i t y - S a f e t y /
Appropriateness-Criteria    ) has published a list of 

   Table 4.1    Radiation safety principles   

 Justifi cation  Any radiation exposure should be justifi ed and judge. It only should be adopted if the benefi t 
outweighs the harm it may cause 

 Optimization  Radiation doses and risks should be kept as low as reasonably achievable (ALARA). Technical 
aspects should be respected to achieve minimal radiation exposure and maximize benefi ts 

 Dose limitation  Exposure of individuals should not exceed specifi ed dose limits above which the dose or risk 
would be deemed unacceptable. The limits are usually set by ICRP a  

   a International Commission on Radiation Protection  

  Fig. 4.3    ( a ) CT head regular dose is acquired showing 
detailed imaging of the brain parenchyma and ventricles. 
( b ) Low-dose CT of the head does not have the same 

parenchymal imaging details but is enough to demonstrate 
presence of hydrocephalus       

 

N.R. Stein and L.T. Ribeiro

http://www.acr.org/Quality-Safety/Appropriateness-Criteria
http://www.acr.org/Quality-Safety/Appropriateness-Criteria


17

appropriateness criteria for different clinical sce-
narios. The use of this website may be helpful 
when questions about appropriateness are raised.
 –    In the knowledge that the younger the patient, 

the greatest the risk for tumors related to radi-
ation exposure, does the benefi t of a CT diag-
nosis outweigh the risk of cancer?  

 –   Is there any contraindication to iodine contrast 
media if this is needed for the imaging study?  

 –   What is the history of previous radiation expo-
sure? Is this patient pregnant or at risk of 
pregnancy?  

 –   Are there alternative tests available for the 
diagnosis?     

  Fig. 4.4    ( a ) CT without contrast demonstrates a hyper-
dense hemorrhagic metastasis from melanoma on the 
right hemisphere. ( b ) Enhanced CT showing a second 

metastatic lesion on the left frontal lobe ( black arrow ). 
This was poorly visualized without contrast       

  Fig. 4.5    ( a ) CT without contrast shows multiple hyper-
dense sulci in the cerebral convexity bilaterally with focal 
calcifi cation on the left frontal lobe. ( b ) Enhanced CT of 

the same patient showing extensive leptomeningeal dis-
ease ( red arrows )       
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   Basic Principles of CT Interpretation 

 CT image formation is based on a gray scale of 
tissue X-ray attenuation. Tissues that can 
attenuate more X-rays appear whiter or hyper-
dense (e.g., bone) and tissues that allow the 
passage of X-rays appear blacker or hypodense 
(e.g., cerebrospinal fl uid spaces). Fat tissue, 
for example, attenuates less X-rays than the 

normal brain tissue and therefore appears 
hypodense (Fig.  4.6 ) [ 8 ].

   CT is a very good technique to assess the CNS 
vasculature. CT arteriograms and venograms 
have a high sensitivity and specifi city in the diag-
nosis of vascular disease. Nevertheless, because 
of the increased radiation exposure, it is normally 
only used if the MR arteriogram/venogram was 
not diagnostic. 

 Interpretation of pediatric imaging has its 
own peculiarities as compared to adult imaging, 
as the different stages of development result in 
different appearances of the normal brain. The 
lack of myelin in the early stages of development 
and increased water content in the white matter 
is one example. This characteristic results in dif-
ferences between the gray and white matter con-
trast that does not resemble what is seen in an 
older child, when the myelination process is 
complete (Fig.  4.7 ). Therefore, when looking at 
a pediatric study, it is very important to know the 
patient’s age before coming to any conclusions. 

   Table 4.2    Adverse effects from the administration of 
iodine-based contrast agents   

 Adrenal glands  Hypertension (in patients with 
pheochromocytoma after intra-arterial 
injection) 

 Brain  Headache 
 Confusion 
 Dizziness 
 Seizure 
 Rigors 
 Lost or diminished consciousness 
 Lost or diminished vision 

 Gastrointestinal 
tract 

 Nausea 
 Vomiting 
 Diarrhea 
 Intestinal cramping 

 Heart  Hypotension 
 Dysrhythmia (asystole, ventricular 
fi brillation/ventricular tachycardia) 
 Pulseless electrical activity (PEA) 
 Acute congestive heart failure 

 Kidney  Oliguria 
 Hypertension 
 Contrast-induced nephropathy (CIN) 

 Pancreas  Swelling/pancreatitis 
 Respiratory 
system 

 Laryngeal edema 
 Bronchospasm 
 Pulmonary edema 

 Salivary glands  Swelling/parotitis 
 Skin and soft 
tissues 

 Erythema 
 Urticaria 
 Pruritus 
 Compartment syndrome (from 
extravasation) 

 Thyroid  Exacerbation of thyrotoxicosis 
 Vascular 
system 

 Hemorrhage (due to direct vascular 
trauma from contrast injection or from 
the reduction in clotting ability) 
 Thrombophlebitis 

  Based on data from [ 7 ]  

  Fig. 4.6    Examples of different CT densities. A hypodense 
structure is seen in the posterior aspect of the corpus cal-
losum ( white arrow ), in keeping with a lipoma. The  red 
arrow  is showing the parietal bone (hyperdense structure) 
and the  blue arrow  is pointing to the subcutaneous tissues 
of the scalp, which is also hypodense due to the presence 
of fat. Reprinted Senggen E, Laswed T, Meuwly JY, 
Maestre LA, Jaques B, Meuli R, et al. First and second 
branchial arch syndromes: multimodality approach. 
Pediatric radiology. 2011 May;41(5):549-61. With per-
mission from Springer Science + Business Media       
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The same principles apply for the interpretation 
of MRI images [ 9 ].

   The assessment of a CNS bleed also has some 
pitfalls. There are different stages of hemoglobin 
degradation (Table  4.3 ) [ 10 ,  11 ]. In acute stages a 
bleed will be hyperdense compared with the rest of 
the brain parenchyma. However, if the patient is 
anemic, the attenuation of the signal from an acute 
bleed can be similar to that of the brain parenchyma. 
Therefore, a small bleed can be  easily missed. 

Another problem is the lack of myelin in young 
children, which produces a relative diffuse hypoden-
sity of the parenchyma and makes the blood vessels 
(in particular the venous sinuses) appear more 
hyperdense than usual (Fig.  4.8 ). This should not be 
confused with acute thrombosis of the venous 
sinuses. A similar effect can be seen in patients with 
cyanotic conditions such as cardiac shunts or 
chronic lung disease, if they are  polycythemic. 
However, in these cases the relative hyperdensity of 

  Fig. 4.7    ( a ) Axial CT image of an 11-month-old patient 
showing fairly homogeneous brain density with 
decreased gray white matter differentiation due to the 
small amount of myelin in the white matter. This is a 
normal fi nding in this age group due to the myelination 

process. ( b ) CT image of a fully myelinated brain of a 
14-year-old showing the well- demarcated gray/white 
matter differentiation. The relative hypodensity of the 
white matter is due to the presence of myelin       

   Table 4.3    Imaging characteristics of hemoglobin degradation in intraparenchymal hemorrhages   

 Phase  Time  Hemoglobin 

 Appearance 

 CT  T1-weighted MRI  T2-weighted MRI 

 Hyperacute  < 12 h  Oxyhemoglobin  Hyperdense  Isointense or hypointense  Hyperintense 
 Acute  Hours to days  Deoxyhemoglobin  Hyperdense  Isointense or hypointense  Hypointense 
 Early subacute  Few days  Methemoglobin  Isodense  Hyperintense  Hypointense 
 Late subacute  4–7 days to 

1 month 
 Methemoglobin + 
cell lysis 

 Hypodense  Hyperintense  Hyperintense 

 Chronic  Weeks to 
years 

 Ferritin and 
hemosiderin 

 Hypodense  Isointense or hypointense  Hypointense 

  Adapted from Parizel P, Makkat S, Van Miert E, et al. Intracranial hemorrhage: principles of CT and MRI interpretation. 
Eur Radiol 2001; 11: 1770-1783. & Osborn AG (ed). Osborn’s Brain, Pathology and Anatomy. Salt Lake City, UT: 
Lippincott Williams & Wilkins; 2012  
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the vessels is caused by an increased hematocrit and 
is not due to lack of myelin [ 11 ].

    A CT scan can determine the degree of mass 
effect over the parenchyma when evaluating a 
space-occupying lesion. It can also demonstrate 
the presence of intralesional cysts, calcifi cation, 

necrosis, blood, or fat. CT almost always defi nes 
the anatomical location of the lesion, except in 
some cases of infi ltrative lesions and posterior 
fossa lesions. However, MRI allows a more 
detailed assessment of brain anatomy and its 
associated pathology (Fig.  4.9 ). Therefore, once 
a space-occupying lesion is identifi ed on CT, an 
MRI is carried out as the next step in the imaging 
investigation to further characterize the mass and 
its relationship to the rest of the parenchyma.

      Magnetic Resonance Imaging 

   MRI Image Formation 

 The principle of MRI imaging acquisition is 
based on the spin movement of hydrogen atoms. 
Intermittent radiofrequency pulses are turned on 
to cause resonance of these atoms. The atomic 
resonance is extinguished when the radiofre-
quency pulse is turned off. At this moment, there 
is a relaxation period while the atoms are losing 
resonance in which a radiofrequency pulse is 
emitted by the atoms and then captured by the 
MRI coils (a device placed around the patient 

  Fig. 4.8    Coronal CT image of an 11-month-old infant 
showing the relative hyperdensity of the superior sagittal 
sinus ( red arrow ) in the background of non-myelinated 
brain parenchyma. This should not be interpreted as 
venous sinus thrombosis       

  Fig. 4.9    ( a ) Non-enhanced CT demonstrates a posterior 
fossa mass ( red arrow ). ( b ) However, an axial T2-weighted 
MR image of the same lesion showed that the lesion is extra-

axial in location involving the 4th ventricle and foramen of 
Luschka on the left side. This demonstrates the superior tis-
sue characterization obtained with MR technique       

 

 

N.R. Stein and L.T. Ribeiro



21

which acts as a receptor), giving the necessary 
information for the image formation. The set of 
images obtained with a specifi c combination of 
radiofrequencies is called a sequence. 

 Depending on how the radiofrequency pulse is 
applied, the sequences can highlight the signal of 
water (T2-weighted images) or the signal of fat tis-
sue (T1-weighted images). Other radiofrequency 
combinations result in different sequences and other 
contrasts (e.g., proton density-weighted imaging). 
The study protocol details are the combination of 
sequences. There are several types of MRI 
sequences (e.g., spin echo (SE), turbo spin echo 
(TSE), FLAIR (fl uid-attenuated inversion recov-
ery), and susceptibility-weighted image (SWI)). 

 The clinical history provided by the physician 
will help the radiologist to set up the MRI proto-
col and to make the decision regarding the need 
for intravenous contrast administration. Standard 
MRI protocols of the brain and spine vary among 
institutions. In our institution, the standard brain 
tumor imaging protocols are volumetric sagittal 
T1 with reconstructions, coronal T2 TSE, axial 
FLAIR, axial diffusion-weighted image (DWI), 
and axial SWI (Table  4.4 ). A volumetric gradient 

T1 with reconstructions is applied after intrave-
nous gadolinium contrast media administration.

   Accurate anatomical localization of a space- 
occupying lesion is the key for the differential 
diagnosis of a brain tumor in the pediatric popu-
lation. Nevertheless, signal intensity, presence of 
restricted diffusion, calcifi cations, fat, hemor-
rhage, and enhancement pattern of the lesion are 
additional features that help to narrow down the 
differential diagnosis [ 12 ]. 

 The routine MRI sequences are usually 
enough for an accurate differential diagnosis 
(Fig.  4.10 ). Nevertheless, newer sequences and 
techniques provide additional information to help 
in the diagnosis and treatment management of 
diffi cult and atypical cases.

   Commonly, neuro-oncology MRI studies will 
need post-contrast imaging for the characterization 
of a space-occupying lesion. Particular attention 
should be paid to studies post-surgery. Ideally, 
these should be performed within the fi rst 24 h after 
a surgical procedure in order to avoid misinterpre-
tations of residual tumor enhancement with leak-
age across the blood–brain barrier. Enhancement of 
the surgical bed due to such leakage starts within 

   Table 4.4    Characteristics of frequently used MRI sequences   

 Sequence  Characteristic  Main importance for CNS tumor imaging 

 Turbo spin 
echo (TSE) 
and spin echo 
(SE) 

 High-resolution and 
detailed anatomy 

 Helps in determining: 
 – Anatomy of the lesion and its effect over the parenchyma 
 – Evaluation of cystic/solid components 
 – T1 and T2 signal characteristic of the lesion for differential 

diagnosis 
 FLAIR (T2 
weighted) 

 Highlights with high signal 
abnormal water content 
and presence of gliosis in 
the brain parenchyma 

 – Helps in delineating infi ltrative lesion’s extension 
 – Shows the presence of perilesional edema 

 Diffusion-
weighted 
imaging 
(DWI) 

 Demonstrates presence of 
diffusion restriction of 
water molecules in the 
tissues 

 – Increased cellularity, decreased extracellular space, and a high 
nuclear to cytoplasm ratio are responsible for water diffusion 
restriction in high-grade tumors 

 – If water restriction is present, it also may indicate the presence 
of necrosis, pus, acute blood products within the lesion 

 – ADC map a  measurements have an inverse relationship with 
tumor grading (the higher the measurement, the lower the grade) 

 Susceptibility-
weighted 
imaging (SWI) 

 Highlights with low signal, 
the presence of gas, 
calcifi cations, and blood 
products 

 – Helps to establish the presence of intralesional calcifi cations and 
blood, adding information for the differential 

 – Helps in demonstrating postsurgical changes or formation of 
post-radiation cavernomas 

   a Apparent diffusion coeffi cient (ADC) map is a mathematical subtraction of the true diffusion acquisition necessary to 
show the true diffusion of water throughout the tissues  
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72 h after surgery and is maintained clearly for up 
to 6–8 weeks, decreasing progressively for up to 12 
months after surgery. A further aspect post-inter-
vention is the enhancement of lesions 4–6 months 
after radiotherapy, which may be related to radia-
tion necrosis [ 13 ]. In these cases frequent follow-
up is necessary, and other MRI techniques can be 
used in an attempt to differentiate radiation necro-
sis from tumor recurrence.  

   MRI Special Considerations 

 MRI contrast media are gadolinium-based agents, 
and its use in the pediatric population is off-label 
for individuals younger than 2 years. Gadolinium- 
based contrast media is not nephrotoxic in the 
approved dosages for MRI studies [ 7 ]. However, 
patients with previous renal failure can develop 
nephrogenic systemic fi brosis (NSF) if gadolinium- 

based contrast is administered. NSF is a rare irre-
versible disease. The hypothesis is that it is caused 
by deposition of gadolinium in the tissues. To date, 
there are approximately 370 cases reported in the 
literature associating this pathology to the use of 
gadolinium contrast. The age range of reported 
cases is from 8 to 87 years [ 14 ]. The majority of 
NSF cases are described in patients with previous 
chronic renal failure. Patients with acute renal fail-
ure can also develop NSF especially if superim-
posed to chronic renal failure. Due to the risk of 
NSF, the procedure of administering gadolinium-
based contrast “just in case” has been removed 
from the daily practice. The American College of 
Radiology also advocates cautious use of gadolin-
ium-based agents in newborn and infants due to 
renal immaturity, even though no case has been 
reported in patients younger than 8 years [ 7 ]. 

 Enhanced CT is the alternative for patients at 
increased risk of NSF that need an enhanced study, 

  Fig. 4.10    (a) Sagittal T1 3D MPRAGE showing large het-
erogeneous slightly hypointense lesion centered in the 
suprasellar/hypothalamic region. Small punctate areas of 
high T1 signal within the lesion may represent small areas of 
hemorrhage or calcifi cation. Mass effect is seen over the 
pons but the lesion also appears invading adjacent structures 
like sella turcica and anterior aspect of third ventricle. (b) 
Coronal T2 turbo spin-echo showing that the same lesion 

has areas of slightly high and low T2 signal. ( c ) sequence is 
showing abnormal susceptibility. The DWI ( d ,  e ) is showing 
restricted diffusion within the lesion. The post-contrast sag-
ittal T1 ( f ) shows heterogeneous enhancement of the lesion. 
FLAIR images were not acquired as this was an 18-month-
old child. The characteristics of this lesion are aggressive 
and the main differential was primitive neuroectodermal 
tumor which was confi rmed after biopsy       
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but iodine contrast media can potentially worsen 
the renal function. In addition, the risk of ionizing 
radiation needs to be weighed up in the risk-bene-
fi t analysis when a CT study with contrast is car-
ried out instead of an MRI especially in the 
pediatric population. However, CT iodine contrast 
can be removed from the blood stream through 
hemodialysis. It is unknown if hemodialysis per-
formed soon after an enhanced MRI scan to 
remove gadolinium from the blood stream can pre-
vent NSF. Nevertheless, this practice is advised if 
the enhanced MRI study is indeed performed [ 7 ].  

   Imaging Artifacts 

 MRI is a technique that is highly susceptible to 
imaging artifacts. In brain imaging, artifacts 
related to dental hardware are very common and 
it may be impossible to diagnose any pathology. 
Motion artifact is another common artifact in 
pediatric studies, and this can also degrade the 
quality of images signifi cantly (Fig.  4.11 ). For 
this reason some pediatric MRI studies need to be 
performed under sedation.

      MRI Safety 

 Another important consideration is the MRI 
safety area and procedures. When approaching 
the area of an MRI scanner, safety zone alerts 
should be evident. Metallic objects can fl y 
towards the magnet due to the magnetic fi eld 
strength and this can be deadly. Patients with 
metallic implants can have the implant damaged 
or displaced. Injury can also occur by heat of a 
metallic foreign body or implant. Anyone that 
approaches an MRI scanner should be initially 
screened for the presence of metallic hardware 
and other contraindications (Table  4.5 ) [ 15 ].

      Pediatric Sedation 

 Imaging pediatric patients can be challenging. 
Motion artifact can ruin an MRI or CT study. 
Therefore, sedation may be needed to perform an 
imaging examination. 

 The age group most likely to require sedation 
is for children younger than 8 years. 

  Fig. 4.11    ( a ) Sagittal T1 3D of the brain showing imag-
ing quality degradation secondary to motion artifact. The 
multiple curved lines overlying the midline gyri corre-

spond to artifacts. ( b ) Nondiagnostic axial SWI showing 
marked imaging degradation secondary to metallic arti-
facts produced by dental braces ( arrow )       
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 Overall, the failure rate of sedation varies in 
the literature from 1 to 20 % [ 16 ]. In addition, 
major cardiovascular and respiratory events can 
occur in approximately 0.4–1 % [ 17 ]. Alternative 
techniques are safer for the patients and can avoid 
a signifi cant number of sedations. Audiovisual 
systems in the MRI suits, for example, can reduce 

the number of sedations in children between 3 
and 10 years old by 25 % and by 50 % in children 
older than 10 years [ 18 ]. Other examples of alter-
native techniques are feed and sleep (which 
works very well in neonates and young infants), 
sleep deprivation, melatonin administration, and 
MRI simulation training. Alternative techniques 
should be applied whenever is possible [ 19 ].   

   Advanced Imaging Techniques 

   Functional MRI (fMRI) 

 Imaging acquisition in fMRI is based in the prin-
ciple that oxygen consumption increases in the 
brain area used for a particular activity. The 
sequence used for this technique is known as 
blood-oxygen-level-dependent (BOLD) contrast. 
In neuro-oncology this technique can add informa-
tion about involvement of eloquent areas of the 
brain by a space-occupying lesion (Fig.  4.12 ) [ 20 ].

   Functional studies are carried out with the 
patient awake and able to collaborate [ 20 ]. 
Standard MRI scanners might have the BOLD 
sequence available; however, special software is 
necessary to perform the functional examinations.  

   Diffusion Tensor Imaging (DTI) 

 DTI imaging principle is based in the three direc-
tional movements of water molecules throughout 
the tissues. Isotropy is the term used when the 
water molecules diffuse equally in all directions. 
However, in the brain, due to the parallel micro 
movement of water molecules within the axons, 
there is anisotropy of water molecule movement, 
which is measured by the fractional anisotropy 
(FA) index. DTI also allows determination of 
fi ber bundle directionality, also known as tractog-
raphy study [ 21 ]. 

 Nowadays, tractography studies have been 
used alone or in association with fMRI to deter-
mine the degree of white matter tract involvement 
by a CNS tumor (Fig.  4.13 ). This information is 
extremely helpful for surgical and radiotherapy 
treatment planning, especially if the tumor is 
located in an eloquent region of the brain [ 21 ].

   Table 4.5    Important screening information for an MRI 
study   

 Problems in previous MRI scan (e.g., claustrophobia) 
 Previous surgery and dates 
 Injury by metallic object or presence of foreign body? 
 History of kidney disease, asthma, or allergies? 
 History of previous allergy of MRI or CT dye? Which 
kind of reaction? 
 Pregnancy? Lactation? 
 Any type of electronic, mechanical, or magnetic implant 
or device? 
 Cardiac pacemaker/implanted cardiac defi brillator/
artifi cial heart valve 
 Aneurysm clip 
 Neurostimulator/biostimulator 
 Internal electrodes or wires/any type of surgical clip or 
staple 
 Any type of coil, fi lter, or stent 
 Cochlear implant/hearing aid/any type of ear implant 
 Implanted drug pump 
 Halo vest/spinal fi xation device/artifi cial limb or joint 
 Penile implant 
 Artifi cial eye/eyelid spring 
 Any type of implant held in place by a magnet 
 Any IV access port/shunt 
 Medication patch 
 Tissue expander 
 Removable dentures, false teeth, or partial plate 
 Diaphragm, IUD, pessary 
 Surgical mesh 
 Body piercing 
 Wig/hair implants 
 Tattoos or tattooed eyeliner 
 Radiation seeds (e.g., cancer treatment) 
 Any implanted items (e.g., pins, rods, screws, nails, 
plates, wires) 
 Any hair accessories (e.g., bobby pins, barrettes, clips) 
 Jewelry 
 Any other type of implanted item 

  Adapted from Expert Panel on MRS, Kanal E, Barkovich 
AJ, Bell C, Borgstede JP, Bradley WG, Jr., et al. ACR guid-
ance document on MR safe practices: 2013. Journal of 
magnetic resonance imaging : JMRI. 2013 Mar;37(3):501-
30. With permission from John Wiley & Sons, Inc.  
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  Fig. 4.12    Presurgical fMRI in a hemiparetic patient 
(grade 3/5) with a left malignant glioma only weak BOLD 
activation was available from contralateral ( right ) hand 
movements precluding reliable localization of the motor 
hand area (not shown). By using complex fi nger opposi-
tion of the unimpaired hand ipsilateral to the tumor ( left ) 
and fully automated tactile stimulation of the right digits 
BOLD activation is achievable in the motor hand area (1), 
premotor cortex (2), and primary somatosensory cortex 
(3) on the tumor side. Note the corresponding activations 

in the unimpaired hemisphere ( right ) associated with the 
left fi nger movements ( white numbers ). Bilateral supple-
mentary motor activation is in the midline. Reprinted 
from Stippich C. Preoperative Blood Oxygen Level 
Dependent (BOLD) functional Magnetic Resonance 
Imaging (fMRI) of Motor and Somatosensory Function. 
In: Ulmer S, Jansen O (eds). fMRI: Basics and Clinical 
Applications: Heidelberg, Germany: Springer-Verlag; 
2013. p. 91-110. With permission from Springer Science 
+ Business Media       

  Fig. 4.13    ( a ) Spinal cord tumor (pilocytic astrocytoma) 
is demonstrated on a sagittal T2-weighted image ( red 
arrow ). ( b ) The same lesion is demonstrated causing dis-

ruption of tract direction by using a 3D tractography 
imaging reconstruction technique ( red arrow )       
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   A promising application of DTI technique in 
neuro-oncology is the FA index measurement in 
high-grade gliomas. This measurement may help 
to detect infi ltrative portions of the tumor and dif-
ferentiate it from perilesional edema [ 22 ]. It also 
could potentially help to depict tumor recurrence. 
However, further research in this area is being 
performed to prove this use of DTI. Patients with 
medulloblastoma who have received radiation 
and present with decreased cognitive function 
have shown low FA index measurements in the 
brainstem, even though the overall imaging of the 
brainstem may be normal [ 23 ]. 

 Unfortunately, FA index measurements and 
tractography studies are not carried out in the 
daily practice of most institutions since such 
techniques demand special software reconstruc-
tions that are not always available.  

   3D Imaging and Stereotaxy 

 3D imaging (or volumetric imaging) is extremely 
helpful for anatomical reconstructions. There are 
several different MRI sequences that can be 
acquired as volumetric images. Several different 
kinds of reconstructions also can be performed 
from it if adequate software is available. 

 In neuro-oncology, 3D imaging is especially 
used for stereotaxy. Stereotaxy is a technique that 
makes use of 3D imaging to create a coordinate 
system that will guide the localization of a lesion 
in a surgical procedure or radiotherapy treatment. 
Nowadays it is associated with other techniques, 
such as fMRI and direct cortical stimulation, to 
reduce morbidity in CNS tumor resection espe-
cially if the lesion is located in eloquent areas of 
the brain [ 24 ]. Association of 3D MRI imaging 
with other imaging modalities such as positron 
emission tomography (PET) scan is possible and 
it has been studied to improve surgical and radio-
therapy planning.  

   Spectroscopy 

 MR spectroscopy (MRS) is a technique widely 
used in brain imaging. It is used to assess metabo-
lites in the brain parenchyma and lesions. The 
results of an MRS acquisition are typically dis-
played in a graphic of metabolite peaks. Each 
metabolite has its own location in the MRS 
graphic and the height of the peak indicates its 
concentration in the parenchyma (Fig.  4.14 ). The 
most commonly assessed metabolites are choline, 
creatine, N-acetylaspartate (NAA), and lactate.

  Fig. 4.14    ( a ) MRS study (PRESS technique—single 
voxel—TE 135 ms) showing a malignant signature with 
high choline (Cho) ( orange arrow ), low NAA peaks in 
relation to creatine (Cr), and the presence of a lactate peak 

( red arrow ) in the surgical margin of a left frontal lobe 
lesion. ( b ) Normal MRS study acquired with the same 
technique for comparison in left basal ganglia       
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   Choline is a substance related to the cell mem-
brane and it is elevated therefore in situations in 
which there is increased cell density and high cel-
lular turnover. Creatine is related to the cell’s 
metabolic rate. NAA is a protein present in the 
cells, which refl ects the neuronal density. The 
most common spectral signature of a brain tumor 
is increased choline and decreased NAA com-
pared to creatine peaks. If present, lactate peak 
usually refl ects areas of ischemia and necrosis 
within the tumor, suggesting a higher grade 
tumor. The lipids peak is related to cell prolifera-
tion. Therefore this peak is usually present in 
high-grade CNS tumors [ 13 ]. 

 Attempts have been made in the use of MRS to 
determine the type and grading of CNS tumors. 
However, there is a signifi cant overlap of metabo-
lite peaks pattern that exists between low- and 
high-grade CNS tumors as well as between neo-
plastic and nonneoplastic lesions. For example, 
pilocytic astrocytoma and oligodendrogliomas 
are low-grade tumors that may have a similar 
MRS spectrum to that of a high-grade tumor [ 13 ]. 

 In general, MRS does not add much informa-
tion to the differential diagnosis of an initial 
investigation. Nevertheless, it has been shown to 
be useful in some atypical cases differentiating 
brain tumor from brain abscess. It can also 
potentially help to differentiate areas of radia-
tion necrosis or postsurgical changes from 
recurrent or residual tumor. Ratios between cho-
line peak and other peaks such as creatine and 
NAA peaks can also be helpful in assessing 
response of therapy.   

   Perfusion Techniques 

 Perfusion technique can be applied with both 
MRI and CT. However, CT perfusion is usually 
not performed in the pediatric population due to 
the risks involved in radiation exposure. 

 The standard perfusion technique uses intra-
venous contrast. Nevertheless, there is a new 
MRI sequence called arterial spin labeling (ASL) 
that can be used to study brain perfusion without 
the use of contrast media. This technique does 
not require IV access and avoids the off-label use 

of gadolinium contrast media in patients younger 
than 2 years [ 13 ]. 

 The perfusion images are frequently inter-
preted in a color map. The red zones usually 
demonstrate increased perfusion and the blue 
zones decreased perfusion. More detailed analy-
sis can also be made with numerical estimations 
of cerebral blood volume using post-processing 
techniques. 

 Research studies suggest that perfusion tech-
nique may help to differentiate between low- and 
high-grade tumors. It also has been described to 
help in the differentiation of radiation necrosis 
(decreased perfusion) from tumor recurrence 
(normal to elevated perfusion) (Fig.  4.15 ) [ 25 ]. 
Another application of this technique is to help in 
defi ning an ideal area for surgical biopsy, avoid-
ing areas of necrosis. It can be used in association 
with MRS for this purpose. Future applications 
of this technique are related to evaluation of 
tumor angiogenesis and treatment response in 
patients using antiangiogenic drugs [ 13 ].

   Unfortunately, MRI perfusion technique is not 
available in all institutions since it is not a stan-
dard MRI sequence.  

   PET Scan and Future Molecular 
Imaging 

 PET scan is considered to be a conventional 
molecular technique. Its principle is based on the 
injection of a radiopharmaceutical containing a 
positron-emitting radionuclide (tracer) into the 
body. This tracer emits two gamma rays in oppo-
site directions to the imaging receptor located in 
the PET scanner forming the image. The high-
lighted areas in the images usually demonstrate 
higher concentration of the radiopharmaceutical 
in the tissues. The main difference between PET 
and single-photon emission computed tomogra-
phy (SPECT) is that the gamma-emitting radio-
nuclide used in SPECT produces a random 
emission of gamma rays, while in PET the emis-
sion of gamma rays is always in opposite direc-
tions (180°) giving better resolution. Use of a 
PET scan is often carried out together with low 
dose CT images or MRI to improve the  anatomical 
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analysis. The difference between PET/SPECT 
scan from CT scan is that the radiation source is 
within the patient while in CT the source is 
external. 

 Radiopharmaceuticals are radionuclides 
bonded to specifi c biological markers. Numerous 
radiopharmaceuticals are available and each one 
has a special diagnostic or treatment target. 
Common radiopharmaceuticals applied in brain 
imaging are fl udeoxyglucose (FDG), L-[methyl- 
11 C]methionine ([ 11 C]MET), and 3′-deoxy-3′-
[ 18  F]fl uorothymidine ([ 18 F]FLT). 

 Neoplastic lesions demonstrate increase 
uptake of FDG in PET studies due to increased 
glucose metabolism (Fig.  4.16 ). Thus an FDG 
scan can be used in the evaluation of tumor grad-
ing, localization for biopsy, differentiation of 
radiation necrosis from tumor recurrence, thera-
peutic monitoring, and assessment for malignant 
transformation of what were originally low-grade 
gliomas [ 26 ]. However, its applicability in clini-
cal practice is low because normal gray matter 
also demonstrates increased glucose metabolism, 
effacing lesions.

  Fig. 4.15    Contrast-enhanced T1-weighted ( a ) and perfu-
sion-weighted ( b ) MRI in cases of tumor recurrence 
(upper) and radiation-induced necrosis (lower) after 
radiosurgery of metastatic brain tumors. Note the clear 
difference in the cerebral blood volume of lesions. 
Reprinted from Mitsuya K, Nakasu Y, Horiguchi S, et al. 

Perfusion weighted magnetic resonance imaging to distin-
guish the recurrence of metastatic brain tumors from radi-
ation necrosis after stereotactic radiosurgery. Journal of 
Neuro-Oncology 2010; 99(1): 81-88. With permission 
from Springer Science + Business Media       
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   L-[methyl- 11 C]methionine ([ 11 C]MET) is an 
amino acid-based agent. The advantage of this 
radiopharmaceutical over FDG is that it does not 
have a high uptake by the normal brain paren-
chyma. It has been used to differentiate neoplas-
tic from nonneoplastic lesions and to differentiate 
recurrence from radionecrosis [ 26 ]. 

 3′-deoxy-3′-[ 18 F]fl uorothymidine ([ 18 F]FLT) 
is a marker for cell proliferation since it is trapped 
by thymidine kinase, an intracellular prolifera-
tion pathway enzyme. It is useful to differentiate 
recurrence from radionecrosis and in differentia-
tion of low- and high-grade tumors [ 26 ]. 

 MR-based molecular imaging is another 
example of molecular imaging technique. MR 
molecular imaging can be based on physical prin-
ciples of imaging acquisition or on the use of spe-
cial combinations of gadolinium with specifi c 
macromolecules or nanoparticles. 

 MRS is an example of MR-based molecular 
imaging since it demonstrates presence and 
quantities of different metabolites. Its applicabil-
ity in neuro-oncology was described previously 
in this chapter. Nowadays, a signifi cant amount 
of research has been carried out using a new MRI 
technique called chemical exchange saturation 
transfer (CEST) imaging. This technique is able 
to image specifi c molecules. Amide proton trans-
fer (APT) imaging is a type of CEST imaging 
that has been used in studies of brain tumor. This 

technique is able to depict endogenous mobile 
proteins and peptides in the tissues. Potentially it 
may be able to assess tumor boundary and detect 
tumor recurrence [ 27 ]. 

 A large number of special combinations of gad-
olinium and nanoparticles have been investigated 
in preclinical research projects. The hypothesis is 
to explore the possibility of this type of gadolin-
ium contrast acting in a similar way as a radiophar-
maceutical. This is another promising research 
fi eld in MRI techniques, which could revolution-
ize brain tumor imaging in the near future.     
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           Introduction: The Role and Timing 
of Pediatric Neurosurgery 
Involvement as Part 
of the Multidisciplinary 
Neuro- oncology Team 

 The diagnosis of brain tumors in children bears 
heavy psychological involvement for both the 
children and their family. Accordingly, families 
expect a detailed discussion including the precise 
diagnosis and treatment options for the condi-
tion. In addition, the question of long-term mor-
bidity and survival if treatment is initiated is a 
common concern. The role of the multidisci-
plinary neuro-oncology team is thus to offer the 
optimal management while respecting the patient 
and his family’s wishes. 

 The pediatric neurosurgeons are essential to 
that neuro-oncology team and should be 
involved early in the diagnostic phase. Indeed, a 
multidisciplinary team composed of both medi-
cal and surgical specialists with their respective 
expertise is essential in elaborating a treatment 
plan for the management of CNS pediatric brain 
tumors. Discussion within the multidisciplinary 
team allows for decision on whether observa-
tion, radiation, chemotherapy, surgical interven-
tion, or a combination of these should be the 
best treatment. Of course, the best option varies 
depending on the tumor type, location, invasive-
ness as well as the patient’s age and overall 
medical condition. As a general rule and apart 
from a few specifi c lesions, if a tumor is acces-
sible and risk of morbidity is acceptable, resec-
tion should be considered. Neurosurgeons 
should also actively follow patients even if a 
nonsurgical approach is preferred since their 
services might be required for treating unsuc-
cessful cases or complications of the chosen 
method. 

 The following chapter will discuss the role of 
the pediatric neurosurgery team in the manage-
ment of CNS neoplasms in children. More spe-
cifi cally, multiple surgical modalities for the 
treatment of such tumors including indications, 
technique description, associated complications, 
and outcome will be detailed.  
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   Goals of Pediatric Neurosurgery 
in the Context of CNS Tumors 

 Pediatric neurosurgeons are usually involved in 
the early stages of management of pediatric CNS 
tumors. Before a precise neurosurgical opinion 
can be emitted, thorough evaluation of the patient 
should be performed, including the clinical con-
dition, neuroimaging studies, and case-specifi c 
pertinent investigations (e.g., serum hormone 
levels, tumor markers, genetic syndrome fea-
tures, etc.). Imaging of the entire neuraxis should 
be done for most cases, especially for tumors 
with a tendency for CNS dissemination such as 
medulloblastomas, germ cell tumors, ependymo-
mas, and primitive neuroectodermal tumors 
(PNETs). 

 Following proper evaluation of the tumor, 
neurosurgeons should have three main objectives 
in mind:
 –    Maximal safe tumor resection when possible  
 –   Histopathological diagnosis  
 –   Treatment of associated conditions (e.g., 

hydrocephalus)    

   Tumor Resection 

 As a general rule, tumors that can be safely 
resected are considered for surgical excision. 
What is considered a safe resection can be argu-
able but usually involves a lesion for which sig-
nifi cant neurological impairments can be avoided 
after its surgical removal, keeping in mind that 
the prognosis often correlates with the extent of 
resection [ 1 ,  2 ]. Nowadays, the mainstay of treat-
ment of many pediatric CNS tumors including 
gliomas, medulloblastomas, and ependymomas 
is maximal surgical resection followed by adju-
vant therapy in selected cases [ 1 ,  3 ]. There are a 
few exceptions to this rule: germ cell tumors of 
the pineal or sellar region, tumors located in elo-
quent areas, and low-grade tumors for which 
observation might be an option. 

 The diagnosis of germ cell tumor of the pineal 
or sellar region may indeed be obtained via serum 
and/or CSF markers. When this is the case, initial 

surgery can be avoided and treatment with che-
motherapy initiated [ 4 ]. Second-look surgery 
may then be considered for residual tumor before 
radiation therapy is started. However, for marker- 
negative germ cell tumors (e.g., pure germino-
mas), surgery followed if needed by chemotherapy 
and/or radiation remains the treatment of choice. 
Germinomas respond very well to chemotherapy 
and thus surgery should be limited to a biopsy. 
Biopsy of a pineal region tumor can be done dur-
ing endoscopic third ventriculostomy (ETV) per-
formed in the context of hydrocephalus, as 
discussed below. 

 When a tumor is located in a zone of the brain 
responsible for important functions (eloquent), 
resection may be deemed too dangerous and non-
surgical management may be preferred. In such 
cases, if imaging features and/or other paraclinical 
investigations are suffi cient to establish the spe-
cifi c diagnosis including the nature of the tumor, 
treatment can be initiated. However, if uncertainty 
persists, a biopsy is performed and histopathologi-
cal analysis will then guide subsequent nonsurgi-
cal treatment [ 4 ]. The risks and benefi ts of both the 
surgical and nonsurgical approach should be 
weighted when conservative management of 
tumors in eloquent areas is considered.  

   Histopathological Diagnosis 

 As mentioned earlier, most pediatric CNS tumors 
will be amenable to surgical resection. When this 
is not the case and if a doubt persists on neuroim-
aging studies regarding the likely histopathologi-
cal diagnosis, a biopsy of the lesion may be 
required. Various biopsy techniques have been 
described and choice of the appropriate method 
is largely infl uenced by tumor location. 

   Stereotactic Biopsy 
 This method uses stereotactic coordinates to pre-
cisely guide a needle inside the tumor. It is the 
method of choice for deeply located tumors. The 
neurosurgeon may proceed with a frame-based 
system using a metallic head frame or use a more 
modern frameless neuronavigation device. Based 
on preoperative acquired images, the neurosur-
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geon can determine the coordinates for adequate 
placement of the burr hole and angulation and 
depth of the needle.  

   Open Biopsy 
 An open biopsy can be performed through a 
small craniotomy and allows for direct access to 
the tumor. This method is traditionally used for 
superfi cial tumors near or within the cerebral cor-
tex or when leptomeninges also need to be biop-
sied. Imaging adjuvant such as neuronavigation 
can be used to allow for precise localization of 
the tumor in relation to the skull surface.  

   Endoscopic Endonasal Biopsy 
 Tumors such as those of the anterior skull base, 
sellar region, and those invading sinuses can 
sometimes be accessed through an endoscopic 
endonasal approach. Done under general anes-
thesia, the endoscope is passed through the nos-
tril and the sinuses until the lesion is reached. The 
assistance of an ENT surgeon is usually required.  

   Endoscopic Intraventricular Biopsy 
 Tumors located within the ventricular system or 
adjacent to it may be amenable to an endoscopic 
transventricular approach. This procedure has the 
advantage to allow for CSF sampling as well as 
treatment of associated hydrocephalus via an 
endoscopic third ventriculostomy (ETV).   

   Treatment of Associated Conditions 

 In addition to the mass effect and infi ltrative 
effect of the tumor itself, secondary brain insults 
(SBIs) can result from conditions such as hydro-
cephalus. Other causes of SBIs such as vasogenic 
edema and seizures which require medical rather 
than surgical treatment will not be discussed in 
this section. 

 The main mechanism of hydrocephalus in the 
context of CNS tumors is obstruction of the ven-
tricular system by tumors of the posterior fossa 
and tumor located around the third ventricle. 
Signs and symptoms of hydrocephalus result 
from elevated intracranial pressure (ICP). These 
include nausea, vomiting (often in the morning), 

irritability, sixth nerve palsy, headaches, and a 
decline in mental status [ 1 ,  3 ]. An upward gaze 
defi cit and other associated signs of the Parinaud 
syndrome can be seen with compression of the 
midbrain tectum by the enlarged third ventricle at 
the level of its suprapineal recess or via direct 
tumor compression. Bulging fontanelles, splayed 
sutures, and an increase in skull circumference 
are additional manifestations of elevated ICP 
seen in infants with open sutures. 

 In the presence of hydrocephalus from tumor 
compression, the patient’s clinical state should 
dictate initial management. In a stable patient 
with little clinical evidence of signifi cant hydro-
cephalus and normal neuro-ophthalmologic 
examination, conservative management is rec-
ommended until tumor surgery. Contribution of 
vasogenic edema to the compression should war-
rant glucocorticoid administration acting as a 
temporizing measure until surgical resection. 
On the other hand, an unstable patient with clini-
cal evidence of elevated ICP should undergo 
emergent surgery consisting of the insertion of an 
external ventricular drain (EVD). A catheter is 
inserted through a burr hole in the skull until the 
anterior horn of the lateral ventricle is accessed 
and CSF fl ow is observed. The EVD is connected 
to an external collecting device and allows the 
excess CSF to drain [ 4 ]. Endoscopic third ven-
triculostomy (ETV) is another treatment option 
in the face of triventricular hydrocephalus from 
posterior fossa or pineal region tumors. 

 Hydrocephalus can persist despite resection of 
the obstructing tumor. This is especially true for 
posterior fossa lesions in which persistent hydro-
cephalus is observed in up to 30–40 % of cases 
following surgical resection [ 4 ,  5 ]. Such patients 
will need permanent diversion of CSF. The two 
main methods for permanent diversion of CSF 
are the ventriculoperitoneal shunt (VPS) and 
endoscopic third ventriculostomy (ETV). The 
VPS consists of a three-part device. A proximal 
catheter is inserted inside the lateral ventricle. 
The device is then connected to a distal catheter 
tunnelized subcutaneously ultimately reaching 
the peritoneum where CSF will be freely reab-
sorbed. A valve is commonly inserted between 
the proximal and distal catheter and allows for 
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drainage control. One of the disadvantages of 
VPSs includes the theoretical risk of dissemina-
tion of neoplastic cells. An ETV consists in the 
creation of a communication between the third 
ventricle and the interpeduncular cistern under 
endoscopic guidance within the ventricular sys-
tem. This technique allows diversion of CSF fl ow 
and obviates the need of extrinsic devices such as 
VPSs. 

 Considering the risk of postoperative hydro-
cephalus, neurosurgeons should answer the two 
following questions: (1) should a shunt be 
inserted prior or after surgical resection and (2) 
which CSF diversion procedure should be per-
formed? We recommend the following manage-
ment. If validated risk factors associated with 
postoperative hydrocephalus such as young age 
(<2 years), transependymal edema, type of tumor, 
and moderate to severe hydrocephalus are pres-
ent, a preoperative ETV can be performed to 
avoid long-term shunt dependency [ 6 ]. If not, the 
risk of developing hydrocephalus is lower and 
tumor resection ± the insertion of an EVD during 
surgical removal of the tumor should be suffi -
cient. If an EVD has been placed, the ICP is then 
monitored over the following days to determine 
the need for permanent CSF diversion such as a 
VPS.  

   Spinal Cord Neoplasms 

 Intramedullary spinal cord tumors are rare in the 
pediatric population, representing 4.2 % of all 
CNS tumors [ 7 ]. The general approach for such 
tumors consists of surgical excision. Tumor deb-
ulking often leads to favorable outcome and is 
thus the preferred surgical option. In fact, removal 
of 80 % of the lesion has been associated with 
good survival rate in low-grade tumors (70 % at 5 
years for nonmalignant lesions, which represent 
80 % of these tumors) [ 8 ]. In addition to tumor 
removal, debulking provides specimens for histo-
pathological analysis. Another option in the ini-
tial management of these tumors consists of a 
more conservative surgical resection followed by 
radiation therapy, which has revealed an overall 
comparable survival rate [ 9 – 13 ]. 

 In this context, the choice between the two 
treatments should be guided by the risk of mor-
bidity. Since the introduction of intraoperative 
physiological monitoring, morbidity rate from 
spinal cord surgeries has considerably decreased 
[ 14 ]. In addition, irradiation of the spine in chil-
dren has been associated with signifi cant side 
effects, including myelopathy [ 15 ], alteration of 
bone growth [ 16 ], and potential induction of 
other malignancies [ 17 ]. However, these second-
ary effects were mostly described with radiother-
apy techniques used in the 1980s and are thus 
less likely to occur nowadays with modern radia-
tion therapy.   

   Treatment of Complications 

 The refi nement of neurosurgical procedures in 
the recent years has led to improvement of out-
come following both cranial and spinal proce-
dures. Nevertheless, postoperative complications 
remain an important component to which the 
involved medical specialists are faced on a daily 
basis. For that reason, prevention, early recogni-
tion, and treatment of such complications by a 
multidisciplinary team is an essential aspect of 
postoperative management. 

 Overall the rate of postoperative complica-
tions following pediatric brain tumor surgery var-
ies from 10 to 70 % [ 18 – 26 ] whereas mortality 
rates range from 0 to 20 % [ 18 – 23 ,  27 ]. Several 
factors justify the wide range in these values. 
These include the type of surgery performed, 
patient’s age and condition, tumor characteristics 
such as location, size, and nature of tumor as well 
as the surgeon’s experience [ 22 ]. 

 All patients undergoing brain tumor resection 
should be closely monitored in an intensive care 
unit postoperatively. Neurologic deterioration 
should prompt immediate imaging in order to 
guide subsequent management. Furthermore, we 
recommend postoperative MRI for all cases in 
the fi rst 24–48 h following surgery to document 
the degree of tumor resection and to screen for 
postoperative complications. 

 The goal of the following section is to give a 
brief overview of the major complications that 
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may occur and should be identifi ed following 
surgery for pediatric CNS tumor. 

   Neurological Complications 

 Following intracranial brain tumor resection in a 
pediatric population, the most common compli-
cation is a new-onset neurological defi cit (12–
54 % of cases) [ 22 ,  23 ,  26 ,  28 ,  29 ]. Although no 
clear consensus for defi ning “neurological com-
plications” has been established, most authors 
encompass defi cits including mutism, muscle 
weakness, ataxia, speech disturbances, dimin-
ished consciousness, epilepsy, eye movement 
disturbances, and visual fi eld defi cits 
[ 22 ,  28 – 30 ]. 

 Tumor location seems to infl uence the rate and 
severity of postoperative neurological complica-
tions: infratentorial surgeries are associated with 
a higher rate of defi cits, in particular the occur-
rence of cerebellar mutism [ 28 ]. This syndrome 
is characterized by muteness, ataxia, irritability, 
and hypotonia. Muteness is probably the compo-
nent that tends to resolve spontaneously, while 
other features of the syndrome tend to persist 
[ 28 ]. Supratentorial surgeries tend to produce 
visual deterioration and focal defi cits [ 28 ]. 

 The main concern following the occurrence of 
such defi cits is whether long-term consequences 
will ensue. According to a study by Lassen et al., 
a large proportion of postoperative neurological 
defi cit remained permanent despite improvement 
of the patient’s condition [ 28 ]. In this study, 
12.8 % of children that underwent craniotomy 
and tumor excision were found to exhibit some 
evidence of neurological defi cit in the postopera-
tive period. Most of these patients were found to 
have permanent defi cits. In another study by 
Cochrane et al., the rate of permanent neurologi-
cal morbidity attributable to surgery was 24 % 
[ 28 ,  31 ]. Despite that risk, it is the severity rather 
than the frequency of these defi cits that should be 
taken into account. The plasticity of the brain in 
children allows for remarkable improvements of 
surgically related defi cits, allowing good recov-
ery and long-term outcome. For that reason, pedi-
atric patients meeting surgical criteria should not 

be withheld from an intervention if benefi ts and 
improvement of quality of life are expected. 

 Although no surgical treatment is effective to 
restore new-onset neurological defi cits, affected 
patients should be referred to a multidisciplinary 
team of health care professionals including 
speech, occupational, and physiotherapist in 
order to optimize rehabilitation.  

   Endocrinological Disturbances 

 Any single hormone secreted by the pituitary 
gland can be altered following tumor resection—
mainly in (supra)sellar lesions—sometimes 
resulting in the necessity of long-term hormonal 
replacement. The most signifi cant ones are vaso-
pressin (diabetes insipidus) and cortisol (hypo-
cortisolism) disturbances since alteration of 
secretion of these hormones can lead to life- 
threatening consequences. Syndrome of inappro-
priate antidiuretic hormone secretion can also be 
challenging and should be looked for in the face 
of hyponatremia. In addition, hypothalamic inju-
ries with concomitant increase risk of morbid 
obesity and personality changes are of great 
concern. 

 The rate of various endocrinological distur-
bances following tumor resection varies greatly 
according to the tumor location. Neervoort et al. 
reported a rate of 22 % following resection of 
tumors from various locations [ 22 ]. However, 
this number increases greatly for (supra)sellar 
lesions. For example, new-onset hypopituitarism 
(excluding transient diabetes insipidus) follow-
ing resection of craniopharyngiomas was 
observed in 38.4 % in a series by Caldarelli et al. 
[ 32 ].  

   CSF Disturbances 

 Common complications include pathologies 
related to an obstructed or a divergent fl ow of 
CSF. CSF fi stulas and hydrocephalus are both 
complications for which surgical intervention 
might be needed and should be addressed 
appropriately.  
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   Other Complications 

 These include epilepsy/seizures, hemorrhage/
hematomas, deep and superfi cial infections, and 
metabolic and hematologic disturbances. Specifi c 
complications related to neuroendoscopic proce-
dures include intraventricular hematomas, third 
nerve palsy, basilar artery injury, short-term 
memory defi cit, and CSF fi stulas.  

   Mortality 

 Mortality following resection of pediatric 
brain tumors ranges between 0 and 20 % [ 22 ]. 
The incidence varies greatly according to the 
location and type of tumor, patient’s charac-
teristics (age, performance status) as well as 
the volume of cases annually treated in each 
center [ 22 ]. Such heterogeneity suggests that 
no general guideline can be formulated and 
the decision to operate should be taken on a 
case-by-case basis after a careful evaluation of 
risks and benefits.  

   Spinal Procedures 

 Spinal cord tumors represent only 4–8 % of pedi-
atric central nervous system tumors and are 
mostly benign [ 33 ]. Nevertheless, screening for 
complications following tumor resection remains 
essential to avoid long-term sequelae. Patil et al. 
revealed that 17.5 % of the 19 017 admissions 
identifi ed from the US National Inpatient Sample 
for spinal cord tumor resection developed an in- 
hospital complication [ 14 ]. Hemorrhagic, neuro-
logical, and infectious complications were 
observed in 2.5 %, 1.7 %, and 0.5 % of patients, 
respectively [ 14 ]. Other complications include 
CSF leak and spinal deformity. In-hospital mor-
tality following intramedullary tumor resection is 
low (approximately 0.5 %) and often results from 
complication of the surgery. This low rate of 
mortality is reassuring and allows the surgeon to 
emphasize on the risk of morbidity in order to 
decide if a surgical procedure should be 
performed.   

   Management of Tumoral Cysts 

 Various pediatric CNS tumors are composed of a 
cystic component. The potential space of the cys-
tic portion creates an isolated microenvironment 
into which local treatment in the form of chemo-
therapy or radiotherapy can be administered 
when resection of the cyst is associated with a 
risk of signifi cant morbidity. The main advantage 
of such method is the administration of intracys-
tic therapy while avoiding the undesired damage 
to the surrounding normal parenchyma. In addi-
tion, the fl uid that composes the cyst allows for 
simple aspiration which can sometimes be a suf-
fi cient treatment. 

 Although surgical resection can be considered 
for most cystic tumors, local treatment may be 
considered and includes the insertion of a device 
in which medical therapy will be administered. 
More specifi cally, the use of intracystic radiother-
apy and intracavitary chemotherapy may be used 
in selected cases. Furthermore, fl uid aspiration 
alone through a subcutaneous reservoir may be 
suffi cient to control a cystic tumoral component. 
Examples of such cases include cystic craniopha-
ryngiomas and cystic pilocytic astrocytomas 
when complete resection is not possible. 

 Intracavitary brachytherapy commonly uses 
phosphorus 32 [ 34 ] or iodine-125 ( 125 I) seeds 
inside the cystic cavity and allows for administra-
tion of continuous low-dose irradiation rather 
than intermittent high-dose irradiation of external 
beam therapy. The main advantage of low-dose 
treatment is the low rate of normal brain paren-
chyma radiation necrosis. Long-term sequelae, 
which are of particular concern in children, are 
thus minimized. 

 Intracystic chemotherapy has been advocated 
by some authors to delay aggressive treatment 
such as radical resection or irradiation. This 
method of delivery allows for administration of a 
high dose of effective therapy and dampens the 
systemic toxicity associated with intravenous 
chemotherapy and the severe morbidity that can 
result from surgical resection. Insertion of an 
Ommaya reservoir and instillations of single or 
multiple doses of active drugs have been the 
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method of choice for intracystic chemotherapy. 
Bleomycin and interferon alpha (INFα) are the 
most commonly used therapeutic agents.  

   Management of Tumor Recurrence 

 Screening for tumor recurrence in the postopera-
tive period is essential as it will infl uence subse-
quent management. Differentiating between 
postoperative changes, radionecrosis, and tumor 
recurrence can be challenging. In this context, 
opinions from neuroradiologists and the use of 
nuclear imaging such as single-photon emission 
computed tomography (SPECT) and positron 
emission tomography (PET) can be benefi cial. 

 The decision to re-operate a tumor that has 
recurred must be taken in the light of the patient’s 
life expectancy and quality of life, tumor histol-
ogy, the time length between initial resection and 
recurrence, the risks and benefi ts of a second sur-
gery, and the potential for adjuvant therapy such 
as radiotherapy and chemotherapy. Each case 
should be individually evaluated and discussed 
with the involved specialists and the patient’s 
family. 

 In general, surgical treatment of recurrent 
tumors should be considered since re-operation 
has improved survival for choroid plexus tumors 
[ 35 ], localized recurrent ependymomas [ 36 ], and 
cerebellar astrocytomas [ 37 ]. As for other tumors 
such as supratentorial high grade gliomas, there 
are insuffi cient data to support that a reoperation 
might improve outcome.  

   Nonsurgical Management 
of Potentially Surgical Lesions 

 Not all tumors found on neuroimaging require sur-
gical management. For example, low-grade tumors 
such as DNET or gangliogliomas presenting with 
epilepsy may be followed with serial MRIs if the 
patient is clinically well and seizures are well con-
trolled with medical treatment. Surgical resection 
may become necessary if the tumor grows or 
 epilepsy becomes refractory to medical treatment. 
Other examples include some hypothalamo- 

chiasmatic gliomas for which conservative 
 management may be considered, especially in the 
context of neurofi bromatosis. The role of surgical 
biopsies in diffuse pontine gliomas is currently a 
matter for debate, but most centers nowadays will 
consider irradiation without a biopsy if the clinical 
presentation and the radiological fi ndings are typi-
cal. Tumors known to respond well to chemother-
apy and/or radiotherapy, such as germinomas, 
should not undergo aggressive surgical resection 
as the fi rst modality. Similarly in the context of 
non-germinomatous germ cell tumors, serum or 
CSF markers are often suffi cient to achieve the 
correct diagnosis. The management of tumors 
located in eloquent region is the subject of exten-
sive discussions. The pros and cons of such sur-
gery should be well discussed within the medical 
team and with the family before excluding conser-
vative follow-up as a potential option. 

 In conclusion, surgical management of chil-
dren with CNS tumors should be done within a 
specialized multidisciplinary team by experi-
enced pediatric neurosurgeons. Each case is 
unique and multifactorial and the many different 
treatment options should be individualized for 
each patient.     
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           Introduction 

 Collectively, central nervous system (CNS) 
tumors are the most common solid tumors in the 
pediatric population and are the leading cause of 
cancer-related death in this age group. These 
tumors display diversity in their cellular origin, 
biology, management options, and long-term out-
comes. Microscopic examination combined with 
molecular signatures of these tumors continues to 
identify and defi ne features specifi c to CNS 
tumor subtypes. Intra- or postoperative histologi-
cal analysis of biopsies and resections thus con-
tinues to play an important role in providing a 
specifi c diagnosis that helps guide the appropri-
ate subtype-specifi c management and care for 
each patient. 

 In this chapter, we provide a brief overview of 
the main diagnostic histopathological features of 

the common pediatric CNS tumors to aid in the 
appreciation of how brain tumors are subclassi-
fi ed by neuropathologists. Some diagnoses can 
be made immediately on standard hematoxylin 
and eosin stains based on classic architectural 
features alone, while more challenging cases 
often require ancillary studies including immu-
nohistochemistry, electron microscopy, cytoge-
netics, and/or molecular studies. For the interested 
readers, texts dedicated to the neuropathology of 
brain tumors may be consulted for a more detailed 
review [ 1 ,  2 ].  

   Neuroepithelial Tumors 

   Astrocytic Tumors 

   Pilocytic Astrocytoma 
 Pilocytic astrocytomas (WHO grade I) are the 
most common group of pediatric gliomas, and 
typically present in the cerebellum or midline 
along the hypothalamic/optic pathways [ 3 ]. 
Grossly, pilocytic astrocytomas are well- 
circumscribed, soft, and often cystic lesions. 
Microscopic examination of classic pilocytic 
astrocytomas characteristically shows a biphasic 
histologic pattern comprised of a compact fi bril-
lary component that neighbors a spongy micro-
cystic element (Fig.  6.1a ). The compact 
component is formed by parallel fascicles of 
bipolar hair-like (piloid) astrocytic cells with 
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bland nuclei and long, narrow cytoplasmic pro-
cesses in a fi brillary background rich in Rosenthal 
fi bers (Fig.  6.1b, c ). These fi bers are brightly 
eosinophilic, proteinaceous, intracytoplasmic, 
glial fi brillary acidic protein (GFAP)-positive 
masses that are characteristic of, but not specifi c 
for, pilocytic astrocytoma. The less cellular com-
ponent consists of loose, hypocellular, microcys-
tic areas made up of cells with small round nuclei 
and fi ne processes and with scattered cells con-
taining another type of globular, brightly eosino-
philic, aggregate known as eosinophilic granular 
bodies (EGBs) (Fig.  6.1c ). Although prognosis is 
generally good, incomplete resection of the 
lesion is associated with recurrence of the cystic 
component [ 4 ].

   The presence of microscopic foci of brain or 
subarachnoid space infi ltration, occasional 
mitotic fi gures, isolated foci of necrosis, or 
microvascular proliferation does not necessarily 
indicate malignancy or poor survival [ 5 ]. Innocent 
degenerative changes such as nuclear atypia and 
pleomorphism associated with smudgy chroma-
tin and nuclear pseudo-inclusions can occur and 
may lead to misdiagnosis of a malignant glioma. 
Other degenerative changes that can be seen 
include the presence of multinucleated giant 
cells (often referred to as “pennies on a plate”). 
Malignant transformation is rare and  typically 
results following radiation therapy of this low-
grade lesion [ 5 ]. 

 Immunohistochemically, pilocytic astrocyto-
mas have a low Ki67/MIB-1 proliferative index 
of 1–4 % (but sometimes higher) and stain for 
GFAP. When the location of these tumors limits 
adequate biopsies, it is often diffi cult histologi-
cally to differentiate them from other low-grade 
lesions such as diffuse astrocytomas (WHO grade 
II). Molecular testing in these cases may provide 
some aid, as the majority (70 %) of cerebellar 
pilocytic astrocytomas exhibit activation of the 
RAS/BRAF/MAPK pathway commonly due to 
BRAF duplication/fusion with the KIAA1549 
gene, something less commonly seen in diffuse 
astrocytomas [ 6 ]. 

  Fig. 6.1    ( a ) Pilocytic astrocytoma showing biphasic archi-
tecture, with both a loose, hypocellular pattern (right half) 
and a compact cellular pattern (left half). H&E,  original 
magnifi cation ×100. ( b ) Rosenthal fi bers ( arrows ) scattered 
within the compact piloid component of a  pilocytic astro-
cytoma. H&E, original magnifi cation ×200. ( c ) 
Eosinophilic granular body ( arrow ) within a loose area in a 
pilocytic astrocytoma. H&E, original  magnifi cation ×200       
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 A potential diagnostic mimic of pilocytic 
astrocytoma is nonneoplastic reactive gliosis 
which can resemble a pilocytic astrocytoma due 
to increased numbers of astrocytes and the pres-
ence of Rosenthal fi bers. Such so-called piloid 
gliosis classically occurs at the rim of a cranio-
pharyngioma or a hemangioma where the sur-
rounding brain tissue creates a dense gliotic 
background fi lled with Rosenthal fi bers, but can 
occur around any long-standing or slowly 
expanding lesion. Biopsies from these areas may 
be misinterpreted as fi ndings consistent with a 
pilocytic astrocytoma, underscoring the need for 
adequate surgical sampling.  

   Pilomyxoid Astrocytoma 
 This pediatric tumor entity shares many of the 
gross and microscopic features of pilocytic astro-
cytomas. Like pilocytic astrocytomas, these 
tumors tend to occur in midline structures, with a 
predominance for the suprasellar/hypothalamic 
region [ 7 ]. Their increased tendency to recur and 
less favorable prognosis have resulted in desig-
nating pilomyxoid astrocytoma as a distinct 
WHO grade II entity rather than simply as a rare 
morphologic variant of pilocytic astrocytoma [ 7 ]. 

 Grossly, pilomyxoid astrocytomas are well- 
circumscribed, solid, gelatinous, or cystic 
lesions that are diffi cult to distinguish macro-
scopically from pilocytic astrocytoma. On 

microscopic examination however, unlike its 
close relative, pilomyxoid astrocytoma is a 
monophasic tumor in a  predominantly myxoid 
background matrix (Fig.  6.2a ). Embedded 
within the myxoid matrix are bland bipolar cells 
that have a tendency to form an angiocentric 
pattern (Fig.  6.2b ). Other histological fi ndings 
that may help in distinguishing this entity from 
pilocytic astrocytoma are its lack of protoplas-
mic cells, Rosenthal fi bers or calcifi cations, and 
rare eosinophilic granular bodies. Neither 
immunohistochemistry nor molecular testing 
has been helpful thus far in distinguishing pilo-
myxoid from pilocytic astrocytoma.

      Angiocentric Glioma 
 This entity was added to the WHO 2007 classifi ca-
tion as a WHO grade I lesion and carries a good 
prognosis [ 2 ,  8 ]. They are cortically based, typi-
cally occurring in the frontoparietal and temporal 
lobes (including the hippocampal region), and 
present clinically with seizures. Microscopically, 
angiocentric gliomas are variably infi ltrative and 
characterized by monomorphous bipolar cells 
with a prominent angiocentric growth pattern 
(Fig.  6.3a ). They also frequently display subpial 
palisading. As for most astrocytic neoplasms, 
GFAP is diffusely positive. There is also an intra-
cytoplasmic dot-like pattern of staining with epi-
thelial membrane antigen (EMA) (Fig.  6.3b ).

  Fig. 6.2    ( a ) Pilomyxoid astrocytoma showing a mono-
phasic architecture in a myxoid background. There is an 
impression of the angiocentric pattern at this low power 

that is better seen at higher power. H&E, original magni-
fi cation ×200. ( b ), Angiocentric pattern of pilomyxoid 
astrocytoma. H&E, original magnifi cation ×400       
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      Diffuse Astrocytoma 
 Diffuse astrocytomas (WHO grade II) are infi l-
trating glial tumors that occur throughout the 
pediatric CNS. Unlike in adults, diffuse astrocy-
tomas in children rarely progress to higher grade 
lesions. Grossly, this tumor forms an ill-defi ned 
and occasionally cystic mass that causes enlarge-
ment and distortion of the involved anatomical 
structures. 

 Microscopically, diffuse astrocytomas are com-
posed of hypercellular sheets of cells with oval to 
elongate nuclei within a fi brillar background 
(Fig.  6.4a ). The entrapment of nonneoplastic neu-
rons (Fig.  6.4b ) and features such as perineuronal, 
perivascular, subpial, and subependymal aggre-
gates of neoplastic cells (the so- called secondary 
structures) are evidence of their infi ltrative growth. 
The presence of atypical nuclei that are angular, 
hyperchromatic, and mildly pleomorphic can help 
differentiate these neoplasms from reactive astro-
cytes. Mitoses, however, are rare or absent. GFAP 
is the main immunohistochemical stain that high-
lights the neoplastic astrocytic cells. Neurofi lament 
is helpful for highlighting the infi ltrative nature of 
the tumor cells (Fig.  6.4c ).

   Morphological variants of diffuse astrocyto-
mas include protoplasmic and gemistocytic vari-
ants. The former is a rare hypocellular, mucoid, 
and microcystic lesion that is predominantly 

composed of cells with small nuclei, low content 
of glial fi laments, and scant GFAP expression. 
The gemistocytic variant shows a predominant 
population of cells with abundant eosinophilic 
cytoplasm, nuclei that are displaced to the periph-
ery and strong, consistent GFAP expression. 

 Recently, a study applying whole-genome 
sequencing to low-grade gliomas found a high 
rate (53 %) of either intragenic duplication of the 
tyrosine kinase domain of the FGFR1 or rear-
rangements of MYB in WHO grade II diffuse 
gliomas [ 9 ]. In a similar analysis of grade II glio-
mas, 28 % were shown to have partial duplication 
of the transcription factor MYBL1 [ 10 ]. Given 
the availability of specifi c therapeutic inhibitors 
of such pathways, histopathological diagnosis 
with supplemental molecular analysis of tumors 
may one day offer more patient-specifi c treat-
ments and prognostication for these tumors.  

   Anaplastic Astrocytoma 
 Anaplastic astrocytomas (WHO grade III) show 
increased cellularity, nuclear pleomorphism, and 
hyperchromasia when compared to WHO grade 
II diffuse astrocytomas. Grossly, it is diffi cult to 
differentiate between diffuse astrocytoma WHO 
grade II and anaplastic astrocytoma. 

 The presence of mitoses is a key distinguish-
ing feature that favors a diagnosis of anaplastic 

  Fig. 6.3    ( a ) Angiocentric glioma showing elongated astro-
cytic tumor cells organizing around a blood vessel (angio-
centric pattern). H&E, original magnifi cation ×100. 

( b ), A dot-like staining pattern with epithelial membrane 
antigen (EMA) immunohistochemistry is a characteristic 
feature of angiocentric glioma. Original magnifi cation ×400       
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astrocytoma over the lower grade astrocytic neo-
plasms already discussed (Fig.  6.4d ). Though the 
fi nding of pyknotic nuclei is still consistent with 
this category, geographic areas of necrosis or 
microvascular proliferation are usually indicative 
of glioblastoma.  

   Glioblastoma 
 Glioblastoma (GBM) is a malignant astrocytic 
tumor (WHO grade IV) that can occur through-
out the CNS. It is less common in the pediatric 
population than in adults. As its former name 
“glioblastoma multiforme” suggests, the tumor 
exhibits tremendous phenotypic heterogeneity 
from one region of the tumor to another. Grossly, 
it usually shows areas of necrosis, hemorrhage, 

peritumoral edema as well as occasional pseudo-
capsule formation, in addition to a yellowish dis-
coloration from myelin breakdown. GBMs also 
exhibit variable architectural patterns and cellu-
lar morphologies at the microscopic level that 
include multinucleated giant cells, small cells, 
granular cells, and lipidized cells. In addition to 
sharing features such as hypercellularity, diffuse 
infi ltration, pleomorphism, and mitoses with ana-
plastic astrocytoma, GBMs also show either 
necrosis, typically with pseudopalisading of 
tumor cells (Fig.  6.5a ) or microvascular prolifer-
ation (Fig.  6.5b ).

   Exome sequencing of pediatric supratentorial/
hemispheric GBMs has revealed differences in 
the biology that governs tumorigenesis between 

  Fig. 6.4    ( a ) At low power, diffuse astrocytoma can be 
recognized as areas of hypercellularity within the brain. 
H&E, original magnifi cation ×100. ( b ), On higher power, 
entrapped neurons ( arrows ) can be seen demonstrating 
the infi ltrative nature of the tumor. H&E, original magni-

fi cation ×200. ( c ), Neurofi lament immunostain highlight-
ing the infi ltrative nature of the tumor. H&E, original 
magnifi cation ×400. ( d ), Anaplastic astrocytoma showing 
markedly increased cellularity, nuclear pleomorphism, 
and mitosis ( arrow ). H&E, original magnifi cation ×200       
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pediatric/young adult GBMs and those seen in 
adults. In the young age group somatic mutations 
in the H3.3-ATRX-DAXX chromatin remodeling 
pathway can be found. Mutations in the tumor 
suppressor  TP53  are found in approximately half 
of GBMs and 86 % of GBMs with H3.3 or ATRX 
mutations. Mutations in H3.3 were also highly 
specifi c for GBMs when compared to low-grade 
lesions and thus provide additional tools to help 
differentiate between the different tumor grades 
in small biopsies [ 11 ]. Although extremely rare 
in the pediatric population, IDH1 mutations may 
be encountered in the adolescent age group [ 12 ].  

   Pleomorphic Xanthoastrocytoma 
 Pleomorphic Xanthoastrocytoma (PXA) is a 
 relatively rare astrocytic, low-grade tumor 
(WHO grade II) with distinctive morphologic 
features. It is a supratentorial lesion that classi-
cally involves the superficial cortex and lepto-
meninges of the temporal lobe of children and 
young adults with medically refractory epilepsy. 
Grossly, PXAs are discrete lesions with lepto-
meningeal involvement and may be cystic 
lesions. Microscopically, as its name suggests, 
PXAs are composed of highly pleomorphic, 
fi brillary astrocytes, some of which may show 
lipidization (Fig.  6.6a ). Large, bizarre, multinu-
cleated cells are an additional feature. Reticulin 
positivity is a characteristic feature (Fig.  6.6b ). 
Eosinophilic granular bodies, perivascular infi l-

tration by lymphocytes, and a solid component 
within the subarachnoid space are key features 
that can help with diagnosis. Due to its signifi -
cant pleomorphism, differentiation of PXA from 
more malignant astrocytic tumors such as ana-
plastic astrocytoma or GBM is critical given the 
difference in prognosis. In fact, even when PXAs 
show “anaplastic features” (5 or more mitoses 
per 10 high power fi elds) or necrosis, the progno-
sis still remains more favorable than that of high- 
grade gliomas [ 13 ]. The neoplastic cells in PXA 
are positive for S100 and variably positive for 
GFAP and CD34 [ 14 ]. There may also be focal 
areas with a neuronal phenotype suggesting a 
multipotential precursor cell as its cell of origin 
[ 15 ]. Approximately two-thirds of PXAs harbor 
the V600E BRAF mutation [ 16 ].

       Embryonal Tumors 

   Medulloblastoma 
 Medulloblastoma (WHO grade IV) is the most 
common malignant pediatric brain tumor. It char-
acteristically occurs in the cerebellum and in the 
roof of the 4th ventricle, where it forms a well- 
circumscribed, soft, gray mass presenting as cer-
ebellar dysfunction and obstructive hydrocephalus 
with cranial nerve fi ndings. It has a tendency to 
infi ltrate the leptomeninges and form spinal 
“drop metastases” via the CSF. 

  Fig. 6.5    ( a ), Classical palisading of the neoplastic cells around areas of necrosis. H&E, original magnifi cation ×200. 
( b ) vascular-endothelial proliferation. H&E, original magnifi cation ×400       
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 Histologically, it is divided into classic medul-
loblastoma (majority of cases) and less common 
variants that include desmoplastic/nodular 
medulloblastoma, medulloblastoma with exten-
sive nodularity, anaplastic medulloblastoma, and 
large cell medulloblastoma. 

 As discussed in Chap.   12    , medulloblastomas can 
also be divided into four distinct molecular sub-
groups with some enrichment for the histological 
types. Here we will discuss the histologic variants. 

  The classic medulloblastoma    subtype makes up 
approximately 70 % of all medulloblastomas and 
forms sheets of small round blue cells (high 
nucleus-to- cytoplasmic ratio) containing variable 
numbers of Homer-Wright (neuroblastic) rosettes 
characterized by a fi brillary core (Fig.  6.7a,b ) and 
rarely differentiating ganglioneuronal elements. 
Medulloblastomas usually exhibit a high mitotic 
rate, numerous apoptotic bodies, and small areas 
of necrosis. The tumor cells show positivity for 
neuronal immunohistochemical markers such as 
synaptophysin, NeuN, anti-Hu, and neuron- 
specifi c enolase in addition to focal positivity 
with glial markers like GFAP [ 17 ].

    Nodular/desmoplastic medulloblastoma  is the 
second most common histopathological variant 
of medulloblastomas. Grossly, it has a fi rm con-
sistency and unlike the classic form that tends to 
occur in the vermis, it arises in the cerebellar 

hemispheres. Microscopically, pale zones show-
ing neurocytic differentiation and apoptosis are 
surrounded by more cellular zones that are 
reticulin- rich and highly proliferative 
(Fig.  6.7c,d ). The differentiated nodules may be 
highlighted using neuronal markers such as syn-
aptophysin. Nodular/desmoplastic medulloblas-
tomas are associated with Gorlin syndrome and 
activation of the sonic hedgehog pathway [ 17 ]. 

  Medulloblastoma with extensive nodularity  is a 
rare variant, usually seen in infants, with a favor-
able prognosis. It is qualitatively differentiated 
from the nodular/desmoplastic type variant by 
having a predominant lobular architecture with 
large elongated reticulin-free zones that contain 
small round neurocytic cells in a fi brillary back-
ground. The internodular component of reticulin-
rich areas that is commonly seen in desmoplastic 
medulloblastoma is largely reduced [ 18 ]. 

  Anaplastic / large cell medulloblastomas  are 
thought to be more aggressive variants. Anaplastic 
medulloblastomas show marked nuclear enlarge-
ment, nuclear pleomorphism, nuclear molding, 
high mitotic count, prominent necrosis, and apop-
tosis (Fig.  6.7e ). Large cell medulloblastoma has 
discohesive, monomorphic large cells with round 
nuclei, open chromatin, and prominent nucleoli 
(Fig.  6.7f ). The features of “anaplastic” and “large 
cell” may coexist in the same tumor [ 2 ]. 

  Fig. 6.6    ( a ) PXA showing pleomorphic fi brillary astrocytes, including large bizarre cells. H&E, original magnifi cation 
×400. ( b ), PXA typically exhibits an extensive reticulin network. Reticulin, original magnifi cation ×400       
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  Fig. 6.7    ( a ) Small round blue cells characteristic of 
medulloblastoma. H&E, original magnifi cation ×100. ( b ) 
Tumor cells arranged in Homer-Wright rosettes ( arrows ). 
H&E, original magnifi cation ×200. ( c ), Desmoplastic 
medulloblastoma showing pale nodular areas in between 
more cellular internodular regions. H&E, original magni-
fi cation ×100. ( d ) Reticulin-rich internodular regions in 

desmoplastic medulloblastoma. Reticulin, original mag-
nifi cation ×100. ( e ) Anaplastic medulloblastoma showing 
markedly pleomorphic cells, cell molding, and prominent 
apoptosis. H&E, original magnifi cation ×400. ( f ) Large 
cell medulloblastoma showing large anaplastic cells with 
prominent nucleoli and vesicular chromatin. Note the 
prominent apoptosis. H&E, original magnifi cation ×400       

 

P. Diamandis et al.



49

 Other variants include medulloblastomas with 
melanotic or myogenic differentiation that can be 
highlighted by melanocytic and myogenic mark-
ers, respectively. Although histologically distinc-
tive, these variants do not have any known 
prognostic signifi cance at this time [ 2 ]. 

 Even among histologically similar medullo-
blastomas, genomic approaches have helped fur-
ther subclassify these tumors into clinical and 
biologically distinct groups. Four subgroups are 
currently recognized: WNT, SHH, Group 3, and 
Group 4. Not only will these groups provide bet-
ter prognostic information for patients, but these 
also help stratify tumors into classes driven by 
distinct molecular pathways, which have the 
potential to be translated clinically into more 
patient-specifi c therapies [ 19 ]. These classes are 
discussed in more detail in Chap.   12    .  

   Supratentorial Primitive 
Neuroectodermal Tumor 
 Supratentorial Primitive Neuroectodermal Tumor 
(sPNETs) (WHO grade IV) are tumors morpho-
logically similar to medulloblastomas but that 
reside in the cerebral hemispheres rather than the 
cerebellum of children and adolescents. 
Compared to medulloblastomas, sPNETs are less 
frequently encountered and carry a worse prog-
nosis. This tumor is mostly situated deep within 
the hemisphere. Usually, they are soft and pink- 
red to purple in color with or without cystic 
changes or hemorrhages. Microscopically, they 
resemble medulloblastomas exhibiting sheets of 
poorly differentiated small round blue cells with 
hyperchromatic nuclei and a high nucleus-to- 
cytoplasmic ratio (Fig.  6.8a ). Homer-Wright 
rosettes are found with variable frequency. Areas 
of necrosis, abundant mitoses, and apoptosis can 
be seen [ 2 ]. Immunohistochemistry may demon-
strate areas of divergent differentiation including 
neuronal, glial or, more rarely, mesenchymal. 
When large ganglion cells are seen disbursed 
throughout neuroblastic differentiation, the term 
ganglioneuroblastoma may be used [ 2 ].

   Similar and very rare primitive embryonal 
tumors include those with predominant neural 

  Fig. 6.8    ( a ) sPNET showing a cellular neoplasm with 
hyperchromatic, anaplastic nuclei, and numerous apop-
totic bodies. H&E, original magnifi cation ×200. ( b ) 
Medulloepithelioma showing the characteristic tubular 
structures mimicking the primitive neural tube. H&E, orig-
inal magnifi cation ×400. ( c ) Embryonal tumor with abun-
dant neuropil and true rosettes demonstrating the biphasic 
architecture with hypercellular regions abutting hypocel-
lular fi brillary regions. H&E, original magnifi cation ×200       
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tube formation termed medulloepithelioma 
(Fig.  6.8b ). A newly described variant is the 
so-called “embryonal tumor with abundant 
neuropil and true rosettes” (Fig.  6.8c ) that shows 
focal areas of hypercellularity, broad bands of 
neuropil and rosettes with slit-like lumens and 
has an extremely poor outcome [ 20 ]. This tumor 
is characterized by frequent amplifi cations at 
chromosome 19q13 [ 21 ]. 

 Genetic analysis of childhood PNET tumors 
has also been able to further subclassify these 
tumors into three distinct molecular subgroups 
with signifi cantly different clinical outcomes 
based on their expression of LIN28 and OLIG2 
[ 22 ]. These subgroups are discussed in more 
detail in Chap.   12    .  

   Atypical Teratoid/Rhabdoid Tumor 
 Atypical Teratoid/Rhabdoid Tumor (ATRT) is a 
high-grade (WHO grade IV) tumor that can 
occur both supra- and infratentorially [ 2 ]. It 
commonly affects children below the age of 3 
years and like other embryonal tumors, ATRT 
creates a soft pink mass with foci of necrosis. 
Microscopically, this heterogeneous tumor con-
sists of large pale cells, areas of undifferentiated 
PNET-like small round blue cells, and areas 
with classic rhabdoid cells with pleomorphic 
eccentrically placed nuclei with vesicular chro-
matin and prominent nucleoli that are displaced 
from the center of the cell by an eosinophilic 
fi lamentous inclusion in the cytoplasm 
(Fig.  6.9a ). Mitoses are usually abundant and 
the MIB-1 proliferative index is typically very 
high (up to 80 %). Necrotic areas are common, 
as are apoptotic bodies. Immunohistochemical 
studies may show tumor cell positivity for 
vimentin, EMA, smooth muscle actin as well as 
focally for GFAP, cytokeratin, neurofi lament, 
and synaptophysin. They are typically negative 
for desmin. Typically, the tumor cells are 
immuno-negative for INI-1 (Fig.  6.9b ) and show 
22q11.2 deletions involving the hSNF5/IN1 
gene [ 23 ]. This feature is diagnostically very 
useful in distinguishing ATRT from sPNET, 
choroid plexus carcinoma, and medulloblas-
toma which it may mimic [ 2 ].

       Ependymomas 

 Ependymal tumors comprise a group of tumors 
with variable biological and morphological patterns 
and include ependymoma, anaplastic ependymoma, 
myxopapillary ependymoma, and subependy-
moma. The two most common entities in the pedi-
atric population are ependymoma (WHO grade II) 
and its anaplastic variant (WHO grade III). 

   Ependymoma 
 Ependymoma (WHO grade II) most commonly 
occurs in the fourth ventricle in children but can 
be seen throughout the neuraxis. Grossly, ependy-
momas are usually well-circumscribed, soft 

  Fig. 6.9    ( a ) ATRT showing sheets of large pleomorphic 
cells, some of which exhibits globular cytoplasmic eosin-
ophilic material that push the nucleus to the cell edges. 
Note the prominent nucleoli within vesicular nuclei. 
H&E, original magnifi cation ×400. ( b ) In ATRT, the 
tumor cells are negative for INI-1. Original magnifi cation 
×400       
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masses with or without cystic changes. They 
commonly show a solid, fi brillary pattern with the 
formation of perivascular pseudorosettes 
(Fig.  6.10a ). The latter structures are zones of 
fi brillary eosinophilic process, free of nuclei, 
abutting blood vessels. Less commonly, this 
tumor shows true ependymal rosettes. The cells 
usually have bland uniform nuclei with granular 
chromatin and show immunoreactivity with 
GFAP, vimentin, and S100. Dot-like immunopos-
itivity for EMA is a helpful diagnostic feature but 
is not always present. Ultrastructural examination 
is often important in distinguishing the ependy-
mal from astrocytic lineage of the neoplastic cells. 

The fi nding of abnormal cilia, intracytoplasmic 
lumens with microvilli, and long junctional com-
plexes points to an ependymal lineage (Fig.   6.10 b ). 
Morphological variants of ependymoma include 
cellular, clear cell, papillary, and tanycytic types.

      Anaplastic Ependymomas 
 Anaplastic ependymomas (WHO grade III) are 
more aggressive appearing tumors that, although 
grossly well demarcated, tend to have invasive foci 
and high-grade cytology. Grading however 
remains controversial. While some authors report 
prognostic signifi cance of some histological fea-
tures [ 24 ,  25 ], others have not found a correlation 
[ 26 ,  27 ]. A more recent study reported that the cur-
rent histological grading scheme may predict 
event-free survival, but does not correlate with 
overall survival [ 28 ]. This study emphasized the 
importance of vascular-endothelial proliferation 
with endothelial layering (Fig.  6.11a ), high mitotic 
rate, palisading necrosis, and marked hypercellu-
larity with nuclear pleomorphism and/or hyper-
chromasia as high-grade features. Continued 
refi nement of these criteria for grading ependymal 
tumors will hopefully allow better prognostication 
of this group of tumors in the future.

   Similar to the molecular subclassifi cation of 
medulloblastomas, molecular analysis of epen-
dymomas has led to the discovery of subgroups 
with different clinical outcomes [ 29 ]. Gains in 
chromosome 1q are common in pediatric and 

  Fig. 6.10    ( a ) Ependymoma showing small bland cells 
within a fi brillary background. Note the perivascular 
nuclear-free zones which are characteristic low-power 
appearance of ependymoma. H&E, original magnifi cation 
×200. ( b ) Ultrastructural features of an ependymoma 
showing microvilli in lumina and long intracellular 
junctions       

  Fig. 6.11    ( a ) Anaplastic ependymoma showing vascular- 
endothelial proliferation. H&E, original magnifi cation ×400       

 

 

6 Histopathological Features of Common Pediatric Brain Tumors



52

high-grade (WHO grade III) cases. More specifi -
cally, gains of 1q21.1–32.1 are associated with 
tumor recurrence. Gains of 1q25 represent 
another independent poor prognostic marker for 
recurrence-free and overall survival [ 30 ].   

   Choroid Plexus Tumors 

 Choroid plexus papillomas (CPP, WHO grade I) 
constitute 2–4 % of pediatric CNS tumors. 
Choroid plexus carcinomas (CPC, WHO grade 
III) are fi ve times less common. Both occur in 
areas where choroid plexus is normally found 
[ 31 ], mainly in the lateral and third ventricles 
[ 32 ] and to a lesser degree in the fourth ventricle 
(the commonest location in adults). 

   Choroid Plexus Papilloma 
 Grossly, CPP forms an enlarged caulifl ower-like 
mass well delineated from the native choroid 
plexus. Microscopically, it exhibits a normal cho-
roid plexus-like histology with true fi brovascular 
cores (Fig.  6.12a ). The tumor cells typically reside 
on a basement membrane (Fig.  6.12b ), a feature 
that is helpful in distinguishing it from papillary 
ependymoma. In contrast to normal choroid plexus 
papillae, however, the lining epithelial cells show 
mild nuclear atypia, crowding, pseudostratifi ca-
tion, and more complex papillary architecture 
(Fig.  6.12c ). CPP tumor cells can exhibit a wide 
variety of cellular changes including oncocytic 
change, mucinous degeneration, and melanization. 
Immunohistochemical studies show that the lining 
epithelium is positive for cytokeratin, transthyretin, 
vimentin, and CK7 and focally for GFAP and 
EMA. They are usually negative for CK20 [ 33 ].

      Atypical Choroid Plexus Papilloma 
 In between choroid plexus papillomas and carci-
nomas is a relatively new entity termed “atypical 
CPP.” It is essentially similar to CPP but with 
increased mitotic activity. Two or more mitoses 
per ten random high-power fi elds are required for 
the diagnosis of this entity. In addition, atypical 
features including increased cellularity, nuclear 
pleomorphism, blurring of the papillary pattern, 
and necrosis are commonly seen [ 34 ].  

  Fig. 6.12    ( a ) Choroid plexus papilloma showing the 
papillary architecture where the papillae are formed by 
fi brovascular stroma with overlying columnar epithelium. 
H&E, original magnifi cation ×400. ( b ) Immuno-
histochemical staining for laminin highlighting the base-
ment membrane in CPP. Original magnifi cation ×200. ( c ) 
The epithelial cells lining the papillae are slightly crowded 
and exhibit minor atypical changes such as mild nuclear 
pleomorphism, hyperchromasia, and occasional mitoses. 
H&E, original magnifi cation ×400       
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   Choroid Plexus Carcinoma 
 CPCs usually occur in children under 3 years of age 
and demonstrate more hemorrhage, necrosis, and 
invasiveness than CPP. Microscopically, sheets of 
frankly anaplastic, highly cellular tumor cells with 
areas of necrosis and frequent mitoses (Fig.  6.13a ) 
are commonly associated with foci that are still 
reminiscent of a papilloma. Typically, 5–10 mitoses 
per ten high-power fi elds are seen. Otherwise, the 
papillary structures are usually blurred by more 
solid patterns. The neoplastic cells are usually 
immunopositive for EMA, cytokeratin, and S100. 
CPCs can create poorly differentiated patterns that 
may be confused with embryonal tumors like ATRT, 
but they retain their immunoreactivity to INI1. 
Patients with CPC who have absence of TP53 dys-
function have a favorable prognosis and can be suc-
cessfully treated without radiation therapy [ 35 ].

        Neuronal and Mixed Neuroglial 
Tumors 

   Ganglioglioma 

 Grossly, gangliogliomas are well-demarcated 
solid or cystic masses that are often associated 
with calcifi cations. This tumor typically exhibits 
variable degrees of two distinct neoplastic cell 
populations: glial and neuronal/gangliocytic 

(Fig.  6.14a ). When the tumor is composed solely 
of neuronal/gangliocytic components, it is referred 
to as “gangliocytoma, WHO grade I.” When a neo-
plastic glial component is also present, the term 
ganglioglioma is used and the tumor is graded 
based upon the glial component; a pilocytic- like 
glial component is given a WHO grade of I while 
an anaplastic glial component leads to a WHO 
grade III designation. Criteria for grade II ganglio-
glioma have been suggested, but this is not cur-
rently an offi cial WHO category [ 36 ].

   Microscopically, there are ganglion cells with 
large vesicular nuclei, prominent nucleoli, and 
abundant cytoplasm where Nissl basophilic mate-

  Fig. 6.13    ( a ) Higher-power view of a choroid plexus car-
cinoma showing nuclear atypia, increased cell density 
compared with CPP, and frequent mitoses ( arrow ). H&E, 
original magnifi cation ×400       

  Fig. 6.14    ( a ) Ganglioglioma showing scattered ganglion 
cells within a rich fi brillary background. H&E, original 
magnifi cation ×200. ( b ) Ganglion cells are large cells with 
prominent nucleoli and abundant eosinophilic cytoplasm, 
some contain basophilic Nissl substance in the periphery of 
the cytoplasm. Note the binucleation, a feature very rare in 
normal, non-neoplastic neurons ( arrow ). H&E, original 
magnifi cation ×400       
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rial is present. These neoplastic or atypical ganglion 
cells show abnormal clustering, pleomorphism, 
and bi- or multi-nucleation or exhibit large 
bizarre nuclei (Fig.  6.14b ). Eosinophilic granular 
bodies are typically present and Rosenthal fi bers 
can be seen. Calcifi cations and perivascular 
infl ammation within a prominent capillary net-
work are common features. Mitotic fi gures are 
rare in low-grade gangliogliomas (MIB-1 < 3 %), 
but are present in the anaplastic variant. 

 The neuronal/gangliocytic cells are high-
lighted by immunohistochemistry for NeuN, syn-
aptophysin, or chromogranin. The glial component 
is highlighted by GFAP. Ultrastructural examina-
tion may be used to confi rm the presence of both 
glial and neuronal/gangliocytic components. The 
former shows glial processes with intracytoplas-
mic dense fascicles of intermediate fi laments, 
while the latter shows microtubules, electron 
dense neurosecretory vesicles, and neuritic- type 
processes. 

 Anaplastic ganglioglioma can be mistaken for 
anaplastic astrocytomas that have infi ltrated sur-
rounded brain tissue and entrapped nonneoplastic 
neurons. Recent studies suggest that the 
BRAFV600E mutation is found more commonly 
in ganglioglioma than anaplastic astrocytoma 
(18 % vs 3 %) and thus may be used to differentiate 
between these two entities in diffi cult cases [ 16 ]. 

   Desmoplastic Infantile Astrocytoma/
Ganglioglioma 
 This is a unique and rare pediatric low-grade 
glioneuronal tumor (WHO grade I) [ 37 ]. It usu-
ally affects the supratentorial compartment of 
children less than 18 months of age. Grossly, it is 
large, well demarcated, superfi cial, and typically 
cystic with involvement of multiple lobes and an 
attachment to the overlying dura. Desmoplastic 
infantile astrocytomas are characterized as 
lesions of low cellularity within a remarkably 
reticulin-rich desmoplastic stroma containing 
fascicles, storiform, or whorled patterns of spin-
dled strongly GFAP immunopositive astrocytes 
(Figs.  6.15a,b ). A cortical component without 
desmoplasia may be observed. This component is 
usually nodular and often formed by small astro-
cytes with oval nuclei and eosinophilic cyto-
plasm. If a population of abnormal binucleated 
ganglion cells is present, then the tumor is labeled 
desmoplastic infantile ganglioglioma. The gan-
glion cells can be diffi cult to detect without the 
use of immunohistochemical markers such as 
synaptophysin and chromogranin. Desmoplastic 
Infantile Astrocytoma/Ganglioglioma (DIA/G) 
usually has only rare mitoses and low (<5 %) 
MIB-1 proliferative index. Although the vast 
majority of these tumors are benign, some reports 
suggest that a more aggressive and malignant 

  Fig. 6.15    ( a ) Desmoplastic infantile ganglioglioma/
astrocytoma showing fascicles of spindled astrocytes 
within a desmoplastic stroma. H&E, original magnifi ca-

tion ×100. ( b ) Reticulin staining highlighting desmopla-
sia. All pictures, original magnifi cation ×100       
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behavior is possible when the small cell compo-
nent shows features of a poorly differentiated 
embryonal tumor including a high mitotic rate, 
microvascular proliferation, and necrosis [ 38 ].

      Dysembryoplastic 
Neuroepithelial Tumor  
 Dysembryoplastic Neuroepithelial Tumor 
(DNETs) are low-grade cortically based tumors 
(WHO grade I) that have a predilection for the 
temporal and frontal lobes and often present with 
a clinical history of chronic seizures. It should 
not demonstrate mass effect on the surrounding 
brain tissue. Grossly, it is a well-defi ned cortical 
neoplasm that exhibits multinodular, cystic, and/
or gelatinous features. Different patterns have 
been described whose prognostic signifi cance is 
unclear. These are “typical,” “complex,” and 
“nonspecifi c” [ 39 ]. In the simple form, the main 
constituent is the classic glioneuronal element. 
This is made up of bland monotonous 
oligodendroglial- like cells that fl ank axons, 
which run perpendicular to the cortical surface. 
Interspersed are mucinous spaces containing 
characteristic “fl oating neurons” with large bland 
nuclei and prominent nucleoli (Fig.  6.16a ). These 
axons can be highlighted with synaptophysin or 
neurofi lament staining. The oligodendroglial- 
like cells show positive immunohistochemical 
reactivity with S100, MAP2, and Olig2. In addi-
tion, a subpopulation of cells may be positive for 
neuronal markers such as NeuN or synaptophy-
sin. GFAP stains the glial components.

   Complex is a term that is used when the tumor 
has adjacent glial nodules in addition to the 
 specifi c glioneuronal element. More diffuse glial 
components can also be seen. These often mimic 
a low-grade glioma but may also show some atyp-
ical features like nuclear atypia, occasional mito-
ses, microvascular-like proliferation, or ischemic 
necrosis [ 2 ]. Lastly, a controversial “nonspecifi c” 
variant has been proposed that lacks the classic 
histological features. It comprises mainly glial 
elements and would otherwise be characterized as 
a “low-grade glioma.” Diagnosis as a nonspecifi c 
DNET is thus made based on clinicopathological 
correlation of a child with a radiological stable, 
well- circumscribed lesion with an associated his-
tory of chronic seizures.    

   Non-neuroepithelial Tumors 

   Craniopharyngioma 

 Craniopharyngiomas (WHO grade I) usually 
affect the suprasellar region where they are 
thought to arise from Rathke’s pouch remnants. 
It has two variants, adamantinomatous and papil-
lary. The former is most common in the pediatric 
population where it accounts for 5–10 % of intra-
cranial tumors making it the most common form 
of non-neuroepithelial neoplasm [ 40 ]. It usually 
has solid, fi rm, and cystic components with con-
tents that resemble motor oil due to the nature of 
the mixture of blood, proteins, and cholesterol 
crystals. The tumor exhibits poor circumscription 
and has sheets, nests, and trabeculae of epithelial 
cell sheets in a fi brous stroma. The epithelium 
demonstrates a characteristic morphology where 
the peripheral cells show nuclear palisading 
while the central cells form a loose “stellate retic-
ulum” (Fig.  6.17a ). Also present are characteris-
tic areas of “wet keratin” that frequently calcify 
(Fig.  6.17b ). The presence of one of the latter two 
features (the stellate reticulum or the wet keratin) 
is diagnostic of craniopharyngioma [ 1 ]. In addi-
tion, cystic changes, xanthogranulomatous reac-
tion, and cholesterol clefts are frequent fi ndings 
in a craniopharyngioma. Variable degrees of 
necrosis can be seen and do not indicate a malig-

  Fig. 6.16    ( a ) DNET showing bundles of axons lined 
with oligodendroglial cells and microcystic changes in a 
myxoid background with fl oating neurons ( arrows ). 
H&E, original magnifi cation ×100       
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nant nature. Craniopharyngioma can be associ-
ated with piloid gliosis in the surrounding brain 
tissue where Rosenthal fi bers are prominent. The 
latter can be confused with low-grade astrocytic 
neoplasms, particularly on frozen section.
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           Medulloblastoma 

 A small fraction of medulloblastomas (MBs) 
have inherited disorders with germline muta-
tions, which have revealed the fi rst pathways that 
underlie MB tumorigenesis. It is known that 
prominent tumor suppressor genes such as  TP53  

and  APC , when germline mutated in patients 
with Li-Fraumeni syndrome and Turcot 
 syndrome, respectively, predispose to MB. 
Furthermore, the identifi cation of Gorlin’s 
 syndrome, in patients harboring mutations in the 
patched-1 ( PTCH1 ) gene, has led to the 
 identifi cation of aberrant sonic hedgehog signal-
ing (SHH) in a subset of MBs (Fig.  7.1 ).

   Integrated genomic studies have revealed that 
MB comprises at least four molecular variants, 
which are genetically and clinically distinct. 
These four subgroups are termed WNT, Sonic 
Hedgehog (SHH), Group 3, and Group 4 [ 1 ] have 
signifi cant prognostic value, and can be further 
subdivided into additional relevant molecular 
subtypes. The delineation of these four core sub-
groups underscores the heterogeneity that exists 
between MB patients. The WNT subgroup is 
characterized by activation of the WNT pathway, 
which commonly harbors mutations in β-catenin 
( CTNNB1 ). Patients with WNT activated tumors 
tend to have a favorable prognosis and occur pri-
marily outside the infant age group. The SHH 
subgroup is characterized by activation of the 
Sonic Hedgehog (SHH) pathway and is more 
common in infants with desmoplastic tumors and 
in adults. Group 3 MBs have a poor prognosis 
and are commonly associated with metastatic 
disease.  MYC  amplifi cation is common in Group 
3 MBs, and survival in these patients is poor. 
Group 4 MBs have an intermediate prognosis and 
are commonly associated with isochromosome 
17q and  MYCN  amplifi cation. 
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 There have been a number of chromosomal 
alterations reported in MB. The most com-
monly reported cytogenetic abnormality is iso-
chromosome 17q (i17q), involving the loss of 
chromosome 17p and gain of 17q, which is 
found in 30–40 % of all primary MB tumors. 
This is also a genomic feature of the Group 4 
subgroup, which is observed in more than 80 % 

of cases. Other less common aberrations 
include gains on chromosomes 1q, 3q, 7, and 
17q, as well as loss on chromosome 5q, 9q, 
10q, 11, 17p, and 22 [ 2 ]. 

 Recent publications highlight the importance 
of examining the mutational landscape of MB 
according to subgroup affi liation [ 3 ,  4 ]. WNT 
subgroup MBs remain the most genomically 

  Fig. 7.1    Summary of molecular subgroups and recurrent genomic alterations identifi ed in pediatric brain tumors       
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 balanced of the four subgroups without any focal 
recurrent somatic copy number alterations 
(SCNAs). The most common mutation observed 
in this subset is in  CTNNB1 , which highlights the 
important role of WNT signaling in this sub-
group, and less frequently in  DDX3X . Many 
groups have sought to identify the cell of origin 
for this subgroup. It has been suggested to be the 
progenitor cells of the lower rhombic lip. Further, 
a mouse model harboring activated Ctnnb1 in the 
Blbp expressing radial glial cells has been shown 
to generate MBs that are characteristic of WNT 
tumors [ 5 ]. 

 SHH subgroup is the best characterized of the 
four subgroups, with the distinctive feature of 
activated SHH signaling. Somatic mutations tar-
geting the SHH receptor  PTCH1  and downstream 
genes, such as  SUFU , are found exclusively in 
this subgroup. SCNAs targeting the PI3K signal-
ing cascade have also been known to be aberrant 
in this subgroup. Most animal models of SHH 
MBs involve the inactivation of patched1 in 
either the cerebellar granule neuron precursors 
(CGNP; marked by Atoh1) or neural stem cells 
(NSC; marked by GFAP) [ 6 ]. 

 Group 3 and 4 MBs are currently the least 
understood. Group 3 MB is associated with the 
worst prognosis and characterized by high-level 
amplifi cation of the proto-oncogene  MYC . 
Research examining somatic mutations have 
identifi ed dysregulation of the epigenome in 
both Group 3 and 4 MBs. These events, although 
occurring across all MBs, are enriched in 
chromatin- associated genes such as  MLL2 , 
 MLL3 ,  SMARCA4 ,  and KDM6A . These newly 
identifi ed mutations point to the importance of 
the chromatin structure in MB pathogenesis. 
Efforts have also identifi ed novel fusion pro-
teins such as  PVT1 - MYC  and novel mechanisms 
such as the tandem duplication of  SNCAIP  in 
Group 3 and 4 MBs, respectively. The biologi-
cal and clinical relevance of these novel patho-
genic mechanisms will need to be further 
studied. Although no transgenic models of 
Group 3 and 4 diseases exist, several orthotopic 

transplantation models are currently being 
 studied. The activation of Myc with p53 inacti-
vation generates medulloblastomas with charac-
teristic Group 3 features [ 7 ].  

   Pediatric High-Grade Glioma 

   Pediatric Glioblastoma 

 Whole-exome sequencing of pediatric glioblas-
toma (GBM) cases has revealed somatic recur-
rent mutations in a gene called  H3F3A , which 
encodes a replication-independent histone vari-
ant H3.3 [ 2 ] (Fig.  7.1 ). Heterozygous mutations 
in  H3F3A  are present in 31 % of pediatric GBMs 
and result in amino acid substitutions within the 
N-terminal histone tail, specifi cally a lysine to 
methionine (K27M), a glycine to arginine 
(G34R), or a glycine to valine (G34V) substitu-
tion [ 2 ]. These mutations, which occur specifi -
cally in pediatric GBMs, and often with  TP53  
mutations (54 % of cases), are situated at sites 
which are important for post-translational modi-
fi cation of histone 3 (H3) and regulation of global 
chromatin structure. Recurrent mutations in 
 ATRX  and  DAXX  have also been reported in 31 % 
of pediatric GBMs and present always in tumors 
harboring a G34R/V mutation [ 2 ]. The ATRX 
and DAXX proteins are important for H3.3 incor-
poration at peri-centrometic heterochromatin and 
telomeres [ 2 ]. Together somatic mutations in the 
H3.3-ATRX-DAXX chromatin remodeling path-
way have been identifi ed in 44 % of pediatric 
GBMs [ 2 ]. Epigenomic differences between sub-
sets of pediatric GBM patients were demon-
strated in a study examining DNA methylation 
signatures in a series of 59 childhood and 77 
adult GBM patients [ 8 ]. Here they identifi ed 
robust, epigenetically distinct subgroups defi ned 
by GBM mutations and gene expression-defi ned 
classes. The subgroups were classifi ed as: (1) 
 IDH1  mutated (adults), (2) H3.3-K27 mutated, 
(3) H3.3-G34 mutated, (4) RTKI ( PDGFRα  
amplifi ed, proneural), (5) mesenchymal, and (6) 
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RTKII (classic). Copy number events also defi ned 
subgroups of pediatric GBM, specifi cally 
 PDGFRα  amplifi cations in the RTKI subgroup, 
whole chromosome 7 gains, chromosome 10 
loss,  CDKN2A  homozygous deletions, and  EGFR  
amplifi cations in RTKII pediatric GBMs [ 8 ]. 
Additional copy number events have been 
observed in comprehensive copy number studies 
of high-grade gliomas, including chromosome 
8p12 loss in ~16 % of cases, encompassing a 
potential tumor suppressor gene,  ADAM3A , 
 MYCN  amplifi cations (5 %), and chromosome 1q 
gain [ 9 ]. 

   Diffuse Intrinsic Pontine Glioma 
 The vast majority (up to 78 %) of diffuse intrin-
sic pontine gliomas (DIPGs) harbors heterozy-
gous H3.3-K27M mutations [ 10 ] (Fig.  7.1 ). 
 TP53  mutations have also been observed in up to 
77 % of patients and are often concurrent with 
 H3F3A  mutations,  PDGFRA  gene amplifi ca-
tions, and  MYC - PVT1  gene fusions.  ATRX  muta-
tions have also been reported in older DIPG 
patients, albeit at lower frequency (9 %), further 
highlighting aberrant chromatin structure in 
DIPG patients. The copy number landscape of 
DIPGs pinpoints other pathways relevant to dis-
ease formation, namely the PI3K pathway which 
is affected in ~47 % of DIPGs, involving 
 PDGFRa ,  MET ,  IGF1R ,  ERRB4 ,  EGFR ,  KRAS , 
 AKT1 ,  AKT3 ,  and PIK3CA  focal gains [ 11 ]. 
Gross copy number events have also reported to 
be enriched in DIPGs, specifi cally gains of chro-
mosomes 2q, 8q, and 9q and losses of 16q, 17p, 
and 20p [ 11 ].    

   Pediatric Low-Grade Glioma 

   Non-diffuse Low-Grade Glioma: 
Pilocytic Astrocytomas 

 Spontaneous pilocytic astrocytomas (PAs) occur 
typically in the cerebellum, and in the absence of 
 NF1  mutations. The most common genetic altera-
tion in spontaneous PAs results in increased activ-
ity of the MAPK pathway, through a tandem 

duplication event on chromosome 7q34, which 
forms an in-frame fusion of  KIAA1549  with 
 BRAF  [ 12 ] (Fig.  7.1 ). Adding to this, genome 
sequencing studies of low-grade gliomas have 
shown that the MAPK pathway is affected in 
nearly all tumors and that PAs may represent a 
single pathway-driven disease [ 13 ]. Several other, 
albeit less frequent, genetic alterations convergent 
upon BRAF activation have been reported includ-
ing  FAM131B - BRAF ,  RNF130 - BRAF    ,  CLCN6 -
 BRAF ,  MKRN1 - BRAF ,  and GNAI1 - BRAF  
fusions, all of which result in N-terminal loss of 
the  BRAF  regulatory region [ 13 ]. The signifi cance 
of  BRAF  alterations is further highlighted by the 
presence of somatic mutations. These fi ndings are 
supported functionally, in which PAs are gener-
ated by ectopic activation of BRAF in murine 
neural progenitor cells [ 14 ]. Recurrent, somatic, 
and activating mutations in PAs have also been 
identifi ed at lower frequencies in other genes such 
as  KRAS ,  FGFR1 ,  PTPN11 ,  and NTRK2  fusions, 
however all of which lead to downstream MAPK 
activation [ 13 ]. 

  Diffuse Low - Grade Glioma :  Diffuse Grade II 
Astrocytomas ,  Ganglioglioma ,  Angiocentric 
Glioma ,  and Pleomorphic Xanthoastrocytoma  

 Diffuse low-grade gliomas are also affected by 
BRAF alterations; however, these occur mostly in 
the setting of  BRAF - V600E  mutations [ 15 ]. In the 
case of diffuse Grade II gliomas, recurrent ampli-
fi cations of  MYC  and intragenic duplications of 
 FGFR1  have been reported, and shown to be 
largely mutually exclusive [ 16 ]. Copy number 
profi ling in diffuse Grade II gliomas has identifi ed 
other candidates, such as a partial duplication of 
the  MYBL1  transcription factor in 28 % of cases, 
which results in loss of its C-terminus negative 
regulatory domain [ 17 ]. In the same pathway, 
 MYB  amplifi cations have also been observed at 
lower frequency, in addition to deletion-trunca-
tion breakpoints in the regulatory terminus of 
 MYB , seen preferentially in angiocentric gliomas 
[ 17 ]. Loss of chromosome 9, encompassing the 
 CDKN2A / p14ARF / CDKN2B  locus, has been 
reported in ~50 % of pleomorphic xanthoastrocy-
tomas, along with less frequent loss of chromo-
some 17 [ 18 ].  
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   Desmoplastic Infantile Astrocytomas/
Ganglioglioma 

 Desmoplastic infantile astrocytomas (DIA)/gan-
gliogliomas (DIG) displayed only a few nonre-
current genomic imbalances or normal 
karyotypes. Only loss of chromosome 9p and 22q 
was recurrently observed in a limited number of 
studies to date [ 19 ]. Characteristic genomic 
imbalances were not observed when DIA were 
compared with DIG [ 19 ].  BRAF V600E  mutation, 
 EGFR  and  MYCN  amplifi cation have been 
described in single cases.   

   Central Nervous System Germ 
Cell Tumors 

 Several studies have investigated cytogenetic 
alterations in central nervous system germ cell 
tumors (CNS-GCTs). A study of 15 malignant 
CNS-GCTs revealed recurrent gains of 12p12 
which is also commonly amplifi ed in adult tes-
ticular germ cell tumors [ 20 ]. Recurrent gains of 
1q and 8q and recurrent losses on chromosome 
11, 18, and 13 were also detected. The genomic 
alterations identifi ed in this series were almost 
identical to those found in gonadal and extrago-
nadal germ cell tumors. Moreover, there were no 
differences in the cytogenetic profi les of germi-
nomas compared to non-germinomatous CNS- 
GCT. This suggests strongly that the pathogenesis 
of CNS-GCTs is similar to systemic GCTs. At a 
transcriptional level, there are several differences 
between germinomas and non-germinomatous 
germ cell tumors. Genes responsible for self- 
renewal ( OCT4 ,  NANOG , and  KLF4 ) and 
immune response are more highly expressed in 
germinomas whereas genes involved in neuronal 
differentiation, Wnt/β-catenin pathway, invasive-
ness, and epithelial-mesenchymal transition are 
more commonly observed in malignant non- 
germinomatous germ cell tumors. The transcrip-
tional profi les of non-germinomatous germ cell 
tumors closely resemble the profi les observed in 
embryonic stem cells consistent with their more 
undifferentiated nature.  

   Craniopharyngioma 

 Craniopharyngiomas are thought to arise from 
squamous-cell rests along the path of the primitive 
craniopharyngeal duct and adenohypophysis. The 
adenohypophysis arises from Rathke’s pouch. As 
such it is believed that these squamous- cell rests 
represent the cell of origin for craniopharyngioma, 
and it is generally felt that adamantinomatous cra-
niopharyngioma represents a developmental 
anomaly. The rare papillary histological variant 
more common in adults appears to arise from the 
adenohypophysis; however, this remains to be con-
fi rmed. Recent studies have shown activating muta-
tions in exon 3 of the β-catenin gene ( CTNNB1 ) to 
be common in adamantinomatous craniopharyngi-
oma suggesting a likely role for Wnt signaling in 
the pathogenesis of craniopharyngioma [ 21 ].  

   Central Nervous System Primitive 
Neuroectodermal Tumors 

 Primitive neuroectodermal tumors of the central 
nervous system (CNS-PNET) are a heteroge-
neous group of pediatric neoplasms composed of 
poorly differentiated neuroepithelial cells with 
varying degrees of divergent neural, astrocytic, 
and ependymal differentiation. Using global 
 profi ling, Picard et al. (2012) identifi ed that CNS- 
PNETs comprise three distinct molecular groups: 
primitive-neural (Group 1), oligoneural (Group 
2), and mesenchymal (Group 3) [ 22 ] (Fig.  7.1 ). 
Group 1 tumors are enriched in primitive-neural 
genes ( CD133 ,  CRABP1 ,  LIN28 , and  ASCL1 ) 
and display activation of SHH and WNT signal-
ing. Group 2 tumors are composed of genes with 
roles in oligoneural differentiation ( OLIG1 / 2 , 
 SOX8 / 10 , and  BCAN ) and exhibit down- 
regulation of SHH components. Lastly, Group 3 
tumors comprise genes involved in epithelial and 
mesenchymal differentiation ( COL1A2 ,  COL5A , 
 FOXJ1 , and  MSX1 ) and display up-regulation of 
genes involved in TGF-β and PTEN signaling. 
Copy number analyses reveal that Group 2 
tumors have frequent gains of chromosome 8p, 
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13, and 20, whereas Group 3 have frequent loss 
of chromosome 14. Also Group 2 and 3 tumors 
have frequent chromosome 9p loss centered on 
the  CDKN2A / 2B  locus. In 2000, Eberhart et al. 
[ 23 ] described a new CNS-PNET variant (termed 
“embryonal tumor with abundant neuropil and 
true rosettes” or ETANTR), which, based on 
gene expression profi ling, are subgroups with 
Group 1 CNS-PNETs [ 22 ,  24 ]. Hallmark cytoge-
netic features of ETANTRs include frequent 
gains of chromosome 2 and 3, and focal amplifi -
cation of an miRNA amplicon on chr19q13.41, 
which encompasses the oncogenic C19MC 
miRNA cluster [ 24 ]. Li et al. (2009) identifi ed 
that chr19q13.41 amplifi cation characterizes 
CNS-PNET variants labeled as ETANTRs, 
medulloepithelioma, supratentorial PNET with 
ependymal differentiation, and ependymoblas-
toma, suggesting that these tumors represent 
closely related molecular entities [ 24 ]. Although 
the mechanisms by which C19MC miRNAs 
mediate oncogenesis remain unclear, these miR-
NAs are implicated in cell survival, transforma-
tion, activation of noncanonical WNT-JNK2 
signaling, and inhibition of differentiation of 
human neural stem cells [ 25 ]. Furthermore, 
ETANTRs are also distinguished by the presence 
of distinct primitive markers, including the RNA 
binding protein, Lin28 [ 22 ].  

   Ependymoma 

 Using gene expression profi ling, ependymomas 
have been divided into three principal molecular 
subgroups, which are separated largely according 
to anatomical location: (1) supratentorial (ST), 
(2) posterior fossa (PF), and (3) spinal cord [ 26 ]. 
These three subgroups have been further divided 
into molecularly and biologically distinct sub-
types of ST and PF ependymoma as defi ned by 
diverse clinical and genomic features [ 27 – 29 ] 
(Fig.  7.1 ). In the case of PF ependymoma, three 
studies have independently reported the existence 
of two principle subgroups of disease [ 27 – 29 ]. 
These PF subgroups termed Group A and B are 
transcriptionally, clinically, and biologically dis-
tinct entities. Group A PF ependymomas occur in 

young patients, invade laterally along the 
cerebellar- pontine angle, and are associated with 
increased tumor recurrence and decreased sur-
vival. Conversely, Group B PF ependymomas 
occur in older patients, grow along the midline, 
and are associated with a favorable prognosis. 
In addition, to the clinical differences, Group A 
and B are delineated by distinct genomic altera-
tions. Group A PF ependymomas harbor chromo-
some 1q gain, which has been reported as a poor 
prognosis marker of ependymoma, but are largely 
characterized by balanced genomes [ 29 ]. In con-
trast, Group B ependymomas are defi ned by 
increased genomic instability as evidenced by 
increased numerical chromosome gains and 
losses. Group A ependymomas are characterized 
largely by pathways involved in angiogenesis 
(HIF-1α signaling, VEGF pathway), PDGF sig-
naling, MAPK signaling, EGFR signaling, 
TGF-β signaling, tyrosine-receptor kinase signal-
ing, RAS signaling, and integrin/ECM signaling, 
while Group B ependymomas are overrepre-
sented by pathways involving ciliogenesis and 
microtubule assembly. 

 While these subgroup gene signatures may 
represent unique tumorigenic pathways,  Taylor  
et al. (2005) proposed that these were potential 
marks of anatomically distinct cells of origin giv-
ing rise to different subgroups of ependymoma 
[ 26 ]. They suggested that ependymoma might 
originate from radial glia, a primitive neural and 
multipotent precursor important for neurogenesis 
and neuronal migration. Further evidence impli-
cating radial glia as cells of origin of ependy-
moma was demonstrated by  Johnson  et al. 
(2010), in which over-expression of  EPHB2  in 
 p16 / INK4A -defi cient RGCs led to the formation 
of the fi rst mouse model of supratentorial epen-
dymoma [ 27 ]. 

 Chromosome 22 loss has been shown to be the 
most frequent genomic alteration in ependy-
moma with a frequency ranging from 26 to 71 % 
[ 30 ]. Further, chromosome 22q loss has been 
observed preferentially in spinal versus intracra-
nial ependymoma, and in adult versus pediatric 
cases [ 30 ].  NF2  is thought to be the candidate 
tumor suppressor gene of this region, as patients 
with neurofi bromatosis type II develop a variety 
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of central nervous system tumors including epen-
dymoma, schwannoma, and meningioma [ 30 ]. 
However,  NF2  has been shown to be mutated 
exclusively in spinal ependymomas, thus sug-
gesting alternate mechanisms of down- regulation, 
or another putative 22q tumor suppressor gene in 
the case of intracranial ependymoma. Other 
recurrent gross chromosomal abnormalities in 
ependymoma involve losses of chromosome 1p, 
3, 6q, 9p, 10q, 13q, 16p, 17, 21, and 22q and 
gains of 1q, 4q, 5, 7, 8, 9, 12q, and 20 [ 30 ]. 

 The telomerase pathway and its role in epen-
dymoma pathogenesis have also been studied by 
several groups. Specifi cally, the expression of 
hTERT, the enzyme responsible for telomere 
extension, and its cofactor nucleolin have both 
been shown to be independent predictors of 
ependymoma patient survival [ 31 ].  Castelo -
 Branco  et al. (2013) suggest that a possible 
mechanism leading to hTERT over-expression 
could be due to epigenetic silencing of repressor 
regions in the promoter of  hTERT  by DNA 
hypermethylation [ 32 ]. 

 As novel ependymoma targets are discovered, 
evaluation, validation, and prioritization of can-
didates will require accurate preclinical models 
of ependymoma. Atkinson et al. (2011) demon-
strate the utility and promise of this approach in 
ST-Group D ependymomas, generated by  EPHB2  
over-expression and  CDKN2A / Ink4a  deletion in 
forebrain radial glia [ 33 ]. They performed a com-
pound library screen of 7890 compounds, in both 
tumor and matched normal neural stem cells, and 
identifi ed inhibitors of thymidylate synthase 
(TYMS) and dihydrogolate reductase, namely 
5-FU as highly and specifi cally active in ST 
ependymoma cells.  

   Choroid Plexus Tumors 

 Choroid plexus tumors (CPTs) are classifi ed as 
three distinct entities according to pathological 
examination: choroid plexus papillomas (CPPs, 
Grade I), atypical choroid plexus papillomas 
(aCPPs, Grade II), and choroid plexus carcino-
mas (CPCs, Grade III). CPCs are considered a 
hallmark tumor of the Li-Fraumeni syndrome 

(LFS). Germline and somatic mutations in  TP53 , 
a classical tumor suppressor gene involved in 
DNA repair, cellular differentiation, and apopto-
sis, are commonly found in CPCs [ 34 ]. The fre-
quency of  TP53  mutations is much higher in the 
carcinomas (~50 %) than papillomas (~5 %), 
which may contribute to the aggressiveness and 
poor outcome of these malignant tumors [ 35 ] 
(Fig.  7.1 ). No CPPs, or aCPPs, harbored germ-
line mutations in  TP53 , while at least 36 % of 
CPCs harbored a germline TP53 mutation [ 35 ]. 

 CPTs are characterized by a high degree of 
chromosomal imbalances. Generally, CPPs are 
characterized by extensive chromosomal gains, 
and CPCs by both gains and losses, yet CPCs 
demonstrate greater imbalances per tumor than 
CPPs [ 36 ]. CPPs exhibit recurrent gains in chro-
mosomes 7 and 12, while CPCs exhibit gains and 
losses throughout the genome with a higher fre-
quency of chromosome 1 gains. Association of 
chromosomal aberrations with survival revealed 
a signifi cant association between gain of 9p and 
loss of 10q with improved survival [ 36 ]. 
Cytogenetics studies in aCPPs, although limited, 
have revealed variable aneuploidy phenotypes 
characterized by polyploidy.  

   Atypical Teratoid Rhabdoid Tumors 

 Atypical teratoid rhabdoid tumors (ATRT) are of 
mesenchymal origin and are characterized by 
biallelic loss of  SMARCB1 / INI1 , which encodes 
the SNF5 protein, a core subunit of the SWI/SNF 
chromatin remodeling complex [ 37 ] (Fig.  7.1 ). 
 SNF5  is a tumor suppressor gene located on chro-
mosome 22q11.23 and is inactivated by a variety 
of genetic lesions including homozygous dele-
tions and nonsense, missense, and frameshift 
mutations. The SWI/SNF complex is an ATP- 
dependent regulator of gene expression which 
acts by remodeling chromatin and repositioning 
nucleosomes through catalyzing the insertion and 
removal of histone proteins. Despite being 
extremely aggressive, SNF5-defi cient cancers are 
diploid and genomically stable, highlighting the 
importance of this gene as a central driver of 
ATRT tumorigenesis [ 38 ]. Mechanistically, inac-
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tivation of SNF5 has been linked to broad repres-
sion of polycomb repressor complex 2 (PRC2) 
regulated genes [ 39 ]. Specifi cally loss of SNF5 
leads to up-regulation of EZH2, the core enzy-
matic component of the PRC2 complex, and sub-
sequent loss of the tumor suppressors such as 
p16 INK4a . ATRT development is also affected by 
the Sonic Hedgehog (SHH) signaling pathway. 
SNF5 localizes to Gli1-regulated promoters of 
the SHH pathway, thus repressing Gli1targets 
[ 40 ]. Hence, loss of Snf5 leads to up-regulation 
of Gli1 targets and activation of the Hh-Gli path-
way driving oncogenesis [ 40 ].     
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Introduction

Cancer in children is a rare event. It is much less 
prevalent than adults for whom cancer is one of 
the most common chronic diseases in older age. 
In contrast to adults where genetic predisposi-
tion accounts to a minority of cancers and envi-
ronmental and infectious as well as other chronic 
disease contribute to carcinogenesis, in children, 
germline mutations are thought to be responsible 
for a significant proportion of cancers. The gen-
eral concept is that cancer predisposition accounts 
for up to 15 % of childhood cancers [1] but can 
approach 50–100 % in specific cancers [2]. 
Lymphoblastic leukemias are the most common 

childhood  cancer, but genetic predisposition is rare 
in this tumor type. Brain tumors constitute the sec-
ond largest group of tumors and by far the largest 
group of tumors associated with cancer predispo-
sition. Germline mutations occur most commonly 
in tumor suppressors. These mutations are usu-
ally heterozygous and inherited in an autosomal 
dominant fashion. They comply with the “two-hit” 
concept in which in order to disrupt gene function 
the two copies of the gene need to be lost. This 
event rarely occurs in sporadic fashion. However, 
if one allele is already mutated in the germline, 
the chances of the other one are lost and by that 
cause cancer is exponentially high. The two-hit 
model was first applied to the retinoblastoma gene 
and is similarly important to TP53. Alterations in 
these two cardinal genes often termed “gatekeep-
ers of our genome” are responsible to the proto-
type of cancer predisposition syndromes. They 
predispose the carrier child to a large variety of 
tumors with high penetrance (chances of having 
cancer if one is carrying the mutation) and have 
50 % chance of inheriting this disorder to the off-
spring. Nevertheless other syndromes are inherited 
differently and exhibit different phenotype. For 
us as clinicians, it is important to recognize how 
to suspect and diagnose each cancer predisposi-
tion syndrome and how to address specific issues 
which relate the child’s treatment, management of 
other cancer risks, and other family members. This 
complex approach requires a multidisciplinary 
team which includes geneticists, physicians with 
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 expertise in the specific syndrome and its com-
plications, genetic counselors, and social workers 
to name a few. Indeed, the emotional, social, and 
financial implications of these devastating syn-
dromes cannot be overemphasized.

In this chapter, we will focus on the relevant 
clinical presentation, the genetics, specific tumor 
types, and the management of each of the major 
syndromes predisposing for brain tumors in chil-
dren. We will also suggest an approach to these 
syndromes in the perspective of the pediatric 
oncologist. We do not aim to cover all syndromes 
and focus our efforts on the most relevant and 
common syndromes. In order to simplify the 
clinical approach, we divided the syndromes into 
ones in which tumors are just a part of the pheno-
type and ones in which cancer is the only mani-
festation of the condition.

Systemic Syndromes Associated 
with Brain Tumors: 
Neurofibromatosis Type 1

Neurofibromatosis 1 (NF1) is an autosomal domi-
nant multisystemic disorder. Diagnostic criteria 
include the presence of at least two of the follow-
ing: multiple café au lait spots (>6 measuring 
>5 mm in prepubertal individuals and >15 mm in 
postpubertal individuals), axillary freckling, Lisch 
nodules, optic gliomas, neurofibromas of any type, 
distinctive osseous lesions (sphenoid dysplasia or 
tibial pseudarthrosis), or a first- degree relative 
with NF1 [3]. Other manifestations of NF1 include 
macrocephaly, learning disabilities, vasculopa-
thies that can lead to hypertension, renal artery 
stenosis, cerebral aneurysms, and scoliosis. 
Individuals with NF1 are at higher risk of develop-
ing a variety of cancers including malignant nerve 
sheath tumors (which can arise from neurofibro-
mas) and leukemias, especially chronic myelo-
monocytic leukemia and other solid tumors.

The clinical presentation of NF1 is extremely 
variable, even within the same family. Some have 
only pigmentary lesions, while others may 
develop learning disabilities, renal complications, 
or central or peripheral nervous system tumors. 
Tumors and vasculopathies account for a reduc-
tion in average life expectancy of about 15 years.

Clinical Genetics

NF1 is caused by mutations in the NF1 gene. The 
gene encodes the protein neurofibromin which is 
a major inhibitor of the major oncogene RAS. 
Neurofibromin is a GTPase which catalyzes the 
hydrolysis of active GTP-RAS to inactive GDP- 
RAS [4]. Dysfunctional neurofibromin results in 
constitutive activation of downstream oncogenic 
pathways including MAPK and mammalian tar-
get of rapamycin (mTOR).

Most mutations lead to loss of function of the 
gene product. In about 5 % of cases, NF1 is due 
to deletion of the entire gene. Over 500 mutations 
have been identified in NF1, but are usually 
unique to a family. Mutations are inherited from 
an affected parent only in half of the cases. When 
the mutation appears to be de novo, siblings  
of the proband have a low risk of having inherited 
the disease because of the possibility of germline 
mosaicism in one of the unaffected parents.

Penetrance is complete, which means that a 
child who inherits a mutation in NF1 will inevita-
bly develop features of NF1, but it is impossible 
to predict which features will develop, even 
within the same family.

Genetic testing is not necessary to establish a 
diagnosis of NF1. It is necessary to be able to 
offer prenatal diagnosis. In some cases with atyp-
ical features or younger patients with some diag-
nostic features but not enough to establish a 
diagnosis, genetic testing can help clarify the sit-
uation. When indicated, genetic testing should be 
done by testing both mRNA and genomic DNA 
to detect not only mutations in the coding region 
but also whole gene deletions and splice site 
mutations. Current strategies reach a mutation 
detection rate of about 95 %.

Tumor Spectrum

NF1-associated tumors of the CNS include optic 
pathway gliomas (OPGs), brainstem gliomas, 
and gliomas elsewhere along the neuraxis.

Optic Pathway Gliomas
OPGs are the most prevalent CNS tumors in 
patients with NF1. An association between NF1 
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and optic pathway tumors was first described in 
1968. They are almost invariant of astrocytic 
nature and low-grade spectrum. Although OPGs 
are WHO grade I tumors, morbidity can be sig-
nificant and includes decreased vision, precocious 
puberty, and other hypothalamic-pituitary-adrenal 
axis disorders.

OPGs tend to arise in infancy and rarely 
develop after childhood years. They can be found 
in approximately 15 % of individuals with NF1, 
with around half being symptomatic [5]. It is 
probably largely underestimated since routine 
screening with brain MRI is very controversial 
and not evenly prescribed. A retrospective study 
from the Montreal Children’s Hospital reported 
an incidence of 13 % (n = 44) of OPGs among 331 
NF1 patients. Only 8 patients of 44 with OPGs 
were reported symptomatic (with either deceased 
vision or precocious puberty), and of those, only 5 
required treatment for their symptoms [6].

NF1-related OPGs have similar neuroradio-
logic findings as non-NF1-associated OPGs, 
including solid and cystic appearance and vari-
able degree of enhancement. The coappearance 
of foci of abnormal signal intensity (FASI) and 
bilateral optic nerve involvement is highly sug-
gestive of NF1 (see Fig. 9.4 now).

Neuropathologic studies of OPGs are limited 
by lack of surgical resection and biopsy material. 
However, NF1 OPGs are almost invariantly pilo-
cytic or pilomyxoid lesions which are different 
from gliomas in other locations. Gliomas occur-
ring in NF1 are not distinguishable from those 
occurring sporadically based on tissue examina-
tion alone.

Since only a minority of children with NF1 
and OPG will require treatment, a conservative 
approach is the standard of care. Watchful obser-
vation with repeated ophthalmologic examina-
tions (including visual fields), imaging and 
endocrine evaluations is recommended. Treatment 
should be initiated only when a combination of 
tumor progression by MRI and symptoms such as 
visual loss is observed. As in sporadic OPG, com-
plete surgical resection is unfeasible in most cases 
and chemotherapy is the initial mode of 
treatment.

NF1-related OPGs have a superior natural his-
tory and response to therapy with longer periods 

of growth stability compared to sporadic OPGs. 
Patients with NF1 are particularly sensitive to 
damaging effects of ionizing radiation and are at 
increased risk of radiation-induced cancers [7] as 
well as cerebrovascular damage such as moyam-
oya syndrome.

Brainstem and White Matter Lesions
Use of MRI has led to more frequent identifica-
tion and better delineation of signal abnormali-
ties in asymptomatic NF1 patients. The presence 
of multiple, nonenhancing areas of high signal 
intensity, typically smaller than 5 mm without 
mass effect or edema, is well recognized on 
T2-weighted MRIs in children with NF1. These 
lesions are often considered to be pathognomonic 
of NF1 in children, although they are not cur-
rently considered to be one of the diagnostic cri-
teria. These are not thought to have potential for 
malignant transformation and do not require 
treatment. These brainstem hyperintensities are 
frequent and may be difficult to distinguish from 
low-grade neoplasms. Focal brainstem enlarge-
ments with or without abnormal signal change or 
mass effect are considerably less frequent [8].  
In one study 23 such brainstem lesions (~20 %) 
were described among 125 NF1 patients and only 
6 of these patients required treatment (surgery, 
irradiation, or chemotherapy) [8]. Only one of the 
17 untreated patients experienced radiographic 
and clinical deterioration.

In the brainstem, pathology data is also lim-
ited by the small number of biopsied cases, but in 
one recent retrospective series pilocytic and dif-
fuse astrocytomas contributed in roughly equal 
proportions.

As with OPG, conservative management 
should be favored for brainstem lesions. 
Treatment may ultimately be required in those 
patients with documented rapid progression on 
serial MRIs accompanied by neurological dete-
rioration. A biopsy may be required prior to treat-
ment initiation since these lesions may range 
from low-grade to high-grade ones.

Malignant Gliomas
Astrocytomas with diffuse growth patterns are 
known to be more aggressive than those with 
pilocytic morphology, and this seems to hold true 
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in NF1 patients as well, regardless of location. 
Moreover, both tumor types do not occur only in 
optic pathways and brainstem as NF1 patients 
may also have astrocytomas in the hemispheres, 
thalamus, cerebellum, and spinal cord.

Malignant transformation of NF1-associated 
gliomas is rare but well recognized. Grade III and 
IV diffuse astrocytomas can occur throughout the 
CNS, especially in adults, and share the same 
molecular abnormalities and poor prognosis as 
non-syndromic patients. Interestingly, whole 
genome studies have now included NF1 as one of 
the most frequently mutated genes in sporadic 
glioblastoma. Recent data suggest that NF1- 
associated glioblastomas appear to have better 
outcome than their sporadic counterparts, partic-
ularly in children. Anaplastic transformation and 
aggressive behavior of occasional pilocytic astro-
cytomas are now being recognized and this phe-
nomenon may be more common in NF1 than in 
non-syndromic patients. Indeed, in a recent series 
of 25 such tumors, 28 % were in NF1 patients [9]. 
Location was supratentorial or infratentorial and 
did not involve optic pathways. Molecular data in 
this series and others suggest that anaplastic 
transformation of pilocytic astrocytoma involves 
activation of the PI3K/AKT pathway and is not 
related to radiation therapy in NF1 patients.

Clinical Applications

Routine screening with brain MRI is still contro-
versial for detection of clinically relevant OPG, 
but ophthalmological surveillance including 
visual fields is recommended throughout child-
hood. NF1 children with OPGs, in particular, and 
brain tumors, in general, should avoid cranial 
irradiation. For the same reason, physicians 
should favor MRIs rather than CT scans in order 
to decrease exposure to radiation. Additional 
molecular studies are needed to better understand 
the malignant transformation of NF1-related 
high-grade gliomas. These findings will ulti-
mately lead to the development of more targeted 
therapeutic agents with less morbidity and mor-
tality for children with NF1.

Since NF1 is a systemic condition, surveillance 
by a dedicated NF1 team is recommended for 
other aspects of the syndrome in parallel to 
neurooncological surveillance/therapy.

Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is an auto-
somal dominant disorder seen in about 1/6,000 
individuals worldwide. As with NF1, it is a 
multisystem disorder. Diagnosis of TSC relies 
on diagnostic criteria which include major and 
minor features. Major features include cutane-
ous features (facial angiofibromas, periungual 
fibromas, hypomelanotic macules, shagreen 
patch, etc.), neurologic features (cortical 
tuber, subependymal nodule, subependymal 
giant cell astrocytoma (SEGA)), as well as 
features affecting other organ systems (multi-
ple retinal nodular hamartomas, cardiac 
rhabdomyoma(s), lymphangiomyomatosis, 
and renal angiomyolipoma). The diagnosis of 
TSC is definite in the presence of either two 
major features or one major and two minor 
features. Diagnosis is probable in the presence 
of one major and one minor feature and sus-
pect in the presence of either one major or two 
or more minor features.

The cutaneous features occur in over 90 % of 
affected individuals, especially hypomelanotic 
macules (ash leaf spots), often present from 
birth but difficult to see without an ultraviolet 
light. Angiofibromas, ungula fibromas, and 
shagreen patches appear with age. Retinal 
lesions are also found in the majority of cases, 
but can be difficult to see without dilating the 
pupils. They only rarely affect vision. About 
two thirds of newborns with TSC have at least 
one cardiac rhabdomyoma, which would be 
very likely diagnostic of TSC in a child at 50 % 
risk of inheriting TSC from an affected parent. 
On the other hand, cardiac rhabdomyomas 
shrink over time and can be asymptomatic. 
Renal angiomyolipomas occur in about 75–80 % 
of cases over the age of 10 years and the preva-
lence increases with age.
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Clinical Genetics

TSC can be caused by mutations in either of two 
different genes, TSC1 and TSC2. These tumor 
suppressor genes are inhibitors of mTOR, which 
is a key component of a major pro-proliferative 
and metabolic pathway and is involved in many 
cancers. More cases have mutations in TSC2 than 
in TSC1, with a ratio of about 3.4:1. Mutations 
involving large gene rearrangements are also 
mostly found in TSC2. The phenotype cannot be 
predicted based on the gene involved in a given 
patient, but those with mutations in TSC2 seem to 
have more severe neurologic features and famil-
ial cases tend to have mutations in TSC1. 
Penetrance is incomplete, which means that some 
individuals inherit a TSC1 or TSC2 mutation but 
never develop any feature of TSC. In the majority 
of cases (66–75 %), TSC is due to a new muta-
tion. Even when the mutation is not found in par-
ents, there is a residual risk for siblings of a 
proband because of the risk of germline mosa-
icism (estimated to be about 2 %).

Testing for TSC1 and TSC2 is available by 
sequence analysis and deletion/duplication 
 analysis, but it is not required to establishing the 
diagnosis. Genetic testing is helpful in atypical 
cases or to assess whether a seemingly unaffected 
first- degree relative is at risk of transmitting the 
disease to its offspring, since the mutation may 
be non-penetrant in some individuals. Even in 
individuals with a clear clinical diagnosis of 
TSC, the mutation detection rate when testing 
TSC1 and TSC2 is 85 %.

Tumor Spectrum

The main CNS neoplasm in tuberous sclerosis is 
SEGA, a WHO grade I tumor which affects 
5–15 % of TSC patients. SEGAs usually present 
in the first two decades of life and are considered 
pathognomonic of TSC. SEGAs can be identified 
radiologically before they become symptomatic; 
they are well-circumscribed, frequently calcified, 
contrast-enhancing lesions. Histologically, 
SEGAs are composed of fascicles and nests of 

epithelioid, gemistocyte-like cells with cytologic 
and immunophenotypic features intermediate 
between astrocytes and neurons. They are thought 
to arise from subependymal hamartomatous nod-
ules (“candle gutterings”) which are disorganized 
collections of dysmorphic neurons and balloon 
cells with glioneuronal immunophenotype simi-
lar to cortical tubers. Because of their character-
istic location near the foramen of Monro, SEGAs 
often cause increased intracranial pressure due to 
obstruction of CSF pathways. Early diagnosis 
can potentially improve chances of curative sur-
gery. Such lesions can grow rapidly, especially in 
childhood, justifying serial follow-up MRIs dur-
ing childhood and adolescence when the risk of 
SEGA is highest. Surgical resection has been the 
standard treatment until recent reports demon-
strated that mTOR inhibitors are able to reduce 
tumor size in almost all patients [10]. Stopping 
therapy, however, results in regrowth of SEGAs 
in most cases. Currently, oral therapy with evero-
limus or sirolimus is used as initial therapy in 
many centers for growing SEGAs.

Clinical Applications

As with NF1, TSC is a systemic condition requir-
ing a multimodality approach. Surveilance proto-
cols for all clinical aspects of TSC including 
tumors are available. Periodic neuroimaging with 
improved modalities facilitates early tumor diag-
nosis. The initial treatment of SEGAs and length 
of treatment are still controversial. Nevertheless, 
growing evidence of improvement in neuropsy-
chiatric, seizure control and other manifestations 
of TSC upon treatment with mTOR inhibitors 
suggest that long-term treatment with these agents 
may become standard of care in the near future.

Gorlin or Nevoid Basal Cell 
Carcinoma Syndrome

Nevoid basal cell carcinoma syndrome (NBCCS), 
also known as nevoid basal cell carcinoma syn-
drome or Gorlin syndrome, is an autosomal 
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dominant disorder. It predisposes to skeletal 
overgrowth and tumor formation [11].

Diagnosis of NBCCS is made in the presence 
of two major criteria or one major and one minor 
criterion. Major criteria include the following: at 
least two basal cell carcinomas; odontogenic 
keratocysts of the jaws proven by histopathol-
ogy; palmar or plantar pits; bilamellar calcifica-
tion of the falx cerebri; bifid, fused, or markedly 
splayed ribs; or first-degree relative with 
NBCCS. Minor criteria include macrocephaly, 
facial features (cleft lip or palate, frontal boss-
ing, coarse face, hypertelorism), other skeletal 
abnormalities (Sprengel deformity, pectus  
deformity, syndactyly) or radiological abnormal-
ities (hemivertebrae, fusion or elongation of  
vertebral bodies, etc.), ovarian fibroma, or 
medulloblastoma.

Clinical Genetics

BCNS is an autosomal dominant condition 
caused by mutations in the PTCH1 gene. PTCH1 
is a tumor suppressor in the SHH pathway which 
is cardinal to human development.

Large gene rearrangements may occur, so 
testing should include both sequencing and dele-
tion/duplication analysis. Mutation detection 
rate in individuals with a clinical diagnosis of 
BCNS is not precisely established, but is esti-
mated to be as high as 87 %. Genetic testing is 
not required to establish a diagnosis, but may 
impact diagnosis and management in atypical 
cases or in at-risk family members who want 
predictive testing: if a mutation is identified, sur-
veillance would be indicated [12]. About 
20–30 % of probands have a de novo mutation. 
Penetrance of the condition is variable, even 
within the same family, with some individuals 
having only the rib anomalies or the facial fea-
tures. Assessment of the parents is recommended 
to determine if the condition may have been 
inherited. Although mutations in PTCH1 are the 
most common as causing the syndrome, germ-
line mutations in SUFU, another tumor suppres-
sor in the pathway has been reported in familial 
medulloblastoma [13].

Tumor Spectrum

The hallmark of NBCCS is the development of 
basal cell carcinomas and medulloblastomas. 
Additional ovarian fibromas and postradiation 
meningiomas have been reported.

Medulloblastoma
Since the first report of medulloblastoma in asso-
ciation with this heritable syndrome in 1963, sev-
eral distinct characteristics have been well 
established. First, almost 5 % of patients with 
NBCCS develop medulloblastoma and, con-
versely, approximately 1–4 % of all medulloblas-
tomas develop in the setting of Gorlin syndrome. 
Second, the age of onset of medulloblastoma in 
the setting of Gorlin syndrome is younger than in 
non-Gorlin patients, with up to 97 % presenting 
prior to age 5 and up to 66 % prior to age 2. Third, 
medulloblastoma is almost always the first tumor 
manifestation of Gorlin syndrome.

NBCCS medulloblastomas are mostly of des-
moplastic/nodular subtype and have a better out-
come than sporadic medulloblastomas. Less 
frequently, histology reveals medulloblastomas 
with extensive nodularity (MBEN), a more 
recently described subtype initially reported as 
“cerebellar neuroblastoma” which is associated 
with excellent outcome. Although craniospinal 
irradiation and chemotherapy are standards in the 
postoperative care of medulloblastoma, several 
patients with Gorlin syndrome and MBEN have 
been treated and cured without radiation therapy. 
Interestingly, a few treated MBENs may undergo 
maturation and show a ganglion cell-rich 
histology.

Although all medulloblastomas of Gorlin syn-
drome are PTCH1 mutants and therefore fall into 
molecular group 2 (SHH), not all desmoplastic 
medulloblastomas fall within that group as some 
fall into groups 3 and 4 [14]. Little published data 
exists on the molecular work-up of MBENs, but 
at least one case studied showed monosomy 9q, 
where PTCH1 is located.

In patients NBCCS with medulloblastoma 
treated with craniospinal irradiation, basal cell 
carcinomas usually develop in the radiation fields 
within a period of 9 years posttreatment. This 
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latency period is considered much shorter than 
for classic radiation-induced neoplasms.

Meningioma
At least 15 cases of meningioma have been 
reported so far in patients with Gorlin syndrome. 
Although this number is small, epidemiological 
data suggests increased incidence of meningio-
mas in patients with NBCCS. Interestingly, 6 of 
these 15 reported cases occurred in patients who 
had undergone radiation therapy for medullo-
blastoma 15–34 years earlier. Some of these 
reported meningiomas were multifocal and 
caused increased intracranial pressure by mass 
effect or blockage of CSF. Molecular data is lim-
ited but at least one Gorlin-associated meningi-
oma showed compound heterozygous mutations 
in PTCH1, supporting a classic two-hit event.

Clinical Applications

Because medulloblastoma is usually the first 
manifestation of Gorlin syndrome, it has been 
strongly recommended that all children with 
MBEN, especially those who are younger than 3 
years of age, undergo formal genetic, dermato-
logic, and appropriate imaging to document a 
possible association with Gorlin syndrome. The 
documentation of medulloblastoma in the setting 
of Gorlin syndrome represents a strong argument 
against the use of radiation therapy, because of 
both the high cure rate with chemotherapy alone 
and well-documented high rate of radiation- 
induced multiple basal cell carcinoma and other 
types of radiation-induced second malignancies. 
The recent exciting novel SHH inhibitors cur-
rently developed for medulloblastoma [15] may 
offer targeted therapies for individuals with 
germline PTCH1 and SUFU mutations and pos-
sible primary prevention of tumors.

PTEN Hamartoma Tumor Syndrome

PTEN hamartoma tumor syndrome (PHTS) is an 
entity that includes four distinct syndromes all 
associated with germline mutations in PTEN: 

Cowden syndrome, Bannayan-Riley-Ruvalcaba 
syndrome, Proteus syndrome, and Proteus-like 
syndrome. All are associated with unregulated 
cell proliferation leading to the development of 
hamartomas. Cowden syndrome is the only entity 
that is known to be associated with a risk of 
malignancy, but it is now thought that all indi-
viduals with mutations in PTEN should undergo 
surveillance.

Cowden syndrome is an autosomal dominant 
disorder characterized by the presence of hamar-
tomas, mucocutaneous features, megencephaly/
macrocephaly, gastrointestinal polyps, and gly-
cogenic acanthosis. Individuals with Cowden 
syndrome are at increased risk of both benign and 
malignant tumors of breast, thyroid, and endome-
trium, skin cancer, renal cell cancer, and brain 
tumors. Clinical diagnostic criteria have been 
developed but are most useful in adults when 
mucocutaneous lesions are present.

Clinical Genetics

Mutations in the PTEN gene are found in 85 % of 
individuals who meet diagnostic criteria for 
Cowden syndrome, 65 % of those with a clinical 
diagnosis of Bannayan-Riley-Ruvalcaba syn-
drome, 20 % of those with Proteus syndrome, 
and 50 % of those with Proteus-like syndrome. 
PTEN is a major tumor suppressor of the PI3K- 
AKT pathway. This pathway is activated in most 
cancers including brain tumors. Testing should 
include both sequencing (including promoter 
region if possible) and deletion/duplication anal-
ysis. Only 10–50 % of individuals with a diagno-
sis of Cowden syndrome and a mutation in PTEN 
have an affected parent.

Mutations in PTEN have also been found in 
10–20 % of individuals with autism/pervasive 
developmental disorder and macrocephaly.

Tumor Spectrum

As mentioned above, increased risk of malig-
nancy has only been described in Cowden syndrome 
with particular predisposition to cancer of breast 
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(lifetime risk 25–50 %), thyroid (lifetime risk 
10 %), and endometrium (lifetime risk unknown). 
Approximately 90 % of patients with CS mani-
fest its clinical symptoms before 20 years of age. 
The main CNS tumor of this syndrome is 
Lhermitte-Duclos disease (LDD).

Cerebellar Dysplastic Gangliocytoma 
(Lhermitte-Duclos Disease)
This brain tumor was first described in 1991 and 
has features of both neoplasm and hamartoma. 
LDD is a rare cerebellar tumor (cerebellar dys-
plastic gangliocytoma) associated with Cowden 
syndrome, both conditions known to be associ-
ated with germline mutations in the PTEN gene. 
The overall incidence of LDD is about 15 % 
among patients with CS undergoing MRI sur-
veillance screening, with additional patients 
having meningiomas (5 %) or other vascular 
malformations (30 %). The precise relationship 
between LDD, CS, and germline PTEN muta-
tions is less clear as not all patients with LDD 
develop  clinical manifestations of CS and many 
patients with LDD lack germline mutations in 
PTEN, especially children. In a recent series of 
18 unselected LDD surgical resections, PTEN 
mutations were found in 15 samples, all with 
adult onset. The three remaining PTEN wild-
type samples were from patients with childhood 
onset. Furthermore, not all patients with germ-
line PTEN mutations manifest CS as described 
by Robinson and Cohen’s review of children 
with LDD [16]. Although this lesion is histo-
pathologically benign, recurrences following 
surgical resection are not uncommon. It can 
cause signs of mass effect in the posterior fossa 
and lead to hydrocephalus, brain herniation, and 
death if not treated. The prognosis has markedly 
improved with advances in neuroimaging and 
neurosurgical techniques. LDD will typically 
present in nonenhancing gyriform patterns of 
enlargement of cerebellar folia. This unique MR 
imaging pattern can obviate the need for a diag-
nostic biopsy procedure in asymptomatic 
patients [16]. The histogenesis of this lesion is 
unclear but has been ascribed to aberrant migra-
tion and hypertrophy of cerebellar granule 
neurons.

Clinical Applications

All individuals with PHTS, including LDD, 
should follow the cancer screening strategy rec-
ommended for Cowden syndrome (www.NCCN.
org) [17]. With better understanding of the PTEN 
signaling cascade, patients will benefit from 
more precise diagnosis and targeted pharmaco-
therapies in the near future.

Fanconi Anemia

Fanconi anemia (FA) is an autosomal recessive 
disorder (except FANCB, which is X-linked). 
Fanconi anemia is characterized by the combina-
tion of multiple congenital anomalies, bone mar-
row failure, and predisposition to malignancies. 
Congenital anomalies include radial aplasia, 
hyperpigmentation of the skin, growth retarda-
tion, microphthalmia, and renal anomalies. Bone 
marrow failure usually presents as aplastic ane-
mia in late childhood. Malignancies may be 
related to bone marrow failure (e.g., acute 
myelogenous leukemia) or may be solid tumors. 
FA is associated with increased risks of squa-
mous cell carcinomas of the head and neck, 
esophagus, and vulva, cervical cancer, breast 
cancer, and brain tumors.

The diagnosis of FA rests on cytogenetic test-
ing for increased chromosomal breakage or rear-
rangement in the presence of diepoxybutane 
(DEB) or radial figures with mitomycin C 
(MMC). If the result is normal in blood and clini-
cal suspicion is high, consider testing a different 
tissue (e.g., fibroblasts) to ensure that lympho-
cyte mosaicism didn’t lead to a false-negative 
result.

Clinical Genetics

Fanconi anemia is a genetically heterogeneous 
disorder: multiple genes can cause FA. Fifteen 
genes are known to cause Fanconi anemia. This 
pathway is responsible for specific DNA damage 
repair which involved homologous recombina-
tion. One gene is X-linked (FANCB), but in all 
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other cases FA is inherited in an autosomal reces-
sive pattern. FANCA is the gene most often 
involved, in 60–70 % of cases, followed by 
FANCC (14 %) and FANCG (10 %). All other 
genes explain ≤3 % of cases.

Current practice is to perform complementa-
tion analysis to identify the gene involved and 
then proceed to sequencing analysis of that gene. 
The implementation of next-generation sequenc-
ing in clinical laboratories is likely to change that 
practice through the development of multi-gene 
panels at a reasonable price.

Tumor Spectrum

Tumors of the CNS are uncommon in Fanconi 
anemia. The rare individuals who develop 
medulloblastoma in the setting of FA are usually 
in the context of BRCA2 or PALB2 mutations 
[18, 19]. These patients do so at a very early age, 
often before the formal diagnosis of FA. In 27 
patients with BRCA2 mutations, the authors 
report a cumulative probability of brain tumor of 
85 % by age 9 years (predominantly medullo-
blastomas) and any malignancy of 97 % by age 
5.2 years. In this subgroup of FA, these probabil-
ities are much higher than that observed in 
genetically unclassified patients with 
FA. Recently, germline mutations in PALB2, 
another gene in FA pathway, were reported to be 
associated with medulloblastomas and other 
types of cancers. The possibility of specific asso-
ciations between specific genotypes/mutations 
and brain tumors is reported in a limited number 
of patients and must be confirmed on larger 
series of patients.

Clinical Applications

Patients with FA are well recognized to be highly 
sensitive to both irradiation and chemotherapy 
(especially alkylating agents) with increase risk 
of severe toxicities. For all children diagnosed at 
young age with medulloblastoma, a meticulous 
clinical exam must be performed, with prompt 
genetic testing especially in the presence of  

cutaneous, skeletal, or neurological abnormali-
ties consistent with FA.

Constitutional Mismatch Repair 
Deficiency Syndrome (Turcot 
Syndrome 1)

Turcot syndrome classically referred to the com-
bination of colorectal polyposis and primary 
tumors of the central nervous system. Identifying 
the genetic basis for Turcot resulted in two very 
distinct cancer predisposition syndromes. 
Mutations in the APC gene (see “Familial 
Adenomatous Polyposis”) have no other sys-
temic manifestations while heterozygous germ-
line mutations in any of the four mismatch repair 
genes predispose to Lynch syndrome [20]. Lynch 
syndrome is an autosomal dominant condition 
characterized by an increased risk of colon can-
cer, as well as cancers of the endometrium, ovary, 
stomach, small intestine, hepatobiliary tract, and 
urinary tract. In individuals with Lynch syn-
drome, the lifetime risks for cancer are for 
colorectal cancer (52–82 %), with a mean age at 
diagnosis 48–62 years while the risk of brain 
tumors is extremely low.

Diagnosis of Lynch syndrome is made based 
on family history, using the Amsterdam Criteria: 
at least three family members (one of whom is a 
first-degree relative of the other two) with Lynch 
syndrome-related cancers, two successive 
affected generations, and at least one of the can-
cers diagnosed before age 50 years. Importantly, 
biallelic mutations in any of these genes result in 
a very different and aggressive cancer predisposi-
tion syndrome named constitutional mismatch 
repair deficiency syndrome (CMMR-D). These 
children present with café au lait spots and fre-
quent history of consanguinity. These families 
lack the impressive family history of GI malig-
nancies and therefore do not meet the Amsterdam 
criteria.

CMMR-D results in an extremely high rate of 
malignant cancers before age 18. The most fre-
quent are brain tumors followed by hematopoi-
etic malignancies (usually T-cell lymphomas) 
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and GI cancers. Survival above the second decade 
is uncommon among these individuals.

Clinical Genetics

The mutations described in CMMR-D involve 
MSH2, MSH6, PMS2, and MLH1. The mismatch 
repair system is one of the major DNA repair 
pathways in humans. Its primary function is to 
repair specific types of DNA errors such as single 
base pair mismatches and misalignments usually 
occurring during DNA replication. As opposed to 
Lynch syndrome where mutations in MLH1 and 
MSH2 are the most common, in CMMR-D bial-
lelic PMS2 mutations are most frequent followed 
by MSH6. Penetrance of CMMR-D is extremely 
high reaching more than 90 % at age 20.

Tumor Spectrum

Although individuals with CMMR-D can present 
with leukemias and lymphomas (usually T-cell 
origin, but not necessarily) and premalignant and 
malignant GI lesions, the most common malig-
nancy and the cause of death in these children are 
malignant brain tumors.

Brain tumors associated with CMMR-D are 
gliomas, usually malignant, and medulloblas-
toma/PNET. The distinction between malignant 
gliomas and PNET may be difficult in the setting 
of CMMR-D since they exhibit both neural and 
glial markers and immaturity. Some of the tumors 
have atypical morphology compatible with pleo-
morphic xanthroastrocytoma.

With early detection of tumors, some low- 
grade gliomas were identified suggesting a role 
for surveillance. Diagnosis of MMR deficiency 
can be made by immunohistochemistry for the 
four MMR genes. These usually demonstrate 
lack of stain of the mutated gene and can be used 
for targeted sequencing. Importantly, microsatel-
lite instability, which is a feature of Lynch-related 
GI cancers, is not observed in most CMMR-D 
malignant brain tumors.

Although the data is anecdotal, several reports 
suggest that malignant gliomas in the context of 

CMMR-D may have favorable outcome, espe-
cially when early detection leads to complete 
resection. The toxicity and risk of secondary 
malignancies of radiation therapy or chemother-
apy has not been assessed in patients with 
CMMR-D and brain tumors. However, treatment 
with temozolomide can cause an aggressive 
hypermutated phenotype when MMR deficiency 
of the tumor is observed.

Clinical Applications

The clinician should be attentive to any patient 
with high-grade glioma or PNET with café au lait 
spots since these cancers are uncommon in indi-
viduals with NF1. Family history of consanguin-
ity or Lynch-related tumors and personal history 
of hematologic and GI malignancy strongly sug-
gest CMMR-D. A surveillance protocol is avail-
able and had shown to increase survival especially 
when early detection of brain tumors is achieved.

Nonsyndromic Cancer 
Predisposition

This group of syndromes lacks other manifesta-
tions except for cancer predisposition. Therefore, 
phenotypic clues will not exist except for family 
history of specific types of cancer.

Familial Adenomatous Polyposis 
(Turcot Syndrome 2)

As outlined above, familial adenomatous polypo-
sis (FAP) is a variant of Turcot syndrome which 
is classically described as the association of 
colonic adenomatous polyposis and tumors of the 
central nervous system. Some cases of Turcot 
syndrome are actually part of the FAP spectrum. 
In those cases, the brain tumor is most often 
medulloblastoma. Other cases of Turcot syn-
drome are actually variants of CMMR-D.

FAP is an autosomal dominant condition char-
acterized by the development of hundreds to 
thousands of adenomas in the rectum and colon 
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during childhood and adolescence. It has a preva-
lence of 2–3/100,000 individuals. Although FAP 
accounts for less than 1 % of all colorectal can-
cers, 95 % of individuals with FAP will have pol-
yps by age 35 and will almost inevitably develop 
colorectal cancer if untreated. Extracolonic man-
ifestations include polyps in the upper gastroin-
testinal tract, osteomas, dental anomalies, 
congenital hypertrophy of the retinal pigment 
epithelium (CHRPE), desmoid tumors, and other 
cancers.

The diagnosis of FAP is considered clinically 
in an individual with either more than 100 
colorectal adenomatous polyps or fewer than 100 
adenomatous polyps and a relative with similar 
type of tumors. Attenuated FAP is considered if 
the individual has between 10 and 100 adenoma-
tous polyps or if he has a personal history of 
colorectal cancer with a family history of multi-
ple adenomatous polyps.

Clinical Genetics

FAP is caused by germline mutations in the APC 
gene. APC is a tumor suppressor in the WNT 
pathway. Activation of this pathway has been 
found in many cancers including colorectal can-
cers and medulloblastomas [21]. In individuals 
with a classic phenotype, the mutation detection 
rate is at least 90 %. About 8–12 % of these indi-
viduals have a partial or whole deletion of the 
APC gene. In individuals with an attenuated phe-
notype, less than 30 % will have an identifiable 
mutation in APC. About 25 % of identified muta-
tions are de novo.

The penetrance of adenomatous polyps is 
complete, but the occurrence of associated can-
cers including medulloblastoma is variable. No 
specific genotype-phenotype correlations have 
been established in relation to brain tumors.

Tumor Spectrum

Children with FAP are at risk of developing not 
only multiple gastrointestinal tract polyps (>100) 
with high risk of cancer transformation but also 

medulloblastoma, hepatoblastoma, and aggres-
sive fibromatosis. Epidemiologic data from sev-
eral FAP pedigrees suggested an increased risk of 
92 times for the development of medulloblas-
toma in carriers. As opposed to patients with 
Gorlin syndrome, patients with FAP have later- 
onset medulloblastomas, with a median age of 
occurrence of 15 years as compared to 7 years for 
sporadic medulloblastoma. While FAP syndrome 
cases are characterized by APC mutations, a 
minority (<5 %) of sporadic medulloblastomas 
also harbor mutations in that gene. Interestingly, 
syndromic cases show truncating nonsense muta-
tions while sporadic cases show missense muta-
tions, but the significance of this difference is 
unclear. APC mutations in sporadic tumors clus-
ter in the beta-catenin binding site region which 
suggests pathogenicity through impaired APC 
binding to beta-catenin. By virtue of their pre-
sumably impaired APC-beta-catenin interaction, 
these tumors should belong to the WNT group 
which has favorable outcome; however, data are 
lacking for this association.

Clinical Applications

Although any patient with medulloblastoma and 
FAP should benefit from gastrointestinal cancer 
surveillance, the penetrance of medulloblastoma 
in FAP is relatively low, so primary neuroimag-
ing for these patients is not currently recom-
mended. Treatment strategies follow the same 
rules than for sporadic medulloblastoma, despite 
specific molecular genetic markers.

Neurofibromatosis Type 2

Although the names are similar, neurofibromato-
sis type 1 and 2 are very different conditions in 
terms of clinical phenotypes, tumor spectrum, 
and at the genetic level. It is important not to con-
fuse and associate the syndromes together.

Neurofibromatosis 2 (NF2) is an autosomal 
dominant disorder characterized by bilateral ves-
tibular schwannomas. Affected individuals may 
also develop other CNS tumors. Diagnostic criteria 
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for NF2 are based on a combination of unilateral 
vestibular schwannoma, presence of other related 
tumors (meningioma, schwannoma, glioma, neu-
rofibroma, posterior subcapsular lenticular opaci-
ties), and/or a first-degree relative with NF2 [22].

Average age of onset is young adulthood  
(18–24 years), but age of onset can range from 
birth to 70 years of age. Its prevalence is  
estimated at 1/80,000 worldwide. Average age of 
death is reported to be 36 years.

Clinical Genetics

NF2 is due to mutations in the NF2 or MERLIN 
gene. The exact function of the gene is still not 
completely understood. It is involved in both 
cytoskeletal and cell signaling pathways. At least 
10–15 % of mutations are deletions. About 50 % 
are inherited and the other half is de novo. The 
mutation detection rate is over 90 % in familial 
cases, but only 60–70 % in simplex cases. In 
25–33 % of cases, the absence of detectable 
mutation is explained by the presence of somatic 
mosaicism. When a mutation in NF2 is inherited, 
penetrance is 100 %.

Tumor Spectrum

Intracranial Tumors
NF2 is characterized by the development of bilat-
eral vestibular schwannomas (Fig. 8.1) and other 
cranial, spinal, and peripheral schwannomas. 
Bilateral vestibular schwannomas are the hall-
mark of NF2 and are usually pathognomonic. 
Vestibular schwannomas affect both the seventh 
and the eighth cranial nerves causing hearing 
loss, tinnitus, and facial paresis. Management of 
these tumors is difficult and requires a multidisci-
plinary team. As opposed to sporadic unilateral 
acoustic tumors, both surgery and radiation ther-
apies failed to prevent hearing loss in these indi-
viduals. Long-term follow-up is needed to 
address concerns about radiation-induced malig-
nant transformation or adjacent tumor develop-
ment [2]. Surgery is usually reserved to time of 
hearing loss to prevent facial palsy at the corre-

sponding side. In recent years, several studies 
have shown encouraging tumor control using 
medical therapies. Specifically, bevacizumab 
[23] and lapatinib [24] have shown improvement 
in hearing and tumor control. These therapies are 
currently reserved for symptomatic acoustic neu-
romas. Novel medical therapies offer hope for 
these individuals in delaying/preventing these 
devastating long-term disabilities.

Patients with NF2 can also develop intracra-
nial, spinal, and optic nerve sheath meningiomas, 
ependymomas, and gliomas of the CNS. Most 
meningiomas of the cerebral hemispheres and 
spinal canal can be safely resected while those 
originating from optic nerve sheath and skull 
base might be associated with significant surgical 
morbidity. Medical therapies have not shown suf-
ficient tumor control in nonacoustic tumors. Up 
to 18 % of NF2 patients presented before age 15 
years and with an isolated feature of the disease 
and no suggestive family history. NF2 patients 
who present in childhood tend to have a more 
aggressive clinical course with a variety of 
tumors requiring multiple interventions.

Spinal Tumors
Since the advent of MRI, spinal tumors are 
detected in up to 90 % of patients. However, only 
25–30 % of these are symptomatic. Ependymomas 

Fig. 8.1 Bilateral acoustic neuroma in NF2
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are the most common tumor type. When multi-
ple, they can appear like a string of pearls on 
contrast-enhanced MRI. Early onset of symp-
toms such as back pain, weakness, or sensory dis-
turbances best determines the timing for spinal 
intervention [2].

Clinical Applications

Children presenting with bilateral acoustic neu-
roma or multiple meningiomas or schwannomas 
should be suspected of having NF2, and genetic 
testing is recommended. There are established 
screening programs for children of affected par-
ents and of individuals with an NF2-related 
tumor in childhood (family history, full cranio-
spinal MRI, extensive dermatologic and 
 ophthalmologic examination) [22]. It will permit 
early diagnosis, close surveillance, and develop-
ment of treatment frameworks based on molecu-
lar pathogenesis and natural history of lesions. 
Presymptomatic genetic testing for children at 
risk of NF2 is now possible in most families.

Schwannomatosis

Schwannomatosis is an autosomal dominant dis-
order characterized by the predisposition to 
develop multiple schwannomas. Suggested clini-
cal diagnostic criteria include the presence of at 
least two non-intradermal schwannomas with 
one pathologically confirmed schwannoma or 
intracranial meningioma and an affected first- 
degree relative. These criteria exclude patients 
with bilateral vestibular schwannoma or having a 
germline mutation in NF2 which fulfill diagnos-
tic criteria for NF2.

Clinical Genetics

Recently, schwannomatosis was found to  
be associated with germline mutations in 
SMARCB1. Most cases are sporadic; only 
15–25 % of cases have inherited the condition 

from an affected parent. Mutations in SMARCB1 
are found in 40–60 % of familial cases of 
schwannomatosis and less than 10 % of simplex 
cases [25].

Tumor Spectrum

Schwannomas arising in the setting of schwan-
nomatosis usually present in the second and third 
decades and are characteristically painful. 
Histologic examination reveals that a high pro-
portion of tumors are hybrid neurofibroma/
schwannoma. This hybrid histology is also fre-
quently encountered in NF1 and NF2. 
Immunostaining for SAMRCB1 can be of diag-
nostic significance for these patients. A mosaic- 
type pattern of immunohistochemical positivity 
for SMARB1/INI-1 is specific for non-solitary 
schwannomas. Conversely, the absence of the 
mosaic-type pattern is a good indicator of nonfa-
milial tumors, which could be clinically helpful 
as part of genetic counseling.

Because two patients harbored a combination 
of SMARCB1 and NF2 mutations with LOH at 
both alleles, a four-hit mechanism involving the 
two tumor suppressor genes has been proposed 
[26]. Importantly, since the majority of schwan-
nomatosis patients do not have a germline muta-
tion in SMARCB1, other constitutional mutations 
are likely implicated in schwannomatosis 
tumorigenesis.

Rhabdoid Tumor Predisposition 
Syndrome

The rhabdoid tumor predisposition syndrome 
(RTPS) is an autosomal dominant disorder char-
acterized by a predisposition to rhabdoid tumors 
in the kidney, other extrarenal locations, and the 
central nervous system [27]. There are no estab-
lished criteria to diagnose RTPS. Rather, the 
presence of rhabdoid tumors could be enough to 
justify investigating further from a genetics 
standpoint.
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Clinical Genetics

Mutations in INII/SMARCB1 are the initiating 
event for the development of rhabdoid tumors. 
SMARCB1 is a tumor suppressor gene located on 
the long arm of chromosome 22. The exact func-
tion of SMARCB1 is unknown, but the SMARC 
genes are important in chromatin modification. A 
germline mutation can be identified in about 
35 % of patients with rhabdoid tumors. The 
majority of these tumors seem to be de novo, but 
families in which multiple siblings are affected 
have been reported. SMARCB1 is also implicated 
in schwannomatosis and families with both phe-
notypes have been reported. The penetrance of 
SMARCB1 is still unknown, but it is incomplete 
since asymptomatic carrier parents have been 
reported.

Tumor Spectrum

Rhabdoid tumors in all sites tend to present at an 
early age and have an extremely aggressive 
course. The most common location for extrarenal 
rhabdoid tumor is the CNS, where it is referred to 
as atypical teratoid/rhabdoid tumor (AT/RT). AT/
RT and rhabdoid tumors of the kidney may pres-
ent synchronously or at months of interval.

Atypical Teratoid/Rhabdoid Tumor 
of CNS
Since the first well-documented case of malig-
nant rhabdoid tumor of the CNS published in 
1986, atypical teratoid/rhabdoid tumor (AT/RT) 
has been recognized as a distinct pathological 
entity. AT/RT commonly affects very young chil-
dren under 2 years of age at diagnosis. They are 
most commonly located in the posterior fossa 
(60 %), but also present supratentorially and 
often metastasize throughout the CNS at presen-
tation (27 %). In the past AT/RT was often misdi-
agnosed as medulloblastoma or PNET. The first 
diagnostic clue came from the identification of 
deletion of chromosome 22q in these tumors. In 
1999, Biegel et al. have reported germline and 
somatic mutations of SMARCB1 gene, a tumor 
suppressor gene, which maps to 22q11.2 in  

children with CNS AT/RT [28]. Most mutations 
result in loss of function of the gene and therefore 
lack of immunostaining of the corresponding 
antibody BAF47 is diagnostic for AT/RT. In 
2008, the fourth edition of WHO classification of 
tumors of CNS included the newly described 
entity of AT/RT. AT/RT still confers poor out-
come. However, the use of aggressive multimo-
dality treatment combining extensive surgical 
excision with intensive systemic chemotherapy 
using myeloablative chemotherapy with autolo-
gous stem cell rescue, with or without brain irra-
diation has recently improved the prognosis 
[29–31]. Whether intrathecal chemotherapy can 
replace irradiation for young children is still 
unclear. The outcome of CNS AT/RT in the set-
ting of rhabdoid predisposition syndrome has not 
yet been reported.

Clinical Applications

Children diagnosed with rhabdoid tumor of the 
kidney or with CNS AT/RT should have imaging 
of both the abdomen and the brain as a part of 
their initial work-up. Testing for germline muta-
tions in SMARCB1 is highly recommended. A 
surveillance protocol has been developed for car-
riers [32]; however, since until recently most 
patients did not survive, the exact tumor spec-
trum and the significance of this approach in 
RTPS are still unknown.

Li-Fraumeni Syndrome

Li-Fraumeni syndrome (LFS) is considered the 
prototype of cancer predisposition syndromes. 
Although initially characterized by a predisposi-
tion to soft tissue sarcoma, premenopausal breast 
cancer, and brain tumors, individuals with LFS 
are at risk of developing cancer at any age and in 
almost any tissue.

Clinical diagnosis of classic LFS is defined by 
the following criteria: a proband with sarcoma 
diagnosed before age 45 years, and a first-degree 
relative with any cancer before age 45 years and 
a first- or second-degree relative with any cancer 
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before age 45 years or a sarcoma at any age.  
In 2009, more detailed criteria were proposed to 
guide testing for TP53 (2009 Chompret criteria) 
[33]: a proband who has a tumor belonging to the 
LFS spectrum before age 46 and at least one first- 
or second-degree relative with an LFS tumor, or a 
proband with multiple tumors, two of which 
belong to the LFS spectrum and the first of which 
occurred before age 46 or a proband with adreno-
cortical carcinoma or choroid plexus tumor, irre-
spective of family history.

Clinical Genetics

LFS is inherited in an autosomal dominant fash-
ion and is caused by germline mutations in the 
TP53 gene. Sequencing of TP53 detects about 
95 % of all mutations in TP53. Deletion analysis 
can identify an additional 1 % of mutations in 
TP53. Most mutations are inherited and the exact 
frequency of de novo mutations in TP53 is not 
established. Penetrance is high but not complete. 
The risk of cancer in LFS is estimated to be 50 % 
by age 30 years and 90 % by age 60 years, with 
higher risks in women than men. Mutations in 
CHEK2 have been reported in a few families, but 
it is not thought to be a major underlying cause 
of LFS.

Tumor Spectrum

During childhood, LFS individuals are at high 
risk of developing adrenocortical carcinoma, soft 
sarcomas including rhabdomyosarcoma, osteo-
sarcoma, and leukemia. Brain tumors associated 
with LFS are high-grade gliomas, choroid plexus 
carcinoma (CPC), and medulloblastoma.

Diffuse Astrocytoma (Grade II–IV)
Malignant gliomas are the most frequent brain 
tumors affecting individuals with LFS. However, 
they tend to occur during late childhood and adult 
life. In the setting of LFS, both de novo glioblastoma 
and diffuse astrocytomas with secondary transforma-
tion are reported. The prognosis for LFS-associated 
gliomas is just as poor as in sporadic cases.

The fact that brain tumors seem to cluster in 
certain families with LFS suggests that mutations 
in specific regions of TP53, such as those binding 
the minor groove of DNA, may exert some degree 
of organ-specific carcinogenesis. Mutations in 
IDH1, ubiquitous in secondary sporadic GBM, 
are also present in astrocytomas from LFS 
patients [34]. However, in all reported cases the 
acquired mutation was R132C, a rare occurrence 
in the setting of sporadic tumors (<5 %).

Choroid Plexus Carcinoma
TP53 alterations play a significant role in CPC 
tumorigenesis. Somatic TP53 mutations were 
observed in 50 % of CPC and germline mutations 
in 16–36 % of patients. Therefore, the new LFS 
guidelines include CPC as a part of the diagnostic 
criteria for LFS. P53 dysfunction is associated 
with poor outcome in CPC; however, the signifi-
cance of germline TP53 mutations on survival is 
still unknown.

Medulloblastoma
Medulloblastomas account for 11 % of reported 
LFS-associated brain tumors. TP53 mutations 
are found in 5–10 % of medulloblastomas. Most 
LFS-associated medulloblastomas belong to the 
SHH group and are associated with the large 
cell type, anaplastic type, high degree of 
genomic instability, and poor outcome [35]. In 
contrast to CPC which occur at young age, most 
LFS- associated medulloblastomas occur in the 
second decade at older age than sporadic 
medulloblastomas.

Clinical Applications

Current recommendations are to screen every 
patient with CPC for tumor and germline TP53 
mutations. Medulloblastomas which stain posi-
tive for P53 or belong to the SHH subgroup 
should be screened for TP53 mutations and if 
positive proceed to genetic counseling and germ-
line testing. Since most childhood gliomas are 
not associated with LFS, testing should rely on 
family and patient history. Since surveillance 
protocol has been shown to improve survival for 
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individuals with LFS [36], this protocol should 
be offered to all patients and family members 
(see Fig. 17.1 now).

Von Hippel-Lindau Disease

Von Hippel-Lindau (VHL) is an autosomal domi-
nant disorder, and is suspected in the presence of 
characteristic lesions such as hemangioblasto-
mas, multiple renal cysts and renal cell carci-
noma, pheochromocytoma, and endolymphatic 
sac tumors.

Diagnosis of VHL is established clinically, 
using the following diagnostic criteria: in an indi-
vidual with no family history of VHL, the pres-
ence of at least two characteristic lesions and in 
an individual with a positive family history of 
VHL, the presence of retinal angioma, spinal or 
cerebellar hemangioblastoma, pheochromocy-
toma, renal cell carcinoma, or multiple renal or 
pancreatic cysts.

VHL type 1 is the combination of retinal angi-
oma, CNS hemangioblastoma, renal cell carci-
noma, pancreatic cysts, and neuroendocrine 
tumors. It is characterized by a low risk of pheo-
chromocytoma. VHL type 2 is associated with 
pheochromocytoma. VHL type 2A is the combi-
nation of pheochromocytoma, retinal angiomas, 
and CNS hemangioblastoma, with a low risk for 
renal cell carcinoma. VHL type 2B combines the 
characteristics of type 2A with pancreatic cysts, 
neuroendocrine tumors, and a high risk for renal 
cell carcinoma. VHL type 2C is associated with 
pheochromocytoma only.

Clinical Genetics

VHL is a major tumor suppressor in the hypoxia- 
induced factor (HIF) pathway. This oncogenic 
pathway is activated in many cancers and is 
responsible for angiogenesis in these tumors. 
VHL recruits ubiquitin ligase that targets HIF for 
degradation. In recent years, other tumor  
suppressive functions of VHL have been recog-
nized, linking it to other cancer predisposition  

syndromes [37]. Molecular analysis identifies 
mutations in 95 % of classical VHL, partial or 
whole gene deletions accounting for 30–40 % of 
cases. Mutations are inherited in about 80 % of 
cases and de novo in 20 %. Truncating mutations 
or missense mutations that are predicted to 
grossly disrupt protein structure are associated 
with VHL type 1. Other missense mutations are 
typically associated with VHL type 2. Penetrance 
is high: almost all individuals with a mutation in 
VHL develop symptoms by age 65.

Tumor Spectrum

Central Nervous System 
Hemangioblastomas
Hemangioblastomas of the CNS are the most 
common tumor in VHL disease, affecting 
60–80 % of all patients at an average age of 33 
years. The earliest case reported was at 11 years 
of age. In a recent series of 6 children with soli-
tary cerebellar hemangioblastoma, only those 
with other suggestive features of VHL had a 
germline mutation [38]. Although of benign 
nature, these tumors are a major cause of morbid-
ity. Symptoms related to hemangioblastomas 
depend on tumor location and size, the presence 
of associated cysts (30–80 %), and/or edema. 
They arise anywhere along the craniospinal: spi-
nal cord (13–50 %), the cerebellum (44–72 %), 
the brainstem (10–25 %), the lumbosacral nerve 
roots (<1 %), and the supratentorial region 
(<1 %). Hemangioblastomas of the CNS often 
grow at several sites simultaneously with an 
irregular and unpredictable growth pattern. They 
are best assessed by gadolinium-enhanced 
MRI. Preoperative embolization is done at some 
centers to reduce tumor vascularity before resec-
tion. Most of them can be safely and completely 
resected by surgery. Stereotactic radiation ther-
apy is used in case of multiple craniospinal 
hemangioblastomas, especially those not associ-
ated with cysts. Erythrocytosis occurs in 5–20 % 
of cerebral hemangioblastomas and can necessi-
tate periodic phlebotomies, but it responds to sur-
gical resection [39].
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Retinal Hemangioblastomas
The mean age at diagnosis of retinal hemangio-
blastomas (“retinal angiomas”) is 25 years. Only 
5 % are discovered before 10 years of age. They 
are seen in as many as 60 % of patients. They 
arise in the periphery, on or near the optic disc, or 
both. In about 50 % of cases, they are multifocal 
and bilateral. At initial stages, they are detectable 
only by examination of dilated eyes. Despite 
being asymptomatic initially, they can lead to 
part or total loss of vision. Both peripheral and 
central retinal hemangioblastomas can cause 
exudative and tractional retinal detachment as 
they enlarge. Most peripheral tumors respond to 
laser photocoagulation or cryotherapy. 
Vitrectomy and enucleation might be necessary 
in complicated and/or advanced cases (glaucoma 
or severe pain). The role of radiation therapy in 
severely affected patients needs to be defined. 
Anti-VEGF therapy is still experimental.

Clinical Applications

CNS and retinal hemangioblastomas are 
extremely uncommon during childhood. 
Therefore all patients with hemangioblastomas 
should be considered potentially affected by 
VHL disease and benefit from an intensive fam-
ily history and screening studies. Surveillance 
guidelines for VHL carriers exist and may allow 
for early diagnosis and treatment to prevent 
visual loss and other sequelae.

A Clinical Approach to Cancer 
Predisposition in Childhood Brain 
Tumors

A clinician treating children with brain tumors 
needs to be aware of the relatively high rate of 
germline mutations in this patient population. 
Therefore, high index of suspicion should be 
employed. Detailed family history of cancer is 
helpful in syndromes such as Li-Fraumeni; how-
ever, this should not rule out a patient since the rate 
of de novo mutations is high and some autosomal 

recessive syndromes may have uninformative 
family history. A child with a brain tumor and 
consanguineous parents should be a red flag.

Clinical examination at initial visit should 
focus on signs such as skin lesions and dysmor-
phism which can suggest a specific syndrome.  
In any case of suspicion, a referral to genetic 
counseling and testing is highly recommended, 
preferably before treatment initiation as this may 
affect the results of some functional and genetic 
tests. For each specific tumor, a different group of 
syndromes may be applied. This may guide the 
clinician on specific questions and clues upon 
physical examination (Table 8.1). Finally, some 
tumors are specifically associated with specific 
syndromes. In these cases, since the rate of germ-
line mutations is extremely high, referral to 
genetic counseling is recommended even without 
the classical history and signs on physical 
examination.

Finally, the new molecular and genetic tests 
which are added to the pathological work may 
suggest somatic tumor mutations which should 
be traced to the germline. Examples include a 
young infant with desmoplastic medulloblastoma 
with SHH gene signature which is highly sugges-
tive of Gorlin syndrome and a very young child 
with AT/RT and negative stain for BAF47 which 
is associated with germline mutations in 
SMARCB1.

Summary

The aim of this chapter was to give an outline and 
a clinical approach to the major cancer predispo-
sition syndromes associated with pediatric brain 
tumors. As discussed in the introduction, we did 
not aim at covering all syndromes where child-
hood brain tumors were reported. Furthermore, 
next-generation sequencing reveals that the 
mutation spectrum uncovered by clinical associa-
tions is only the tip of the iceberg and novel 
genetic syndromes may be a part of our land-
scape and require specific individualized 
approach in the near future. However, the role of 
the clinician in suspecting, pursuing the diagnosis, 
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and building a patient-oriented treatment and sur-
veillance protocols cannot be overemphasized. 
These qualities can improve survival of both the 
child and family members [36] in the world of 
precision medicine.
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           Epidemiology 

 Low grade gliomas are the most common brain 
tumors in the pediatric population comprising 
around 30–50 % of all newly diagnosed brain 
tumors [ 1 ]. 

 Predisposing factors are hereditary phakoma-
tosis  like neurofi bromatosis (NF) 1 and 2 as well 
as tuberous sclerosis (TS). Around 15–20 % of 
all patients with NF 1 will develop an optic path-
way glioma, accounting for around 80 % of all 
tumors in this location. Another 4 % of patients 
with underlying NF 1 will develop a low grade 
glioma outside the optic pathway. Between 6 and 
14 % of all TS patient will develop a subependy-
mal giant cell astrocytoma (SEGA). 

 Most children have a few months to year’s his-
tory of subtle symptoms mainly related to chronic 
hydrocephalus (posterior fossa or tectal location 
or SEGA). Visual symptoms are very common 
for the optic pathway glioma (OPG) group 
including nystagmus, esotropia, scotoma, visual 

fi eld defect, or decreased visual acuity. Within 
the suprasellar location patients often present 
with endocrinopathies including growth hormone 
defi ciency and diencephalic syndrome. Brainstem 
lesions may present with Parinaud syndrome 
(near light dissociation, retraction nystagmus, 
and limited up gaze), unexplained vomiting with-
out headache, postural hypotension, dysphagia, 
hoarse voice, and/or obstructive or central apnea.  

   Location 

 LGG can occur anywhere within the central ner-
vous system (CNS), and the most common loca-
tion is within the posterior fossa (around 
20–25 %) [ 1 ]. Other common locations are brain-
stem or midline location (optic pathway, supra-
sellar, tectal, thalamic). Locations within the 
cerebral hemispheres are more commonly of 
neuronal origin-like dysembryoplastic neuroepi-
thelial tumor (DNET), presenting with temporal 
lobe seizures. Primary spinal location is described 
at around 5 %. 

 Leptomeningeal disease is described in around 
3–10 %, but could be underreported as staging 
(MRI spine and lumbar CSF) for nonsymptom-
atic patients is not standard of care. It seems to 
occur more often in a progressive setting. 

 LGG are the typical CNS tumor in patients 
with neurofi bromatosis type I or patients with 
tuberous sclerosis. The classical location of a low 
grade glioma in patients with neurofi bromatosis 
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type I is within the optic pathway; pathological 
confi rmation is not necessary in the case of clas-
sical imaging fi ndings. Subependymal giant cell 
astrocytoma (SEGA), the classic tumor in tuber-
ous sclerosis patients, is characteristically found 
in the lateral and third ventricles.  

   Imaging Findings 

 Standard of care for imaging these tumors is 
magnetic resonance imaging (MRI) plus gado-
linium [ 2 ]. Classically these tumors are hypoin-
tense on T1 and hyperintense on T2 images. 
Contrast enhancement is quite variable and can 
change over time—the signifi cance of this is still 
unclear. 

 Magnetic resonance spectroscopy has not 
proven to be of any major benefi t as the pattern is 
similar to the normal brain. Functional MRI may 
be helpful for operative planning. 

 Typically posterior fossa juvenile pilocytic 
astrocytomas (JPA) present with a combination 
of a large cystic component with an enhancing 
mural nodule (Fig.  9.1 ).

   Within the brainstem an exophytic tumor 
component is suggestive of a low grade glioma 
(Fig.  9.2 ).

   For optic pathway glioma, classically the 
intraorbital portion of the optic nerve shows some 
tortuosity and thickening (Fig.  9.3 ).

  Fig. 9.1    Typically posterior fossa juvenile pilocytic astrocytomas       

  Fig. 9.2    Exophytic brainstem low grade glioma. 
Reprinted from Warmuth-Metz M. Neoplasms, Brain, 
Posterior Fossa, Pediatric. In: Baert AL (ed). Encyclopedia 
of Diagnostic Imaging. Berlin, Germany: Springer- 
Verlag; 2008:1231–1237. With permission from Springer 
Verlag       
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   Subependymal giant cell astrocytomas have 
the appearance of “snowballs” sitting in the ven-
tricles (Fig.  9.4 ).

      Pathology 

 Low grade gliomas are grade I or II tumors as per 
the WHO grading system of astrocytic, oligoden-
droglial, and mixed glial–neuronal origin. They 

represent a heterogeneous group of tumors and as 
per the 2007 World Health Organization (WHO) 
classifi cation of primary CNS tumors include the 
most common ones [ 3 ]:
    (a)    Juvenile pilocytic astrocytoma (JPA), char-

acterized through Rosenthal fi bers (Fig.  9.5 )
       (b)    Pilomyxoid astrocytoma (PMA), fi rst named 

in 1999 by Tihan et al., describing a tumor 
typically located in the hypothalamic/chias-
matic region, affecting predominantly infants 
and younger children and appears to have a 
less favorable prognosis [ 4 ]. They are charac-
terized histologically by a prominent myxoid 
matrix and angiocentric arrangement of 
monomorphous, bipolar tumor cells (Fig.  9.6 ).

  Fig. 9.3    Optic pathway glioma       

  Fig. 9.4    Subependymal giant cell astrocytoma       

  Fig. 9.5    Juvenile pilocytic astrocytoma. Courtesy of 
Cynthia E. Hawkins       

  Fig. 9.6    Pilomyxoid astrocytoma (PMA). Reprinted 
from Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, 
Burger PC, Jouvet A, Scheithauer BW, Kleihues P. The 
2007 WHO classifi cation of tumours of the central ner-
vous system. Acta Neuropathologica, 2007; 114: 97–109. 
With permission from Springer Verlag       
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       (c)    Diffuse (fi brillary, gemistocytic, protoplas-
mic) astrocytoma, this subtype is the most 
common in the adult population. Fibrillary 
astrocytomas stain positively for glial fi bril-
lary acidic protein (GFAP). Some pediatric 
series describe fi brillary astrocytoma as the 
second most common subtype [ 1 ] (Fig.  9.7 ).

       (d) Pleomorphic xanthoastrocytomas (PXA) are 
typically superfi cial cortical tumors with a 
large cystic component arising from cortex. 
They are uncommon, but important to recog-
nize as usually WHO grade II tumors. The 
neoplasm consists of sheets of large pleo-
morphic cells with abundant pink cytoplasm 
and focal perivascular collections of lympho-
cytes. Cytoplasmic vacuolization due to the 
presence of lipid accumulation is often pres-
ent in the bizarre cells, although it is not a 
prominent feature of this case. Rosenthal 
fi bers and eosinophilic granular bodies are 
sometimes found. Mitotic activity, microvas-
cular proliferation, and necrosis are usually 
absent. They can often be cured with a gross 
total resection alone (Fig.  9.8 ).

   The WHO grading is very important for treat-
ment and prognosis. As WHO grade II tumors 
tend to have a more aggressive behavior, the role 
of adjuvant treatment has to be considered care-
fully as the risk of further progression is higher. 

 Despite being the most frequent brain tumor in 
childhood, there are hardly any data on molecular 
biology available. Currently the main focus is on 
BRAF gene mutations [ 5 ,  6 ], which were initially 

described in 2005 and have been described in other 
malignancies as well like malignant melanoma. 
BRAF is a proto- oncogene that works as a down-
stream target for the RAS protein. The RAS (MAPK) 
signaling pathway plays a signifi cant role in cell 
growth, differentiation, and apoptosis. So mutations 
or duplications of the BRAF gene will lead to onco-
genic activation (Fig.  9.9 ).

   The majority of LGA (low grade astrocytoma) 
have the KIAA-1549 fusion gene as demon-
strated below (Fig.  9.10 ).

   The clinical relevance of this fi nding has been 
studied in a paper by Hawkins et al. [ 7 ]. They 
correlated tumor samples with BRAF alterations 
with clinical data retrospectively and the fusion 
of the BRAF-KIAA-1549 has been identifi ed as a 
positive predictive marker in an incompletely 
resected LGA independent of their location, 
pathology, or age. This pathway could serve as a 
possible drug target for treatment. 

 Spontaneous growth arrest can be observed in 
LGA. It has been speculated that the lack of telo-
mere maintenance is responsible for this 
 biological behavior [ 7 ]. Telomeres are found at 
the terminal end of each chromosome. They are 
protective, but get shortened which each mitotic 
cycle until a growth arrest state. This study dem-
onstrated that the telomeres of younger astrocy-
toma patients were signifi cantly longer resulting 
in a more aggressive behavior and further recur-
rence. The conclusion was made that telomere 
maintenance could function as a biological prog-
nostic marker.  

  Fig. 9.7    Fibrillary astrocytomas. Courtesy of Cynthia 
E. Hawkins       

  Fig. 9.8    Pleomorphic xanthoastrocytomas. Courtesy of 
Cynthia E. Hawkins       
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  Fig. 9.9    BRAF gene. Reprinted from Ascierto PA, Kirkwood JM, Grob J-J, et al. The role of BRAF V600 mutation in 
melanoma. Journal of Translational Medicine 2012; 10(1):85. With permission from BioMed Central Ltd.       
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  Fig. 9.10    Graphic breakpoint of the BRAF gene. Reprinted 
from Cin H, Meyer C, Herr R, et al. Oncogenic FAM131B–
BRAF fusion resulting from 7q34 deletion comprises an 

alternative mechanism of MAPK pathway activation in 
pilocytic astrocytoma. Acta Neuropathol 2011; 121(6): 
763-774. With permission from Springer Verlag       
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   Treatment 

 Surgery is the main treatment modality and cura-
tive when complete removal is possible with 
acceptable functional outcome [ 8 ]. This mainly 
applies to tumors within the cerebellum or hemi-
spheric tumors. 

 Since surgery for deep-seated tumors is often 
restricted to debulking procedures or image- 
guided biopsies, focal radiation therapy was tra-
ditionally applied to such tumors. Over the years 
the lower age limit for radiation as a fi rst-line 
adjuvant therapy has been changed to older chil-
dren (over 10 years of age), but between different 
study groups no consensus has been reached in 
regard to the optimal age to continue deferral of 
radiation. This is likely dependent at least in part 
to the degree of dysfunction from the tumor and 
the potential radiation volume. Also more knowl-
edge not only about neurocognitive impairment 
but also vascular complications, e.g., caverno-
mas, Moyamoya disease, or endocrinopathies, 
has emerged. Merchant et al. [ 9 ] published the 
largest prospective series on late effects for con-
formal radiation for low grade gliomas. Most of 
the tumors were localized in the diencephalon. 
Most of these patients needed multiple hormone 
replacements including growth hormone, thy-
roid, glucocorticoid, and gonadotropin-releasing 
hormone replacement. IQ decline was more 
severe with younger age at radiation and did not 
plateau 5 years post radiation treatment. 

 Merchant et al. described in a prospective 
series disease control with a 5-year event-free 
survival at 87.4 ± 4.4 %, but raised the concerns 
of higher rates of vasculopathy in the younger 
age group less than 5 years of age [ 10 ]. 

 After initial anecdotal observations in the 
1970s, chemotherapy has gained an important 
role as primary treatment of LGG, particularly in 
young children. Most of the early series were 
using a single-agent approach with either alkylat-
ing or platinum-based chemotherapies. More 
recently, combination therapies over extended 
periods were developed to potentially address the 
biological pattern of these slow growing tumors. 

 The initial indication for the use of chemo-
therapy was a salvage approach in the setting of a 
progressive tumor following radiation treatment. 
However, several prospective studies demon-
strated safety and effi cacy of chemotherapy as 
the fi rst-line treatment for LGG. The primary 
goal with this approach is to avoid or at least 
postpone radiotherapy, which will then be 
reserved for recurrent/progressive tumors. Since 
radiation therapy is known to affect neurocogni-
tive and endocrine function and growth and may 
trigger malignant transformation, there is increas-
ing interest in considering repeated chemother-
apy at further progression of LGG, particularly in 
young children. 

 The most commonly used combination 
(North America and Europe) is still carboplatin 
and vincristine (CV). Another well-established 
regimen is TPCV (thioguanine, procarbazine, 
lomustine, and vincristine), which has been 
tested in a randomized study versus CV [ 11 ]. 
The treatment adapts to the natural growth of the 
tumor, so it is low dose over a prolonged period 
of time (52 weeks). The goal of the treatment is 
to prevent further growth and stabilize the size of 
the tumor to avoid further damage. A 5-year 
event- free survival has been reported at 
39 % ± 4 % for the CV group compared to 
52 ± 5 % for the TPCV group in patients less than 
10 years of age ( p  = 0.1). Response rate in both 
arms were similar with progressive disease in 
32 %. The TPCV arm had slightly more toxicity 
when allergic reactions to carboplatin were 
excluded. The German HIT- LGG study group 
reports a 10-year event-free survival of 44 % 
with a slightly different CV regimen [ 12 ]. 

 Given the up to 30 % incidence rate of allergic 
reaction to carboplatin, the Canadian group 
started a trial with monotherapy vinblastine as a 
CV substitute [ 13 ]. Nine children were enrolled 
in the original trial, and none showed further 
tumor progression. This resulted into a prospec-
tive weekly vinblastine phase II trial for relapsed 
and progressive low grade gliomas [ 14 ]. With 
minimal toxicity the 5-year event-free survival 
was 42.3 % ± 7.2 %, comparable to so far pub-
lished up-front chemotherapy regimens. 
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 In the meantime the Canadian Pediatric Brain 
Tumor Consortium (CPBTC) has completed a 
weekly vinblastine trial for chemotherapy-naïve 
children with progressive LGG as the frontline 
therapy. 

 The second-line chemotherapy has also been 
established for salvage therapy following further 
progression after initial chemo- or radiotherapy 
[ 15 ]. Thirty-eight patients received the second- 
line chemotherapy often within the same group 
(vinca-alkaloid) and the 5-year event-free sur-
vival was reported as 37. 5 ± 8 % with similar tox-
icity compared to the fi rst line. 

 With regard to the use of newer chemothera-
peutic agents, bevacizumab-based therapy has 
been investigated in recurrent low grade gliomas 
[ 16 ]. The majority of patients received a combi-
nation with irinotecan with acceptable toxicities. 
Overall objective response was observed in 86 % 
of the patients with the initial treatment and no 
patient showed progression on treatment, only 
after discontinuation, but all were salvageable 
with bevacizumab again. These results have led 
to conduct a fi rst-line chemotherapeutic trial 
with bevacizumab/vinblastine versus vinblastine 
monotherapy. 

 Targeted treatment is currently being studied 
in low grade astrocytomas within the setting of 
neurofi bromatosis type I or tuberous sclerosis. 
mTor pathway inhibitors are currently being 
tested in phase I/II trials for the treatment of 
SEGA [ 17 ]. The big advantage of mTor inhibitor 
like sirolimus or everolimus is the oral delivery. 
However it has been observed that the SEGAs 
regrow on stopping the inhibitor, thus commit-
ting the child to long-term therapy or alterna-
tively providing an opportunity for an easier 
surgical resection once the tumor has partially 
responded to the inhibitor.  

   Outcome 

 Over the years quite a few prognostic markers 
have been established. Gross total resection has 
been identifi ed as a very strong positive predictive 
marker with an overall survival of around 100 % [ 8 ]. 

This is also confi rmed for the group of primary 
spinal location with a difference of a 5-year event-
free survival of 88 % ± 13 % for GTR compared to 
34 % ± 11 % for less than GTR [ 18 ]. 

 On the other hand intra- and perioperative 
death in infants with suprasellar tumor location 
has been reported most likely related to severe 
hypothalamic-pituitary dysfunction. 

 In some series underlying NF 1 has been a 
positive prognostic factor for treatment response. 
These results have been controversially discussed 
as many OPG in this patient population get diag-
nosed by surveillance MRI for their underlying 
NF 1 and so potentially the treatment indication 
could have been different. The German HIT-LGG 
study group did perform a separate analysis of 
their NF 1 patient population [ 19 ]. One hundred 
and nine patients were included, 76 % of them 
with an OPG. Within the chemotherapy group 
(CV regimen) a 5-year event-free survival of 
73 % was reported. 

 As negative prognostic markers, young age 
(<1 year), midline location, and histology other 
than juvenile pilocytic subtype have been identi-
fi ed [ 12 ]. 

 There is a huge difference between overall and 
progression-free survival in this tumor. Whereas    
overall survival is over 90 % at 5 years, 
progression- free survival is reported in different 
studies at around 40–50 % for nonsurgical 
tumors. Even in the setting of posterior fossa 
location with subtotal resection, the 5-year event- 
free survival is only around 63 % [ 8 ]. 

 Whereas malignant transformation from low- 
to high grade astrocytoma is very common in the 
adult population, it is a rare phenomenon in the 
pediatric world [ 20 ]. The long-term risk is less 
than 10 % for patients with a WHO grade II 
tumor. The molecular changes observed in this 
transformation as similar to adult glioblastoma 
with TP53 overexpression and abnormalities in 
the retinoblastoma tumor-suppressor pathway. 
Radiation therapy as the primary treatment 
modality could not be identifi ed as a risk factor in 
this study. However there are occasional case 
reports of malignant transformation of JPA but 
only following radiation. 

9 Low Grade Glioma
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 Over the past few years long-term morbidity 
has become a major focus of research as the over-
all survival is excellent in this tumor group. 

 Benesch et al. [ 21 ] reviewed a group of 78 
long-term survivors of pediatric low grade glio-
mas over a 20-year time period. Overall survival 
of this group has been 79 %. Chronic medical 
problems included neurological sequelae, neuro-
endocrine issues, visual defi cits, hearing impair-
ment, and others. The severity of the long-term 
side effects was mainly infl uenced by location 
(midline) and treatment (radiotherapy). 

 From a neurodevelopmental point of view this 
group has been understudied for a long period of 
time given the overall outcome and the “mild” 
unimodal treatment. Newer research has identi-
fi ed issues with lower IQ, overall adaptive behav-
ior, internalizing symptoms, and adaptive skills 
independent of location even in the group of cer-
ebellar location [ 22 ]. Hypothalamic involvement, 
chronic hydrocephalus, and volume of radiation 
are likely contributory causes. 

 But how do all of these results infl uence the 
quality of life from the perspective of the patient? 
In a German study 49 survivors of pediatric low 
grade glioma and their parents were assessed 
with a quality of life questionnaire tool [ 23 ]. The 
survivors rated their quality of life, physical well- 
being, and self-esteem higher than their healthy 
peers, but their parents had a different impres-
sion. This demonstrates the coping mechanism of 
children with a chronic disease.  

   Future Directions 

 As low grade gliomas are a very heterogeneous 
group of tumors, treatment has to be modifi ed for 
certain risk groups. 

 For tumors which can be gross    or near totally 
resected and show WHO grade I histology, a 
watch-and-follow approach seems to be justifi ed. 

 Patients less than 1 year of age with a supra-
sellar lesion seem to comprise a high risk popula-
tion, most likely refl ecting the biological behavior 
of a WHO grade II tumor requiring more intense 
treatment. Patients with low grade medullary 

lesions should be considered for adjuvant therapy 
early following resection, in view of the critical 
function of this location. 

 Also patients with WHO grade II histology 
seem to fi t into a higher risk group, where adju-
vant treatment is more likely required. 

 Further targeted treatment especially in the 
patients with NF 1 with better understanding of 
the affected pathway should be implemented in 
pilot treatment protocols. 

 The role of radiotherapy in these tumors given 
the increasing number of long-term sequelae and 
no superior role in tumor growth control needs to 
be rediscussed and defi ned. 

 A further discussion is warranted regarding 
the primary endpoint of treatment: radiological 
response versus symptoms response as some-
times fi ndings on MRI can be very subtle and 
volume calculation changes very diffi cult. 

 An interdisciplinary team approach (e.g., oph-
thalmology, endocrinology, and neuropsychol-
ogy) as practiced at many centers should be 
considered the standard of care. 

 A further point of discussion is follow-up care 
in this patient population given that many of them 
have residual tumors. Surveillance MRI frequency 
has not been established yet, as the question 
remains as to whether these tumors will undergo 
malignant transformation during adulthood. 

 As overall pediatric low grade glioma can be 
considered a chronic disease, interventions and 
follow-ups have to be balanced with long-term 
morbidity.      
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           Introduction 

 Gliomas are primary brain tumors derived from 
the glial cell (astrocytic and/or oligodendroglial) 
lineage. These tumours are historically separated 
into low- or high-grade categories according to 
the World Health Organization (WHO) classifi ca-
tion system. Low-grade astrocytomas (WHO 
grades I and II) constitute approximately 50 % of 
primary supratentorial tumors of childhood and 
are more common than high-grade astrocytomas 
(WHO grades III and IV) [ 1 ,  2 ]. High-grade glio-
mas (HGGs) are less common in the pediatric age 
group when compared to adults [ 1 ] constituting 
3–7 % of all childhood brain tumors [ 2 ,  3 ], are a 
histologically heterogeneous group of tumors, 
and are classifi ed, according to the putative cell of 
origin, as: astrocytic tumors (anaplastic astrocy-

toma (AA), glioblastoma (GBM), giant cell 
GBM, and gliosarcoma), oligodendroglial tumors 
(anaplastic oligodendroglioma), or oligoastro-
cytic (mixed) tumors (anaplastic oligoastrocy-
toma). Other rare HGG varieties include anaplastic 
ganglioglioma, which appears to have a more 
favorable prognosis than other HGGs and ana-
plastic pleiomorphic xanthoastrocytoma [ 1 ]. 
Special categories of HGG include diffuse intrin-
sic pontine gliomas [DIPG, WHO grade IV; dis-
cussed in a separate chapter] and gliomatosis 
cerebri (grade III). All of these HGG tumors are 
characterized by their highly invasive nature lead-
ing to diffi culty in treatment and they are poorly 
responsive to even the most aggressive therapies. 
Surgery and Radiation therapy (RT) are the usual 
modes of therapy, especially for AAs and GBM 
and prognosis is better in children than adults [ 2 ]. 
The optimal use and selection of chemotherapy, 
given concurrently with RT and/or in the adjuvant 
setting, remain to be determined.  

   Epidemiology 

 Gliomas are the most common childhood tumors 
of the central nervous system (CNS), accounting 
for 53 % of tumors in children ages 0–14 years 
and 37 % in adolescents aged 15–19 years [ 2 ]. 
HGGs comprise ~17 % of childhood and ~8 % of 
adolescent brain tumors when including DIPG 
[ 2 ]. HGGs are at least 20 times more common in 
adults than in children, particularly GBM, which 
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is the most common primary malignant brain 
tumor in adults. GBM comprises approximately 
3 % of all brain and CNS tumors reported among 
0–19 year olds [ 2 ]. In the pediatric population 
HGGs seem to affect boys and girls equally [ 2 ]. 

   Etiology and Associations 

 The causes of gliomas remain largely unknown, 
although certain familial cancer predisposition syn-
dromes are associated with an increased risk of 
HGG. Li–Fraumeni syndrome (LFS), a dominantly 
inherited syndrome involving the p53 tumor sup-
pressor gene, is characterized by one or more can-
cer occurrences in children including HGGs.  p53  
mutations are rare in sporadic pediatric CNS 
tumors lacking a typical family history. In addition 
to LFS, neurofi bromatosis type I (NF- I, with muta-
tions in the neurofi bromin gene, which is also a 
tumor suppressor gene) and familial cancer syn-
dromes involving the DNA mismatch repair 
(MMR) genes can predispose to HGG [ 4 ]. These 
disorders include: (i) Turcot syndrome, type I 
(HNPCC, hereditary non-polyposis colorectal can-
cer) with MSH6 gene mutations; (ii) Turcot syn-
drome, type II with APC gene mutations; and (iii) 
BRCA syndrome with BRCA1 or BRCA2 gene 
mutations. As well, patients with multiple enchon-
dromatosis are at increased risk of HGG. However, 
to date, the most robust association linked to the 
development of malignant gliomas is prior expo-
sure to therapeutic ionizing radiation.   

   Clinical Features 

 The presentation of HGG varies and depends 
largely on the age of the patient, the anatomic 
location of the tumor, and the associated effects 
on the structures surrounding the tumor. 
Compared with low-grade gliomas (LGG), 
HGGs tend to have a shorter interval of symp-
toms. The signs and symptoms can be broadly 
divided into three categories:
    (a)     General and Non-localizing Features:  

Constitutional symptoms such as develop-
mental delay, failure to thrive, behavioral or 
mood changes, declining school perfor-

mance, changes in handwriting, and loss or 
regression of previously attained milestones.   

   (b)     Increased Intracranial Pressure  (ICP): 
Children with HGG frequently present with 
symptoms related to raised ICP, including 
headache, nausea, and vomiting, which are 
all classically worse in the morning attrib-
uted to increased cerebrovenous pooling dur-
ing sleep. Clinical signs include papilledema, 
Parinaud’s syndrome (“setting sun” sign), 
anisocoria (pupillary size inequality), ataxia, 
and head tilt. In the infantile period when the 
sutures are still open, the signs may include 
delayed closure of the fontanelles, or a bulg-
ing anterior fontanelle with separation of 
sutures and increased head circumference 
usually due to concurrent hydrocephalus.   

   (c)     Localizing Signs : Localizing neurological 
defi cits depend on the site of the tumor. HGGs 
that originate supratentorially often present 
with hemiparesis or progressively worsening 
seizures, although seizures are a less common 
presenting sign in HGG than in LGG. Cortical 
gliomas can present with dysphasia, hemisen-
sory loss, early handedness, or change in 
handedness apart from the nonspecifi c signs 
described above. Midline gliomas can present 
with cranial neuropathies (visual loss, diplo-
pia, facial palsy, etc.). Dissemination of malig-
nant gliomas into the cerebrospinal fl uid is 
less common than for medulloblastoma and 
other neural tumors but is being recognized 
more frequently, particularly as patients sur-
vive longer. In a large German series approxi-
mately 3 % of patients with HGGs had 
metastatic disease at presentation [ 5 ]. Though 
a delay in diagnosis is a frequent occurrence, 
the impact on overall survival may not be sig-
nifi cant although the quality of survival may 
be affected by inordinate delays [ 6 ].      

   Diagnostic Evaluation 

   Imaging Studies 

 Neuroimaging examinations in HGG are used 
to determine the size and site of origin of the 
lesion, establishing a primary diagnosis (DIPG), 
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and planning treatment. Various neuroimaging 
modalities are being used for selecting a site for 
stereotactic biopsy, guiding resection, radiation 
therapy planning, application of experimental 
therapeutics (such as convection-enhanced deliv-
ery or CED), and delineation of tumor from func-
tionally important brain parenchyma. 

   CT Scans 
 Computed tomographic (CT) scans are usually 
the fi rst imaging procedure done in patients with 
raised ICP or seizures in the emergency room. 
HGG can be identifi ed on computed tomographic 
(CT) scans as irregular isodense or hypodense 
white matter lesions. There is overlap in anatomi-
cal localization of pediatric supratentorial HGG 
and LGG (grade II). Both grade II and grade III 
lesions tend to be ill-defi ned, being hypodense 
masses on CT studies. Calcifi cation or cystic 
changes may be seen. Anaplastic astrocytoma 
often shows enhancement, at least focally. GBM 
characteristically presents as a ring-enhancing 
lesion in post-contrast-enhanced CT images. CT 
scans are used rarely for routine surveillance and 
follow-up of pediatric patients due to poor ana-
tomic delineation of tumor to adjacent brain and 
to potential radiation exposure and long-term 
cancer risk. However, CT scan is very helpful for 
rapid assessment of ventricular status and to 
determine whether intracranial or intra-tumoral 
bleeding has occurred in the inpatient or emer-
gency room setting.  

   MRI 
 Magnetic resonance imaging (MRI) is cur-
rently the modality of choice for localization 
and assessment of HGG. MRI provides valu-
able information about secondary phenomena 
such as mass effect, edema (pseudoresponse 
vs. progression during therapy), hemorrhage, 
necrosis (radiologic), and signs of increased 
ICP. In addition, MRI provides excellent tis-
sue contrast and high spatial resolution. 
Standard (conventional) MRI sequences 
obtained during routine imaging include 
T1-weighted (pre- and post-contrast images, 
usually with gadolinium), T2-weighted, and 

fluid-attenuated inversion recovery (FLAIR) 
images. Examples of two patients with HGG 
are shown (Fig.  10.1 ).

   Conventional MRI features of HGG are varied 
and can resemble LGG. These tumors are usually 
solitary or rarely can be multifocal. Cortical tumors 
usually have an irregularly enhancing rim sur-
rounding a necrotic core or can be poorly margin-
ated with diffuse infi ltration into white matter tracts 
such as the corpus callosum and anterior and poste-
rior commissures. On pre-contrast T1-weighted 
sequences, these tumors are iso- or hypointense. 
Post-contrast T1-weighted sequences typically 
show an irregular enhancing rim surrounding a 
non-enhancing area of central necrosis. Intra-
tumoral hemorrhage may be present in grade IV 
tumors. The enhancing rim typically represents 
highly proliferative, invasive, and radio-resistant 
tumor cells. T2-weighted and FLAIR sequences 
usually show a heterogeneous mass with variable 
signal intensity surrounded by bright areas repre-
senting a zone of vasogenic edema. It is important 
to note that infi ltrating malignant tumor cells 
extend far beyond the area of enhancement. Giant 
cell glioblastoma and gliosarcoma tend to be more 
demarcated than other glioblastomas. In gliomato-
sis cerebri at least three cerebral lobes are typically 
involved, and these tumors are usually bilateral and 
extend into deep gray matter structures. Gliomatosis 
may extend to involve the posterior fossa or even 
the spinal cord. Lesions are characteristically 
hyperintense on T2 and FLAIR MR imaging. 
Imaging of the neuraxis is indicated when there is 
concern for disseminated disease throughout the 
brain and spinal cord.  

   Functional Neuroimaging 
 Conventional MRI which gives information based 
largely on tumor structure and anatomic location 
is increasingly being supplemented by methods 
commonly referred to by the collective term 
“functional imaging” [ 7 ]. A range of functional 
imaging techniques for brain tumors that provide 
information on cellularity, tissue ultrastructure, 
metabolism, and vascularity are available and best 
acquired as part of a multimodal protocol. There 
has been an increased interest in using functional 
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imaging to assist in the diagnosis, management, 
and determination of treatment response of 
HGG. Some of the commonly used functional 
imaging techniques and their clinical uses are:
    (a)     Diffusion MRI  with two different techniques: 

diffusion-weighted imaging (DWI) and dif-
fusion tensor imaging (DTI). DWI uses 
apparent diffusion coeffi cient (ADC) histo-
grams and has been valuable in the grading 
of gliomas (especially LGG). Low ADC val-
ues correlate with high cellularity and prolif-
eration, most often seen in aggressive tumors. 
DTI has been shown to be useful in discrimi-
nating LGG from HGG and also in presurgi-
cal evaluation and radiosurgical planning of 
white matter tracts surrounding the tumor 

(DT tractography). Fractional anisotropy 
(FA) using DTI may prove helpful for the 
assessment of treatment-induced white mat-
ter changes in children during follow-up.   

   (b)     Perfusion MRI  (pMRI) provides a surrogate 
for neo-angiogenesis, which is a key feature of 
many malignant gliomas. An indirect mea-
surement of pMRI, the relative cerebral blood 
volume (rCBV), has been shown to correlate 
with tumor vascularity and HGGs tend to have 
higher rCBV values than low- grade tumors.   

   (c)     Functional MRI  (fMRI) is a commonly used 
technique for identifying the eloquent gray 
matter in cortical HGGs prior to surgery. 
This approach may be limited to older chil-
dren and adolescents.   

  Fig. 10.1    ( a–c )  A  12-year-old female with GBM. ( a ) 
Axial T1, ( b ) axial T1 with gadolinium, ( c ) axial T2. ( d – f ) 
 A  15-year-old male with malignant glioma. ( d ) Axial T1, 

( e ) axial T1 with gadolinium, and ( f ) axial T2. Both 
tumors demonstrate minimal contrast enhancement       
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   (d)     Magnetic resonance spectroscopy  (MRS) 
measures the chemical composition of tissue 
and provides semiquantitative information 
about major cellular metabolites. A common 
pattern in brain tumors is a decrease in 
 N -acetylaspartate (NAA), a neuron-specifi c 
marker, a decrease in creatine (Cr), and an 
increase in choline (Cho), lactate (Lac), and 
lipids (L). The concentration of Cho is a 
refl ection of the turnover of cell membranes 
(due to accelerated synthesis and destruction) 
and is more elevated in regions with a high 
neoplastic activity. Lactate is the end product 
of nonoxidative glycolysis and a marker of 
hypoxia and possibly necrosis in tumor tis-
sue. Tumor hypoxia is now recognized as a 
major promoter of tumor angiogenesis and 
invasion. MRS may be used in distinguishing 
tumor from non-tumor masses (abscess, 
infections, and metabolic disorders) or from 
radiation necrosis and in characterizing tumor 
grade (high grade vs. low grade). Multivoxel 
MRS imaging (MRSI) has the advantage of 
improved characterization of heterogeneous 
tumors but is technically more demanding, 
may be less reproducible, and is not widely 
available except in tertiary or quaternary 
treatment centers.   

   (e)     Positron emission tomography  using fl uoro-
deoxyglucose or F 18  (FDG-PET) is another 
noninvasive molecular imaging modality that 
aids in the diagnosis of malignant tumors and 
may distinguish active tumor from radione-
crosis. Besides F 18 , other radioisotopes, such 
as C 11 , are under the increasing use in adults 
and children.    

  Functional imaging techniques are becoming 
more widely available in clinical practice and 
have an important role in aiding the clinical man-
agement of children with HGG. They are increas-
ingly used preoperatively to differentiate between 
tumor and non-tumor pathology (MRS, pMRI), 
high- and low-grade tumors (MRS, DWI), and 
primary HGG and metastatic lesions to the brain 
(MRS). These adjunct studies may also improve 
diagnostic accuracy of a biopsy by determining 
the most abnormal region of the tumor (MRS, 
DWI) and to defi ne tumor margins for both surgi-

cal resection and radiation fi elds (fMRI, DTI). 
In the intraoperative and postoperative periods, 
functional imaging is most commonly used to 
identify eloquent areas of the brain especially in 
cortical tumors (fMRI, DTI) and for treatment 
planning for surgery, stereotactic radiosurgery, 
and radiation therapy (DT tractography). 
Monitoring for therapy-induced white matter 
changes and related toxicities (DTI), radiation 
necrosis versus residual/recurrent tumor, (MRS, 
DWI), and especially treatment response moni-
toring, including pseudoresponse (PsR) and 
pseudoprogression (PsP), is enhanced by these 
MRI- or PET-related imaging modalities [ 7 ]. The 
Response Assessment in Neuro-Oncology 
(RANO) criteria uses conventional MRI to assess 
treatment response of patients with gliomas 
(Table  10.1 ) [ 8 ]. Pediatric RANO (RAPNO) cri-
teria are under development [ 9 ].

        Pathology 

 Pediatric HGGs are less common than many 
other brain tumors occurring in infancy, child-
hood, and adolescence. Based upon the CCG-945 
study and others, central neuropathology review 
can often result in a reclassifi cation of HGG to an 
LGG or other histopathological entity [ 10 – 12 ]. 

   Morphology 

 Macroscopically HGGs, particularly GBM, tend 
to have a heterogeneous appearance, forming 
obvious masses, often containing areas of hemor-
rhage and/or necrosis. They typically have a mot-
tled tan, red, and brown coloration with 
alternating fi rm and softened zones. Gliosarcomas 
may be quite fi rm in consistency, due to the pres-
ence of sarcomatous components.  

   Histology 

 Microscopically, HGGs are distinguished from 
LGG by the presence of four important histologic 
criteria: nuclear atypia, mitotic activity (WHO 
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grades III and IV), necrosis (grade IV), and/or 
microvascular proliferation (grade IV). Tumor 
grade is established based on the area of the 
greatest anaplasia. AAs (grade III) are hypercel-
lular astrocytomas that in addition to nuclear 
atypia have increased mitotic activity. Vascular 
proliferation and necrosis are absent. Cells with 
large pleiomorphic or multiple nuclei may be 
present. GBM (grade IV), in addition to fi ndings 
listed for AA, display necrosis (typically pseudo-
palisading necrosis) or microvascular prolifera-
tion. Atypical mitotic fi gures may be present. 
Gliosarcoma (grade IV) is a biphasic high-grade 
glioma with both malignant astrocytic (GBM) 
and sarcomatous components. The sarcomatous 
portion is frequently fi brosarcoma, though it may 
include malignant fi brous histiocytoma, chondro-
sarcoma, osteosarcoma, leiomyosarcoma, rhab-
domyosarcoma, or even liposarcoma. Trichrome 
and reticulin stains are frequently helpful. 
Gliomatosis cerebri (GC, grade III) is most fre-
quently astrocytic tumors, though infrequently 
may contain oligodendroglial elements. Nuclei 

tend to be elongated and hyperchromatic, and 
pleiomorphic forms are not uncommon. 
Secondary structures are frequently present. 
Mitotic activity is variable. Areas resembling 
GBM may be present in some cases.  

   Immunohistochemistry 

 Expression of the intermediate fi lament  glial 
fi brillary acidic protein  (GFAP) refl ects the glial 
origin of these tumors and sometimes the extent 
of cytoplasmic development and is present in the 
intervening fi brillary matrix of these lesions. 
 S100  often shows diffuse nuclear and cytoplas-
mic positivity, and another intermediate fi lament 
 vimentin  is similarly positive. The proliferation 
marker  Ki - 67  (or  MIB - 1 ) is variably positive, 
refl ecting the low (grade II) to brisk (grades III 
and IV) proliferative activity of these lesions, 
respectively.  Neurofi lament  staining of intra- 
tumoral neuritic processes provides evidence of 
the infi ltrative pattern of these neoplasms. 

   Table 10.1    Response Assessment in Neuro-Oncology (RANO)   

 First progression  Defi nition 

 Progressive 
disease <12 
weeks after 
completion of 
chemoRT 

 • Progression can only be defi ned using diagnostic imaging if there is new enhancement outside 
of the radiation fi eld (beyond the high-dose region or 80 % isodose line) or if there is 
unequivocal evidence of viable tumor on histopathologic sampling (e.g., solid tumor areas 
[i.e., > 70 % tumor cell nuclei in areas], high or progressive increase in MIB-1 proliferation 
index compared with prior biopsy, or evidence for histologic progression or increased 
anaplasia in tumor) 

 • Given the diffi culty of differentiating true progression from pseudoprogression, clinical 
decline alone, in the absence of radiographic or histologic confi rmation of progression, will 
not be suffi cient for defi nition of progressive disease in the fi rst 12 weeks after completion of 
concurrent chemoRT 

 Progressive 
disease >or 
equal to 12 
weeks after 
completion of 
chemoRT 

 • New contrast-enhancing lesion outside of radiation fi eld on decreasing, stable, or increasing 
doses of corticosteroids 

 • Increase by >or equal to 25 % in the sum of the products of perpendicular diameters between 
the fi rst post-radiotherapy scan, or a subsequent scan with smaller tumor size, and the scan at 
12 weeks or later on stable or increasing doses of corticosteroids 

 • Clinical deterioration not attributable to concurrent medication or comorbid conditions is 
suffi cient to declare progression on current treatment but not for entry onto a clinical trial for 
recurrence 

 • For patients receiving antiangiogenic therapy, a signifi cant increase in T2/FLAIR non- 
enhancing lesion may also be considered progressive disease. The increased T2/FLAIR must 
have occurred with the patient on stable or increasing doses of corticosteroids compared with 
baseline scan or best response after initiation of therapy and not been a result of comorbid 
events (e.g., effects of radiation therapy, demyelination, ischemic injury, infection, seizures, 
postoperative changes, or other treatment effects) 

  Based on data from Ref. [ 8 ]  

M.I. Vanan et al.



107

 Pancytokeratin  is often positive at least focally in 
higher grade lesions, showing cross-reactivity 
with glial intermediate fi laments. More specifi c 
cytokeratin antibodies are usually negative. 
Sarcomatous portions of gliosarcoma, though not 
positive for GFAP, are consistently vimentin pos-
itive and tend to take on the staining properties of 
the particular sarcoma element present (muscle, 
fat, cartilage, etc.). Gliomatosis is variably posi-
tive for GFAP and S100 expression [ 1 ]. It may 
sometimes be a challenge for the neuropatholo-
gist to distinguish pediatric HGG from supraten-
torial primitive neuroectodermal tumors 
(sPNET), mandating central review for patients 
entered on a clinical trial.  

   Molecular Biology 

 In adults, GBM is typically classifi ed as either 
primary or secondary based on clinical and bio-
logical features. The vast majority of GBM 
(approximately 90 %) develop rapidly de novo in 
middle-aged or elderly patients, without clinical 
or histological evidence of a less malignant pre-
cursor lesion (primary glioblastomas). Secondary 
GBM progress stepwise from low-grade diffuse 
astrocytoma (grade II) or anaplastic astrocytoma 
(grade III). Histologically, primary and second-
ary glioblastomas may be indistinguishable, but 
they differ in their genetic and epigenetic pro-
fi les. Isocitrate dehydrogenase IDH1 mutations 
are classically seen only in secondary glioblas-
toma [ 13 ] and associated with a hypermethyl-
ation phenotype [ 14 ]. 

 Based on the histological similarity and recur-
rent genomic aberrations, pediatric GBM 
(pGBM) were historically thought to more 
closely resemble the secondary adult GBM 
(aGBM). PDGFRA mutations and focal amplifi -
cations are often present. Paugh et al. discovered 
somatic activating mutations in 14.3 % of pediat-
ric non-brainstem HGG [ 15 ]. In another study 
using FISH, PDGFRA amplifi cation was noted in 
29.3 % pediatric and 20.9 % adult HGG, but 
amplifi cation was not prognostic in children [ 16 ]. 
EGFR amplifi cation and EGFRvIII and PTEN 
mutations are less common in pGBM than aGBM 

[ 17 ,  18 ]. MGMT methylation as assessed by 
MGMT overexpression [ 19 ,  20 ] or methylation- 
specifi c PCR assays [ 21 ] has been correlated 
with improved EFS but has not yet been validated 
as either an independent predictive or prognostic 
marker for pediatric HGG when compared to 
adult GBM [ 22 ]. 

 Rapid advances in the fi eld of genomics 
(exome and whole genome sequencing studies) 
and international collaborative efforts (providing 
access to a large number of pediatric tumors) have 
led to greater understanding of HGG in children 
and adults. It is now clear that in the majority of 
cases described to date, pGBM is biologically dis-
tinct from aGBM [ 23 ,  24 ]. The majority of pediat-
ric GBM arise de novo and have characteristic 
clinical, genetic, and epigenetic features. 
Recurrent somatic driver mutations in the H3F3A 
gene, which encodes the replication- independent 
histone 3 variant (H3.3), lead to amino acid sub-
stitutions at key residues, namely lysine (K) 27 
(K27M) and glycine 34 (G34R/V), identify dis-
tinct subgroups of pediatric GBM, and are seen in 
30–45 % of cases [ 23 – 25 ]. H3.3 K27M mutations 
are more frequent in subcortical regions such as 
the thalamus and brainstem, whereas the H3.3 
G34R/V lesions tend to be in hemispheric loca-
tions [ 26 ]. IDH1/2 mutations are very rare in 
childhood GBM (<10 %) [ 27 ]. Moreover muta-
tions in H3F3A and IDH1 are mutually exclusive 
anatomically and across specifi c age groups: in 
children (K27M mutations), adolescents (G34R/V 
mutations), and young adult patients (IDH1 muta-
tions) locations [ 26 ]. 

 Whole exome sequencing studies of pediatric 
GBM identifi ed mutations in  α-thalassemia/
mental retardation syndrome X-linked (ATRX) 
and death domain-associated protein (DAXX) 
genes in 45 % of cases [ 6 ]. These genes encode 
two subunits of a chromatin-remodeling com-
plex required for H3.3 incorporation in pericen-
tric heterochromatin and telomeres. ATRX and/
or DAXX mutations have a strong association 
with TP53 mutations and alternative lengthening 
of telomeres (ALT) [ 23 ,  24 ]. IDH1/2 mutations 
lead to overproduction of 2-hydroxyglutarate 
(2-HG) which inhibits demethylases required for 
modifi cation of histones and DNA and may 
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thereby block differentiation and tumorigenesis. 
The H3F3A mutations (K27M leading to tran-
scriptional derepression and G34R leading to 
altered gene expression, such as of MYCN; [ 28 ] 
are hypothesized to induce epigenetic repro-
gramming leading to tumorigenesis [ 29 ], 
although the exact mechanisms remain to be 
fully elucidated. Very recently, mutations were 
identifi ed in SETD2, a H3K36 trimethyltransfer-
ase, in pediatric HGGs localized to the cerebral 
hemispheres. SETD2 mutations are specifi c to 
HGG in children (15 %) and adults (8 %). In 
HGG these mutations are mutually exclusive 
with H3F3A mutations but sometimes overlap 
with IDH1 mutations [ 30 ]. 

 Of interest, activating BRAF mutations such 
as BRAF V600E are also present in 15–20 % of 
pediatric HGG (reviewed in [ 31 ]). The genetic 
differences of HGGs across the age spectrum are 
summarized in Table  10.2  [ 32 ].

       Therapy 

 Treatment of HGGs requires a multidisciplinary 
approach and involves surgery, radiation therapy 
(RT), and chemotherapy. 

   Surgery 

 Patients presenting with signs of increased ICP 
may require emergent neurosurgical intervention 
to relieve obstructive hydrocephalus with several 
alternatives in addition to tumor debulking: 
placement of external ventricular drain (EVD) or 
a ventriculoperitoneal shunt (VP shunt) or by 
means of a third ventriculostomy, and the latter 
via the use of a neurosurgical endoscope. The use 
of preoperative corticosteroids, usually dexa-
methasone, can signifi cantly decrease peri- 
tumoral edema, thus decreasing focal symptoms 
and often eliminating the need for emergency 
surgery. Tumor resection is safer when performed 
1–2 days following reduction in edema and ICP 
by these means. Seizures are treated with anti-
convulsants. Prophylactic anticonvulsants in 
patients who do not present with seizures are not 

recommended, and antiseizure medications are 
usually tapered and discontinued in the postop-
erative period. 

 The main goals of tumor surgery include 
obtaining tissue for histopathologic diagnosis 
and whenever possible, to achieve a gross total 
resection (GTR). The  extent of resection  (EOR) 
in HGGs has two important limitations. First, 
these highly infi ltrative tumors invade the sur-
rounding brain tissue, beyond the margins of the 
visible tumor in neuroimaging. Hence, even in 
the case of a GTR of all visible tumors, micro-
scopic disease is present beyond the surgical 
margins, and surgery alone is not considered 
curative. The second limitation derives from the 
growth pattern and the anatomic location of the 
tumor. Multifocal or diffusely infi ltrative tumors, 
deep-seated tumors, and tumors adjacent to or 
within eloquent areas of the brain may limit the 
possible extent of resection or even preclude any 
attempt of surgery beyond a biopsy. Preoperative 
functional imaging techniques (fMRI, DTI) and 
intraoperative MRI scans help in achieving the 
maximum resection possible with minimal 
impact on postoperative neurologic ability. The 
diagnostic yield of stereotactic biopsy in deep- 
seated lesions is greatly improved by functional 
imaging (MRS, DWI) to localize the tumor 
tissue. 

 The extent of resection (EOR) along with age 
at diagnosis and the grade of the tumor are con-
sidered to be the most important prognostic fac-
tors in pediatric HGG. If a GTR cannot be 
achieved, surgical debulking to achieve a maxi-
mum possible resection with preservation of 
 neurologic function should be attempted. 
Aggressive cytoreduction will not only relieve 
the signs and symptoms due to mass effect but 
will also reduce the residual tumor volume to be 
treated by adjuvant therapies (RT, chemotherapy) 
and may also improve tolerance to RT. In the 
CCG945 study overall, children with HGGs who 
underwent GTRs (defi ned as >90 % resection) 
had a 5-year progression-free survival (PFS) of 
35 % in comparison with 17 % in the group that 
underwent subtotal resection (STR) ( p  = 0.006). 
Patients with GBM (grade IV) who underwent 
GTR had a 5-year PFS of 26 % in comparison 
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with 4 % in those who underwent subtotal resec-
tions (STRs) ( p  = 0.046). In the same study, 
patients with AA (grade III) who underwent 
GTRs had a 5-year PFS of 44 % in comparison 
with 22 % in those who underwent STRs 
( p  = 0.055) [ 33 ].  

   Radiation Therapy 

 Most patients (especially children >3 years old) 
with HGG require external radiotherapy to 
achieve local control of microscopic or macro-
scopic residual disease. Adjuvant RT has been 
shown to be a very effective treatment modality 
with rapid symptomatic improvement and 
increased EFS and overall survival (OS) when 
offered at doses greater than or equal to 5,400 cGy 
as delivered in ~30 fractions over 6 weeks. Three- 
dimensional conformal treatment planning tech-
niques including intensity-modulated radiation 
therapy (IMRT) are well tolerated and may have 
decreased side effects by decreasing the exposure 
of adjacent brain. Adaptation of these techniques 
has resulted in reduction of the margins used by 
radiation oncologists, including the gross target 
volume (GTV), the clinical target volume (CTV) 
to treat microscopic disease extending beyond 
the GTV, and the planning target volume (PTV). 
The CTV is anatomically confi ned and is usually 
limited to 2 cm. The PTV compensates for move-
ment and uncertainties regarding daily position-
ing of the patient and setup of equipment and 
software; usually the PTV ranges from 0.3 to 
0.5 cm. The use of palliative re-irradiation in 
relapsed cases can help by improving symptom 
control, but its impact regarding extending sur-
vival has yet to be established. Concern regarding 
long-term toxicities of radiation to the develop-
ing CNS (cognition, growth, endocrinopathies, 
and second malignancies) has led to the imple-
mentation of chemotherapeutic strategies to 
delay or obviate the need for RT and radiosensiti-
zation to decrease the dose of RT.  Proton beam  
RT (protons) may be less effective than conven-
tional RT (photons) due to the highly invasive 
nature of HGG and proton RT is currently not 
recommended for the adjuvant treatment of pedi-

atric HGG. Brachytherapy, stereotactic radiosurgery, 
and fractionated stereotactic radiosurgery as 
alternatives to conventional RT are presently 
under study and may prove useful in selected 
relapsed patients.  

   Chemotherapy 

 In children, multi-agent adjuvant chemotherapy 
added to postoperative radiation results in a sig-
nifi cant but modest improvement in event-free 
survival (EFS) compared with postoperative radi-
ation alone. Historically, HGGs in children have 
been treated by using traditional cytotoxic drugs 
either as single agents or in various combina-
tions, schedules, and doses. However, no particu-
lar chemotherapeutic regimen has clearly 
demonstrated superiority, and thus, the most 
effective agent(s) remains to be determined. To 
date, the Children’s Cancer Group (CCG) study 
CCG-943 is the only study to show a clear sur-
vival advantage associated with adjuvant chemo-
therapy in pediatric HGG. In this study following 
surgical resection patients were randomized to 
RT alone (standard arm) or RT plus prednisone, 
CCNU/lomustine, and vincristine chemotherapy. 
Children in the chemotherapy arm showed a sig-
nifi cant survival advantage (33 % 5-year EFS) 
when compared to RT alone [ 34 ]. These results 
have never been improved over the subsequent 
two decades. The follow-up CCG study CCG- 
945 enrolled 172 children in a phase III RCT 
comparing the nitrosourea-containing chemo-
therapy arm of CCG-943 to a new regimen known 
as “8-in-1” (eight drugs in one day) given pre- 
and post-RT; neither arm of the study was supe-
rior [ 35 ]. Subsequent to CCG-945, commonly 
used adjuvant chemotherapy regimens using 
lomustine included PCV (procarbazine, CCNU, 
and vincristine) and TPCH (6-thioguanine, pro-
carbazine, lomustine, and hydroxyurea). The 
Children’s Oncology Group phase II trial 
ACNS0126 offered concomitant oral temozolo-
mide (TMZ) with RT followed by post-RT adju-
vant TMZ (using the 5-day regimen) [ 36 ] to 
newly diagnosed children with HGG [ 20 ]. 
Temozolomide crosses the blood–brain barrier 
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(BBB) and has good oral bioavailability. Results 
of this study showed an overall 3-year EFS of 
11 % and OS of 22 % (3-year EFS of 13 % for 
AA and 7 % for GBM) [ 20 ]. 

 Unfortunately, the use of temozolomide in 
children has not improved outcomes for pediatric 
HGG, especially when accounting for improve-
ments in neuroimaging, surgical technique, and 
delivery of RT. Apart from considering the fact 
that children who were enrolled in ACNS0126 
were given TMZ the evening before daily RT 
when compared to 2 h or less on the day of RT (as 
administered on the adult EORTC/NCIC CTG 
trial), the most likely reason for the lack of a 
favorable impact of TMZ on survival in pHGG is 
due to the innate biological differences between 
pediatric and adult HGG. However, due to the 
favorable toxicity profi le and the ability to add to 
this chemotherapy backbone in current and future 
studies, temozolomide-containing regimens are 
in common use at diagnosis. The completed 
phase II study ACNS0423 added adjuvant lomus-
tine (CCNU) to TMZ following chemoradiation 
with TMZ; results are pending publication. 

 Other current clinical trials for newly diag-
nosed patients are incorporating  antiangiogene-
sis  strategies concurrent with and/or adjuvant to 
RT, such as bevacizumab, a recombinant human-
ized monoclonal antibody to the vascular endo-
thelial growth factor A (VEGF-A). The current 
COG randomized phase II/III study ACNS0822 
assigns patients to receive either temozolomide 
(TMZ), bevacizumab, or the HDAC inhibitor 
vorinostat (SAHA) as radiosensitizers with RT 
followed by TMZ and bevacizumab. A multi- 
cooperative group (ITCC/SIOP-E, Australian 
CCTG) randomized phase II study is comparing 
bevacizumab concurrent with TMZ and RT fol-
lowed by TMZ and bevacizumab to chemoradia-
tion with TMZ followed by adjuvant TMZ. 

  High - dose myeloablative chemotherapy  with 
autologous hematopoietic stem cell rescue 
(ASCR) has resulted in survival for selected 
groups of patients (those with minimal or no 
residual disease prior to consolidation with mye-
loablative chemotherapy). The majority of reports 
are limited to small numbers of patients either 

newly diagnosed [ 37 ] or with recurrent disease 
[ 38 ]. However, overall long-term survival rates 
remain poor with signifi cant long-term morbidity 
and mortality from the treatment regimen, and 
this therapeutic approach is not currently recom-
mended for newly diagnosed patients.  

   Treatment of Infants with HGG 

 Although HGG is rare in this age group, infants 
(children younger than 3 years) have a better out-
come than older children. In order to avoid the 
long-term devastating side effects of RT to the 
developing brain, clinical trials have been 
designed to either delay or totally avoid RT. There 
is a subset of patients younger than 3 years of age 
who have improved outcomes with chemother-
apy alone [ 39 – 41 ]. Whenever possible, RT should 
be omitted or delayed in the treatment of children 
<3 years with HGG.  

   Local Therapies 

 One of the major limitations of HGG treatment is 
the successful and effi cient delivery of effective 
therapies. The blood–brain barrier (BBB), 
although disrupted in some types of tumors (AA, 
cortical GBM), is largely intact (midline HGGs: 
thalamic GBM, DIPG) and plays an active role in 
restricting the delivery of systemically adminis-
tered conventional and biological therapies. This 
leads to decreased effective concentration of the 
therapeutic agents in the tumor. In order to over-
come this limitation, several alternative drug 
delivery strategies have been tried including: 
osmotic disruption of the BBB, use of lipophilic 
drugs, inhibition of membrane pumps such as 
p-glycoprotein, and intra-arterial and intrathecal 
chemotherapy; however, these treatment 
approaches have met with limited success. Novel 
controlled release systems which circumvent the 
BBB include direct intra-tumoral injection 
through an indwelling catheter or implantable 
chemotherapy-impregnated biodegradable 
wafers for which the best studied (in adults) 
includes BCNU. Convection-enhanced delivery 
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(CED) using external or implantable subcutane-
ous pumps allows intra-tumoral injection of 
novel therapeutic agents (chemotherapy, cyto-
toxic cytokines, and radio-immunotherapeutic 
agents) and is in early stages of clinical develop-
ment in adults and children.  

   Novel Therapeutic Approaches: 
Targeted Therapies 
and Immunotherapy 

 The increased understanding of the biology and the 
pathways involved in HGGs has led to develop-
ment of novel targeted therapies [ 32 ]. Broadly, 
these can be divided into small molecule receptor 
tyrosine kinase inhibitors (RTKI) versus EGFR, 
VEGFR, IGF1R, etc.; specifi c signaling pathway 
inhibitors (PI3K/AKT/mTOR, Ras/Raf/MEK, and 
CDK pathways); chromatin-remodeling/post-
translational histone modifi cation pathway inhibi-
tors; antiangiogenic therapies; radiosensitizers; and 
immunotherapies [ 42 ]. Recent encouraging results 
in glioma immunotherapy in adults and children 
including EGFRvIII and dendritic cell-based tumor 
vaccines have led to a number of clinical trials in 
various stages of clinical trial development [ 42 ].  

   Recurrent HGGs 

 Relapse or progression of disease is very com-
mon in pediatric HGG and mortality approaches 
100 % in these cases. The tumor recurrence can 

be local (at or adjacent to the site of the primary 
tumor) or disseminated (especially in nonre-
sponsive tumors). Treatment options for 
relapsed HGG are limited and depend on factors 
such as the patient’s age, performance status, 
response to initial therapy, time since original 
diagnosis, and whether tumor recurrence is local 
or diffuse. Limited therapeutic options include 
repeat resection, re-irradiation, and systemic 
chemotherapy. A large number of single-agent 
phase I/II trials have been conducted in children 
with recurrent HGG, but the majority of agents 
tested have revealed minimal or no activity 
(range of response rates: 0–23 %) (Table  10.3 ). 
The Pediatric Preclinical Testing Program, 
along with the Pediatric Brain Tumor 
Consortium (PBTC, USA), COG, and other 
cooperative groups, is developing a preclinical 
pipeline prior to testing these new agents in 
early phase clinical trials in children. Targeted 
therapies such as bevacizumab as single agents 
or in combination with cytotoxic chemotherapy 
have been used with some success in adults but 
have been disappointing in children. Recently 
completed phase II studies combining O 6 -
benzylguanine O 6 BG with temozolomide 
[ 53 ] and the anti-integrin agent cilengitide 
(ACNS0621) [ 43 ] for recurrent disease have not 
provided suffi cient response data to proceed to 
phase III studies. Patients with no or minimal 
residual disease following re-resection of a 
recurrent tumor may benefi t from myeloablative 
chemotherapy with ASCR; however, this 
approach remains experimental.

   Table 10.3    Molecular targets in pediatric high-grade glioma   

 Target  Agent  Recurrent/relapsed  Median PFS (mo.)  PFS-6 (%)  Reference 

 VEGF  Bevacizumab (with irinotecan)  Recurrent/relapsed  4.5  42  [ 44 ] 
 EGFR  Erlotinib  Recurrent/relapsed  1.5  34  [ 45 ,  46 ] 

 Gefi tinib  Recurrent/relapsed  NR  15 (1-year PFS)  [ 47 ] 
 Nimotuzumab  Recurrent/relapsed  1.8  NR  [ 48 ,  49 ] 

 PDGFR  Imatinib  Recurrent/relapsed  NR  18  [ 50 ,  51 ] 
 mTOR  Temsirolimus  Recurrent/relapsed  1.9  NR  [ 52 ] 
 αV-integrin  Cilengitide  Recurrent/relapsed  1.0  NR  [ 43 ] 

   EGFR  epidermal growth factor receptor,  mTOR  mammalian target of rapamycin,  NR  not reported,  PDGFR  platelet- 
derived growth factor,  VEGF  vascular endothelial growth factor 
 Adapted from Jones C, Perryman L, Hargrave D. Paediatric and adult malignant glioma: close relatives or distant cous-
ins? Nat Rev Clin Oncol 2012; 9: 400–413. With permission from Nature Publishing Group  
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      Outcome 

 The overall clinical outcome for children with 
HGG is poor, with only ~30 % of the patients 
surviving within 3 years of diagnosis. Yet, chil-
dren have a more favorable prognosis than adults 
where a 5-year OS using chemoradiation strate-
gies is approaching 10 % [ 54 ]. Age at diagnosis, 
histologic grade, and extent of surgical resection 
all have an important bearing on the survival out-
comes. Children younger than 3 years of age 
have improved outcomes when compared to 
older children. Patients with AA (grade III) have 
a more favorable prognosis than those with GBM 
(grade IV) emphasizing the importance of central 
neuropathological review. Children who undergo 
a GTR have a better 5-year PFS when compared 
to children who have an STR or a biopsy. 
Biological characteristics including the absence 
of TP53, lack of MGMT expression, and the 
presence of IDH1 mutations and wild-type H3.3 
have all been identifi ed as good prognostic fac-
tors with improved overall survival. Postsurgical 
adjuvant therapy (chemotherapy, RT) increases 
survival rate when compared to surgery alone. 

 Long-term survivors of children with HGG 
usually have profound therapy-induced 

 sequelae [ 55 ]. Functional neurological defi cits 
are usually seen in patients with large cortical 
tumors in the eloquent areas of the brain. Some of 
the devastating therapy (chemotherapy and 
cranio- spinal RT) induced side effects include 
severe neurocognitive defi cits, endocrinopathies, 
sterility, growth failure, and the risk of second 
malignancies (including meningioma) [ 55 ,  56 ].  

   Summary and Future Directions 

 Pediatric HGGs are not the same as adult malig-
nant gliomas. Recent integrated genomic stud-
ies have identifi ed six different biological 
subgroups of GBM across all ages. The clinical 
and biological data clearly show that GBM in 
adults and children have signifi cant differences 
in their underlying biology (Table  10.2 ) [ 57 ]. 
Even within a given tumor type, there is a 

 distinct molecular heterogeneity that occurs 
between  different ages and brain location. 
Chromatin remodeling defects are central to the 
pathogenesis of pediatric and young adult 
HGG. Historically, treatment protocols for pedi-
atric HGG have been derived from adult thera-
pies and have had poor outcomes. Future 
molecularly driven classifi cations and treatment 
strategies should take into account distinct bio-
logical differences including genetic drivers 
and, in the pediatric setting, identify relevant 
therapeutic targets and design appropriate pre-
clinical model systems to test these targets. 
Positive fi ndings from such model systems 
when incorporated into biology-based trials will 
hopefully facilitate rapid translation of thera-
peutic breakthroughs into the clinic.      
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           Introduction 

 The brainstem (derived from the embryonic mes-
encephalon) includes three neuroanatomic 
regions: the midbrain, the pons, and the medulla 
oblongata. Tumors of the brainstem comprise at 
least 10 % of all central nervous system (CNS) 
tumors in children ages 0–19 years in the USA; 
the majority of these tumors are gliomas [ 1 ]. 
Prior to modern imaging techniques, all brain-
stem gliomas were regarded as a single patho-
logical entity, and the prognosis was considered 
uniformly poor. Various imaging modalities have 
been used to classify brainstem tumors based on 
the growth pattern and amenability to surgical 
resection. Diffuse intrinsic pontine gliomas 
(DIPG) are the most common brainstem tumors 

in children, are most often WHO grade IV, and 
account for greater than 80 % of brainstem gliomas 
in this age group. The widespread infi ltration of 
this tumor and predominantly high-grade fea-
tures, coupled with its critical location and inop-
erability, has led to a uniformly poor outcome in 
children with DIPG.  

   Epidemiology 

 DIPG occurs in all age groups but is most com-
monly diagnosed in children between the ages of 
5 and 10 years. There is equal predilection for 
both sexes (M:F = 1:1), and the prognosis is sig-
nifi cantly worse than that of other brainstem 
tumors. Because of their infi ltrative nature and 
brainstem localization, DIPGs are not amenable 
to surgical resection. Over the years, many clas-
sifi cation schemes have been proposed for brain-
stem tumors (Table  11.1 ), and most of them 
utilized the best neuroimaging modalities avail-
able at the time of classifi cation [ 4 ]. The earliest 
classifi cations relied on computed axial tomogra-
phy (CT) and surgical observations; however, the 
more recent schemes include magnetic resonance 
imaging (MRI). All these systems categorize the 
tumor by the pattern of growth (diffuse or focal) 
or imaging characteristics. In the broadest sense, 
these tumors are divided into two groups, either 
focal or diffuse. The more complex schemes sub-
divide these tumors by location within the brain-
stem (midbrain, pons, or medulla), growth pattern 
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(intrinsic or exophytic), direction and extent of 
tumor growth, the presence or absence of con-
trast enhancement, and the presence of hemor-
rhage or hydrocephalus. In one of the most recent 
classifi cations proposed by Choux et.al, based on 
both CT and MRI characteristics, brainstem 
tumors are divided into four types [ 4 ]. DIPGs are 
classifi ed as type I tumors (not to be confused 
with WHO grade I). These lesions appear hypoin-
tense on CT with non-delineated borders and do 
not signifi cantly enhance on T1-weighted MRI 
sequences with gadolinium as the contrast 
reagent. DIPGs are characterized by diffuse infi l-
tration and swelling of the brainstem (Fig.  11.1 ).

      Clinical Features 

 The clinical features of patients with brainstem 
tumors vary with respect to tumor location and 
the nature/pattern of growth of these tumors. 
Patients with DIPG have a short latency (usually 
less than 2–3 months) between the onset of clini-
cal symptoms and diagnosis. The classic triad of 
symptoms includes  cerebellar signs  (e.g., ataxia, 
dysmetria, dysarthria),  long - tract signs  (e.g., 
increased tone, hyperrefl exia, clonus, Babinski 
sign, motor defi cit, etc.), and isolated or multiple 
 cranial nerve palsies  (unilateral or bilateral), 
more commonly 6th and 7th nerve palsies. 
Patients with diffuse brainstem tumors associated 
with neurofi bromatosis type 1(NF1) usually have 
tumor that may mimic DIPG on imaging. 

However, in the context of NF1, these are low- 
grade gliomas (LGG, WHO grades I–II) that can 
be asymptomatic or diagnosed in the context of 
an insidious history of isolated cranial nerve palsy 
or motor defi cit. Careful clinical examination for 
the stigmata of NF-1 and family history should 
help in the identifi cation of these lesions that usu-
ally do not require any active treatment. In DIPG, 
signs and symptoms of increased intracranial 
pressure (due to obstructive hydrocephalus from 
expansion of the pons) are seen in less than 10 % 
of children. Various other nonspecifi c symptoms 
present either at the time of diagnosis or at the 
time of progression include sensory abnormali-
ties, behavioral changes (night terrors, pathologic 
laughter, and separation anxiety), urinary prob-
lems, declining school performance, respiratory 
symptoms including sleep apneas, etc.   

   Diagnostic Evaluation 

   Neuroimaging 

 The two most commonly used neuroimaging 
modalities for diagnosing DIPG are CT and 
MRI. DIPGs appear hypodense on CT with a 
nonspecifi c pattern of enhancement and comprise 
almost 80 % of all pontine tumors. Invasion into 
the adjacent midbrain and medulla is common, 
but they rarely affect the fourth ventricle (in 10 % 
of cases). The diagnosis of DIPG is mostly based 
on characteristic MRI fi ndings in the presence of 
typical clinical features (Fig.  11.1 ) [ 4 ]. The clas-
sic MRI fi ndings include the appearance of a dif-
fusely expansile pontine mass with or without 
encirclement of the basilar artery. Most diffuse 
brainstem tumors appear to be hypointense on 
T1-weighted MR images and hyperintense on 
T2-weighted images. Prominent peritumoral 
edema is commonly seen. The ventral pons may 
appear swollen and infi ltrated. There is variable 
contrast enhancement ranging from homoge-
neous rim enhancement to patchy enhancement 
to the complete absence of enhancement. 

 Other MR-based imaging technologies can 
play a very important role in the management of 
DIPG, especially in monitoring of response to 

   Table 11.1    Brainstem tumor classifi cation systems   

 Reference  Classifi cation 
system 

 Epstein [ 2 ]  Intrinsic  Diffuse 
 Focal 
 Cervicomedullary 

 Exophytic  Anterolateral 
 Posterolateral 

 Disseminated  Positive CSF cytology 
 Positive myelography 

 Choux et al. [ 3 ]  Type I  Diffuse 
 Type II  Intrinsic, focal 
 Type III  Exophytic, focal 
 Type IV  Cervicomedullary 
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therapy. Response assessment during or post che-
motherapy/targeted therapy by MRI is done using 
the Response Assessment in Neuro-Oncology 
(RANO) criteria [ 5 ] with decreased tumor size, 
decreased steroid use, and improved neurologic 
symptoms indicative of response. These criteria 
were developed primarily for contrast-enhancing 
tumors like supratentorial GBM in adults (WHO 
grade IV), and DIPGs frequently do not enhance 
or they may exhibit variable patterns of enhance-
ment. Conventional MRI instructs us regarding 
tumor structure and location and cannot reliably 
differentiate therapy-related phenomena such as 
effi cacy, pseudo-progression, or pseudo- 
response. Hipp et al. [ 6 ] used multiparametric 
imaging in a prospective study to evaluate out-
come of children with DIPG. In their study, 

increased perfusion (as determined using DSC 
MRI) at any single time point was associated 
with shorter survival (RR = 4.91), and increasing 
perfusion over time was a poor prognostic factor. 
In other studies using MR spectroscopy (MRS) in 
DIPG, the choline:N-acetylaspartate ratio 
(CHO:NAA) has been shown to be prognostic, 
with those patients having a CHO:NAA ratio 
higher than the median of 2.1 demonstrating a 
greater risk of early mortality compared to 
patients with CHO:NAA ≤2.1. Changes in this 
ratio during follow-up had an impact on progno-
sis; increase in the CHO:NAA ratio was inversely 
associated with survival, while a decreasing 
CHO:NAA ratio was associated with a longer life 
expectancy. Neuroimaging using MRS can also 
be used in DIPG to evaluate the pyramidal tracts 

  Fig. 11.1    ( a – c )  A  7-year-old male with DIPG. ( a ) 
Sagittal T1 with gadolinium, ( b ) axial T2, and ( c ) axial T1 
with gadolinium. ( d – f )  A  6-year-old female with DIPG. 

( a ) Sagittal T1 with gadolinium, ( b ) axial T2, and ( c ) axial 
T1 with gadolinium. Both tumors demonstrate minimal 
contrast enhancement       
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when combined with diffusion tensor (DT) trac-
tography to differentiate between benign and 
malignant lesions (such as brainstem LGG asso-
ciated with NF-1) and selection of a tumor site for 
biopsy to differentiate from nonneoplastic pro-
cesses including neurodegenerative conditions 
(Alexander disease, ADEM/acute demyelinating 
encephalomyelitis, central pontine myelinolysis), 
infections (paracoccidioidomycosis), etc.   

   Pathology 

   Role of Biopsy 

 Historically, prior to CT and MRI, stereotactic 
brainstem biopsies were performed on a regular 
basis for histological confi rmation of the diagno-
sis. Due to the heterogeneity of these tumors, the 
signifi cant morbidity potentially associated with 
the biopsies, the minimal alteration of the treat-
ment plan based on biopsy results, the prevalence 
of poor candidates for biopsy at the time of pre-
sentation (i.e., those with focal neurological defi -
cits, increased ICP), and the widespread 
availability of MRI with characteristic radiologic 
fi ndings, routine biopsy as the standard of care 
was discontinued in the early 1990s [ 7 ]. 

 However, compared to the majority of centers 
in North America, routine biopsy of children 
with suspected DIPG has been performed in 
Europe in the last decade (UK and France). In 
two of the largest series of brainstem tumor biop-
sies in children [ 8 ,  9 ], no mortality was reported 
and transient reversible morbidity (cranial nerve 
palsy, worsening hemiparesis) lasting only a few 
days were reported in less than 10 % of patients. 
More recently, Grill et al. reported on 20 newly 
diagnosed DIPG patients who had a stereotactic 
biopsy [ 10 ] and new multidisciplinary consensus 
statements have been developed to gliomas, 
including DIPG [ 11 ]. In summary, the authors 
conclude that brainstem biopsy is relatively safe 
in experienced hands using modern neurosurgi-
cal techniques. The rationale behind this para-
digm shift is that stereotactic biopsies may enable 
to perform prognostic genomic testing on small 

tissue samples (such as H3.3 mutations with 
increased or decreased survival) and allow iden-
tifi cation of potentially druggable targets. With 
the availability of small molecule inhibitors to 
these targets, it may be possible to develop new 
clinical approaches. However, this approach still 
remains experimental, and pilot studies in Europe 
and North America are ongoing to confi rm the 
safety of stereotactic biopsies in the context of 
multicenter trials and their potential for infl uenc-
ing therapy.  

   Histopathology 

 The histologic appearance of diffuse intrinsic 
pontine gliomas is similar to that of other high- 
grade astrocytomas in other locations (grades 
III–IV). Classic features including an increased 
mitotic index, cellular anaplasia, areas of tumor 
necrosis, and hemorrhage with increased angio-
genesis are most often seen. Pretreatment biopsy 
samples correlate well histologically with 
autopsy samples. The utility of differentiating 
between WHO grade III and IV histology in the 
pons is probably not relevant due to the uni-
formly poor outcome in all these patients. 
Biopsies when indicated (atypical radiologic fea-
tures, exophytic tumors, long clinical latency) 
are obtained from areas of tumors easily acces-
sible to the neurosurgeon, and due to tumor het-
erogeneity might not be truly representative (i.e., 
showing features of lower-grade tumor such as 
grade II). It has been shown that tumor grade by 
histology is not predictive of prognosis in typical 
DIPG. DIPG predominantly spread by contiguity 
extending rostrally into the brainstem and cau-
dally into the cerebellar peduncles and the 
medulla. Leptomeningeal dissemination is seen 
in 10–20 % of the cases at the time of diagnosis. 
However, this number increases to 50–60 % in 
patients with recurrent or progressive DIPG or at 
the time of autopsy. For this reason, some authors 
consider that baseline MRI of both the brain and 
spine at diagnosis followed by periodic surveil-
lance of the spine during therapy should be 
performed.  
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   Molecular Genetics and Tumor 
Biology 

 A number of recent comprehensive studies have 
established that DIPGs can be considered a sepa-
rate biologic entity when compared to adult and 
the majority of pediatric supratentorial GBMs at 
the genetic and epigenetic levels. The recently 
proposed integrated genomic classifi cation cate-
gorizes the majority of DIPG into the histone 
variant H3.3 K27 group (midline infratentorial 
tumors with the H3.3 K27M mutation). 

 Recurrent somatic driver mutations in the 
H3F3A gene that affect its coded protein, the 
replication-independent histone 3 variant (H3.3), 
lead to an amino acid substitution at a key resi-
due, namely, lysine (K) 27. This K27M mutation 
is seen in over 70 % of DIPG cases [ 12 ]. The 
K27M mutations are also seen in 10–20 % of the 
supratentorial midline HGGs. This mutation is 
seen in both pretreatment biopsy samples and 
autopsy material indicating that it is present at 
diagnosis and not induced by therapy. DIPG can 
be classifi ed into  wild type  and  mutated  based on 
the K27M-H3.3 mutation with distinct clinical, 
genetic, and prognostic features [ 12 ]. Tumors 
with a wild-type (wt) H3.3 at the K27 residue 
often have atypical clinical presentation (long 

latency of symptoms, atypical MRI fi ndings) and 
show high-grade histology on biopsy samples 
with a few long-term survivors when compared 
to the H3.3 K27M mutated DIPGs. Also specifi c 
focal chromosome number gains involving the 
ASAP2 (2p25.1) and MYCN (2p24.3) genes may 
be seen in K27 wild-type tumors [ 12 ]. The H3.3 
K27M-mutated DIPGs have worse overall sur-
vival when compared to wild-type tumors, and 
this association is independent of patient age and 
histological diagnosis [ 12 ]. These mutated 
tumors have glial differentiation on histology and 
are exclusively associated with gain or amplifi ca-
tion of PDGFRA (4q12, seen in 40 % of cases) 
and MYC/PVT1 (8q24). In one study, TP53 
mutations were seen in 77 % of DIPG tumors and 
were associated with both wild-type and mutated 
H3.3 tumors [ 12 ]. ATRX mutations are infre-
quent in DIPGs (9 %) when compared to supra-
tentorial pediatric HGGs (29 %) and are seen in 
mutated K27M-H3.3 tumors in children of an 
older age group [ 12 ]. In another study, mutations 
involving the replication-dependent histone 3 
variant (H3.1) that lead to the same amino acid 
substitution (H3.1 K27M) were seen in 9 % of 
the patients with DIPG [ 13 ]. A summary of the 
DIPG classifi cation based on the H3.3 mutation 
status is given in Table  11.2 .

   Table 11.2    Integrated genomic classifi cation of DIPG   

 H3.3 or H3.1 
(K27M mutant) 

 H3.3 or H3.1 
(wild type) 

  Clinical features  
 Age in years (mean)  8.1  4.6 
 Atypical clinical features 
(longer duration of symptoms, 
atypical radiology) 

 −  + 

 Overall survival  < 1 year  4–5 years; some 
long-term survivors 

  Genomic features  
 Copy number Abnormalities 
(gains/amplifi cations) 

 1. PDGFRA (4q12)  1. ASAP2 (2p25) 
 2. MYC/PVT1 (8q24)  2. MYCN (2p24) 

 TP53 mutation  ++ (~80 %)  ++ (~80 %) 
 ATRX  + (older children)  – 

  Potential therapeutic targets/agents  
 Histone modifying 
agents + RTK Inhibitors 

  Based on data from Refs. [ 12 ,  15 ]  
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   When compared to pediatric high-grade 
 gliomas (pHGG), DIPGs show a higher frequency 
of chromosomal imbalance with gains of 
 chromosomes 2, 8q, and 9q. Losses of chromo-
somes 16q, 17p, and 20p occur more frequently in 
DIPG when compared to adult HGG [ 14 ]. 
Receptor tyrosine kinases (RTKs) appear to be 
upregulated at the genomic or expression level (or 
both) in the majority of pediatric DIPGs. The most 
common recurrent focal gain in pediatric DIPG 
encompasses PDGFRA, with amplifi cation in at 
least 30 % of DIPGs, and an even larger number 
showing overexpression at the RNA and protein 
levels. EGFR gain does not appear to be a frequent 
event in pediatric DIPG. Multiple dual amplifi ca-
tions of other RTKs like MET, IGF1R, and 
ERBB4 alone or in combination with PDGFRA 
are also reported in DIPG. These discoveries, 
along with reported oncogenic PI3K pathway 
mutations in PI3KCA, support new treatment 
approaches targeting this pathway [ 10 ,  14 – 16 ].  

   Cell of Origin and Animal Models 

 There are several unique features of DIPG, which 
suggest that these tumors are related to dysregu-
lation of a normal postnatal neurodevelopmental 
process (reviewed in [ 14 ]): distinct age of inci-
dence (5–10 years of age), specifi c anatomical 
site, and unique biological features (H3.3 K27M 
mutations, RTK and cell cycle regulatory path-
ways which play a role in normal brainstem 
embryogenesis). Monje et al. identifi ed a neural 
precursor-like cell population in the human ven-
tral pons that is linked (both anatomically and 
temporally) to the incidence of DIPG [ 17 ]. 
During normal growth and development of the 
brain, these pontine precursor-like cells (PPC) 
are spatiotemporally restricted to the ventral 
brainstem, and the density of the PPC varies dur-
ing different time periods (present during infancy, 
decreases by 2 years of age, and increases again 
during middle childhood). Using mouse models, 
the authors showed that the signaling by the 
Hedgehog pathway is increased and contributes 
to PPC proliferation. This time period in the 
mouse corresponds to the middle childhood 

period in humans when DIPG occurs. However, 
aberrant Hedgehog signaling alone did not result 
in DIPG in this mouse model, indicating the need 
for additional genetic mutations (PDGFRA, 
MYC/PVT1, TP53, etc.) [ 17 ].  

   Mouse Models for Preclinical Testing 

 Two broad categories of mouse models are avail-
able for preclinical testing in DIPG. A geneti-
cally engineered mouse model (GEMM) using 
the avian retroviral RCAS/tv-a system (overex-
pression of PDGFRA with simultaneous loss of 
Ink4a-ARF in periventricular cells lining the 
fourth ventricle and the aqueduct of Sylvius) 
results in a high-grade glioma histologically sim-
ilar to human DIPG in immunocompetent mice 
with high penetrance/short latency and similar 
invasive features [ 18 ]. The direct implantation 
models use xenografts (primary tumor cells or 
brain tumor initiating cells/BTICs) derived from 
patient samples and orthotopically implant modi-
fi ed human glioma cells into the pons. The tumors 
formed are strikingly similar to human DIPG and 
are monitored for growth and treatment response 
using bioluminescence imaging and other small 
animal imaging techniques [ 19 ,  20 ].   

   Therapy 

 DIPG is almost invariably fatal with a mean over-
all survival of 9–12 months from the time of 
diagnosis. Radiation therapy prolongs survival 
by a mean of 3–6 months, but is still considered 
aggressive palliative therapy. A number of adju-
vant therapies such as radiation sensitizers, dif-
ferentiation agents, and cytotoxic drugs have 
been studied, but none of them have had any sig-
nifi cant impact on the outcomes for these patients. 

 In the context of typical DIPG, there is no role 
for surgical resection. However, as we under-
stand more about the biology of these tumors and 
biologic-based therapies become available, we 
may require tissue at diagnosis in order to per-
sonalize therapy, and routine biopsies may 
become the standard of care in the future [ 21 ]. 
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   Radiation Therapy 

 The current standard of care for children with 
newly diagnosed DIPG includes fractionated 
focal radiation therapy (RT) to the tumor along 
with 1–2 cm margins (54–60Gy, 1.8–2 Gy frac-
tions over a period of 6 weeks). Supportive care 
in the form of corticosteroids is used to treat the 
peritumoral edema. To date, RT is the only form 
of treatment that appears to have a transient ben-
efi t in DIPG. Lower doses of RT (<50Gy) have 
shown a worse outcome, and higher doses using 
hyperfractionated RT (66–78 Gy) do not appear 
to provide a survival advantage when compared 
to standard fractionation protocols. Pilot studies 
using hypofractionation have reported results 
that are similar to those observed with normal 
fractionation. However, the advantage of this 
technique is to reduce the total duration of treat-
ment (13–18 fractions instead of 30–33). 
Following completion of radiation, there is clini-
cal progression of disease in almost all cases with 
radiologic evidence of local recurrence within 
3–6 months. However, it is not exceptional to 
observe evidence of leptomeningeal dissemina-
tion at recurrence. 

 Although RT appears benefi cial, radiation sen-
sitizers have not improved outcomes to date. The 
use of concurrent RT with radiosensitizers includ-
ing platinum compounds (carboplatin), topo-
isomerase inhibitors (etoposide, trofosfamide, 
topotecan), and other agents (metronomic temo-
zolomide, etanidazole) has not been successful. 
The current Children’s Oncology Group (COG) 
study for DIPG (ACNS0927) is a phase I/II study 
evaluating vorinostat (SAHA, an HDAC inhibi-
tor) as radiosensitizer used concurrently (with 
RT) and as maintenance therapy [ 21 ]. 

 In the absence of effective neoadjuvant or 
adjuvant chemotherapy, some institutions are 
providing palliative re-irradiation with/without 
concurrent chemotherapy to a dose of 18–20 Gy 
given over 9–10 fractions (1.8–2.0 Gy/fraction). 
Preferred candidates may be those children who 
have experienced durable responses to prior radi-
ation without evidence of clinical/radiological 
progression off therapy [ 22 ]. However, further 
studies involving larger patient cohorts are 

required before including re-irradiation as a 
 standard of care for patients with DIPG in the 
 setting of disease progression.  

   Chemotherapy 

 Different chemotherapeutic strategies including 
neoadjuvant (pre-RT) multi-agent chemotherapy, 
concurrent chemotherapy with RT (both fraction-
ated and hyperfractionated protocols), and adju-
vant chemotherapy have not shown improved 
survival when compared to RT alone (reviewed 
in [ 23 ]). In particular, the current standard of care 
for adult GBM, RT with concurrent and adjuvant 
temozolomide, did not improve outcomes for 
DIPG [ 24 ,  25 ].  

   Local Therapies 

 One of the major limitations of DIPG treatment is 
the successful and effi cient delivery of effective 
therapies. The blood–brain barrier (BBB) is 
largely intact in DIPG and plays an active role in 
restricting the delivery of systemically adminis-
tered conventional and biological therapies. This 
leads to decreased effective concentration of the 
therapeutic agents in the tumor. In order to over-
come this limitation, several alternative drug 
delivery strategies have been tried including: 
osmotic disruption of the BBB, use of lipophilic 
drugs, inhibition of membrane pumps, intra- 
arterial and intrathecal chemotherapy, etc., but 
have met with limited success. Convection- 
enhanced delivery (CED), using external or 
implantable subcutaneous pumps, allows intra- 
tumoral injection of novel therapeutic agents 
(chemotherapy, cytotoxic interleukins, radio- 
immunotherapeutic agents), and there are ongo-
ing phase I/II clinical trials in DIPG.  

   Targeted Therapies 

 Recent understanding of the biology of DIPG 
using autopsy as well as biopsy samples has led 
to identifi cation of several novel therapeutic 
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 targets and small molecule inhibitors (Table  11.3 ). 
Some of the contemporary clinical trials using 
targeted therapies in DIPG are summarized in a 
recent review [ 14 ]. Immunotherapy using den-
dritic cell vaccines in DIPG is limited by the 
availability of tissue to generate tumor-associated 
antigens.

       Outcome/Prognosis 

 The prognosis of patients with DIPG is extremely 
poor and is almost always fatal. However, there 
are some favorable prognostic factors seen in a 
minority of patients. Some of the clinically favor-
able prognostic factors include: (a) young age at 
presentation (<3 years), (b) prolonged latency 
between onset of symptoms and diagnosis 
(>6 months), and (c) absence of cranial nerve pal-
sies or long-tract involvement at presentation. 
The H3.3 K27M-mutated DIPGs have a worse 
overall survival when compared to wild-type 
H3.3 tumors, and this association is independent 
of patient age and histological diagnosis.  

   Future Directions 

 Currently, there is no effective treatment for 
DIPG. Recent advances in the genetics and 
 biology of HGGs have identifi ed DIPG as a dis-
tinct group of tumors from the majority of pediat-
ric HGG. Defects in chromatin remodeling 

(via  H3.3/H3.1 K27M somatic mutations as a 
primary event with one or more secondary hits 
including TP53, PDGFRA, MYC/PVT1) leading 
to age- and brain-location-specifi c defects in 
chromatin structure are fundamental in the patho-
genesis of DIPG tumors. Further understanding of 
the defects downstream of the H3.3/H3.1 K27M 
mutation [ 33 ] along with development of relevant 
animal models with these mutations will help in 
therapeutic advances against this deadly tumor. 
Future clinical trials should be based on molecu-
lar classifi cation of tumor tissue obtained from 
biopsy, as this will help in better treatment strati-
fi cation and more specifi c targeted therapies.     
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           Introduction 

 Medulloblastoma (MB) and central nervous 
 system primitive neuroectodermal tumor (CNS- 
PNET) are primary grade 4 embryonal brain 
tumors that require multimodal therapies. 
Although MB and CNS-PNETs are treated with 
similar approaches and treatment regimens, they 
represent biologically different diseases. Recent 
studies have revealed molecular subgroups for 
both MB and CNS-PNET which correlate with 
distinct clinicopathologic features and treatment 
response. This chapter will summarize current 
clinical understanding of MB and CNS-PNET 
in the context of recent molecular studies and 
postulate on the direction of future therapeutic 
approaches for these diseases.  

   Medulloblastoma 

   Epidemiology 

 Medulloblastoma is the most common malig-
nant brain tumor in childhood, representing up 
to 25 % of all pediatric brain tumors. First 
described by Bailey and Cushing in 1925, MB 
arises from the cerebellum and is classifi ed as a 
World Health Organization (WHO) grade 4 
tumor. MB predominantly arises in children, 
with peak incidence between the ages of 3–4 
and 8–9. The annual incidence has been esti-
mated at 1 in every 200,000 children under the 
age of 15 [ 1 ]. Consistent with the classifi cation 
of an embryonal tumor, MB is rarely seen in 
adults; 70 % of patients present before the age of 
20. There is a modest male preponderance in a 
ratio of 1.4:1 [ 2 ]. A small proportion of MBs 
(<5 %) have inherited disorders with germline 
mutations, these include: Gorlin’s syndrome 
(also called as nevoid basal cell carcinoma syn-
drome) associated with patched-1 ( PTCH1 ) 
gene mutations, Turcot syndrome associated 
with mutations in the adenomatous polyposis 
coli ( APC ) gene, and Li-Fraumeni syndrome 
caused by TP53 mutations [ 1 ]. These familial 
cancer syndromes provided some of the fi rst 
clues about biological pathways that underlie 
MB pathogenesis.  
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   Clinical Presentation 

 Patients with MB frequently present with signs 
and symptoms related to hydrocephalus second-
ary to fourth ventricular obstruction, with pre-
dominant symptoms of vomiting, headache, and 
nausea. Due to the localizing posterior fossa 
mass, ataxia, dysmetria, and diplopia secondary 
to sixth nerve palsy are often accompanying 
symptoms. The most common symptoms, espe-
cially in younger children, are nonspecifi c and 
include morning headaches with vomiting, irrita-
bility, and lethargy – subtle clinical signs that can 
present diagnostic challenges [ 3 ]. 

 The differential diagnosis for MB includes a 
range of tumors with a predilection for the cere-
bellum. These include pilocytic astrocytoma, 
ependymoma, and other rarer embryonal tumors 
including atypical teratoid/rhabdoid tumors 
(ATRT) and ETANTR/EMTR (embryonal neo-
plasm with abundant neuropil and true rosettes). 
It can be diffi cult to distinguish these tumor enti-
ties by clinical symptoms alone; however, patients 
with pilocytic astrocytoma or ependymoma tend 
to have a longer duration of symptoms.  

   Imaging Findings 

 The initial diagnosis of MB is usually made on 
non-contrast computed tomography (CT) fol-
lowed by magnetic resonance imaging (MRI) 
with contrast which is the preferred modality, and 
later confi rmed with histopathology [ 4 ]. The 
classical CT fi nding is a hyper-attenuating mid-
line mass that markedly enhances with contrast 
medium. Foraminal extension of tumor and a 
predominantly cystic mass with a mural nodule 
would, respectively, favor ependymoma and pilo-
cytic astrocytoma over MB (Fig.  12.1 ). The pres-
ence of leptomeningeal or nodular metastases 
would favor a diagnosis of MB or another related 
embryonal tumor such as ATRT. It is important to 
note that both CT and MRI characteristic of MB 
may overlap with that of other tumor types; 
hence, surgical histopathology is needed for 
defi nitive tumor diagnosis. Spinal MRI is part of 

standard preoperative investigations for posterior 
fossa tumors and can demonstrate evidence of 
nodular or leptomeningeal dissemination. 
Attention should be paid to kidney abnormalities 
when spinal MRI scan is performed as the pres-
ence of metastatic lesions at this level would 
favor ATRT rather than MB.

      Histopathology 

 Microscopically, MB is often referred to as a 
“small round blue cell tumor,” given the charac-
teristics of densely packed cells with prominent 
nuclei surrounded by scant cytoplasm under 
H&E staining. The WHO classifi cation of tumors 
of the central nervous system identifi es fi ve major 
histological variants in MB: classic, desmoplas-
tic, large cell, anaplastic, and medulloblastoma 
with extensive nodularity (MBEN) [ 5 ]. Large cell 
and anaplastic variants have been correlated with 
poorer patient outcomes, while the best survival 
has been reported in patients with desmoplastic 
or MBEN histology; however, prognostic corre-
lations may be infl uenced by age and other clini-
cal features. Furthermore, as histologic 
categorization may be infl uenced by tumor het-
erogeneity, patient prognostication based on his-
topathological fi ndings alone may not be 
accurate. The histologic differential diagnosis for 
MB includes atypical teratoid/rhabdoid tumor 
(ATRT) and rare embryonal tumors such as 
ETANTR [ 6 ]. Both entities which arise predomi-
nantly in younger children should be part of the 
differential work-up in all young patients with 
suspected MB. As characteristic rhabdoid cells 
may be present in variable amounts in ATRTs, 
immunostaining for the IN1/SNF gene product, 
which is nearly universally absent in ATRT but 
retained in MB tumors, should be included in the 
diagnostic work-up. Most but not all ETANTR 
exhibit classic histologic features of ependymo-
blastic rosettes and neuronal differentiation on a 
neuropil background and can be differentiated 
from MB by strong immuno-positivity for LIN28 
and/or genomic amplifi cation of the C19MC 
locus on 19q13.42 [ 7 ,  8 ].  
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   Current MB Staging and Risk 
Stratifi cation 

 Traditionally, MB patients are assigned into dif-
ferent treatment risk groups according to clinical 
features, which include age, the extent of resec-
tion, and the presence of metastasis at time of 
diagnosis. High-risk patients are defi ned as those 
<3 years of age, with more than 1.5 cm postsurgi-
cal residual tumor or evidence of metastasis at 
presentation [ 3 ]. Up to one third of MB patients 
present with leptomeningeal metastasis to the 
brain and/or spine, which may be detected on a 
preoperative MRI scan of the brain and spine. 
Postoperative MR imaging of the brain should be 
performed as soon as possible after surgery to 
avoid postoperative artifactual imaging changes 
to assess tumor residual. Staging is completed 

with cytological examination of the cerebrospinal 
fl uid (CSF) for evidence of microscopic dissemi-
nation. Patients with nonmetastatic disease and 
no signifi cant postoperative residual tumor, who 
are greater than 36 months of age, are stratifi ed as 
standard risk. 

 Currently, all MB patients receive risk-adapted 
multimodality protocols based on clinical risk 
stratifi cation schema. However, it is now increas-
ingly clear that stratifi cation based on clinical 
assessment alone is inadequate. It has been argued 
that current staging system fails to detect the true 
extent of disease and results in frequent over-/
undertreatment of patients. Devastating acute and 
long-term treatment sequelae in survivors are 
major concerns for MB patients treated with inten-
sive chemoradiotherapeutic treatment. Conversely, 
even with aggressive therapies, up to 30 % of MB 

  Fig. 12.1    CT and MR imaging of medulloblastoma.( a ) 
Axial contrast-enhanced CT showing a hyperdense mass 
compressing the 4th ventricle ( white arrow ). Note the 
hydrocephalus with accompanying trans-ependymal fl ow 
( white arrow ). ( b ) Axial T1 gadolinium-enhanced MRI 
and ( c ) axial FLAIR showing an enhancing mass in the 
midline cerebellum. ( d ) Axial T1 and ( e ) accompanying 

axial diffusion coeffi cient map showing restricted 
 diffusion. ( f ) Sagittal T1 gadolinium-enhanced MRI 
through the midline spine showing laminar leptomenin-
geal enhancement along the dorsal and ventral aspects of 
the spinal cord and ventral brainstem indicative of meta-
static dissemination (arrows)       
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patients will succumb to their disease. The lack of 
reliable clinical predictors of MB outcome has 
prompted substantial studies to identify biological 
predictors of clinical phenotype in MB.  

   Molecular Features of MB 

 MB was fi rst linked to abnormalities in the 
Wingless (WNT) and Sonic Hedgehog (SHH) 
developmental signaling pathways based on 
observed association of MB with Turcot syn-
drome and Gorlin’s syndrome, and demonstra-
tion of alterations, respectively, in the APC and 
PTCH genes in some MB [ 9 ]. Early small cohort 
studies also suggested that specifi c genetic altera-
tions, notably, MYCC gene amplifi cation and 
CTNNB1 mutations, had prognostic correlations 
in MB (reviewed in ref [ 10 ]). Recent global gene 
expression and copy number studies of substan-
tial cohorts of MB have helped to consolidate 
these early fi ndings and establish a molecular 
classifi cation system for MB that correlates with 
clinical phenotypes and patient outcomes. 
Specifi cally several global gene expression pro-
fi ling studies of substantial MB cohorts have now 
demonstrated that MB is comprised of four 
molecular variants termed WNT, Sonic Hedgehog 
(SHH), and group 3 and group 4 subtypes which 
are associated with distinct developmental path-
way signatures and/or cytogenetic abnormalities. 
The 4 MB subgroups also correlate with distinct 
tumor histology, patient demographics, and sur-
vival [ 10 ]. The WNT subgroup exhibits the best 
prognosis of any subgroup (greater than 95 % 
survival) and typically occurs in older children 
and exhibit classic histology. SHH MB repre-
sents an intermediate prognosis subgroup with 
overall survival ranging from 60 to 80 % and is 
predominantly seen in infants and young adults; 
MB with desmoplastic histology is almost exclu-
sively restricted to this subgroup. Group 3 and 4 
tumors which are not associated with any specifi c 
developmental signatures have the worst overall 
survival. MYCC gene amplifi cation was observed 
only in group 3 tumors which also display 
 frequently anaplastic histology, while group 4 
tumors commonly (>30 %) exhibited isochromo-

some 17q (i17q, loss of chromosome 17p and 
gain of 17q). Characteristics of these subgroup 
variants are summarized in Fig.  12.2  [ 10 ]. These 
fi ndings have helped to signifi cantly advance our 
understanding of MB molecular biology and pro-
vided valuable diagnostic and prognostic tools 
that are currently in consideration for use in up- 
front risk stratifi cation of patients in clinical trials 
across North America and Europe. A signifi cant 
challenge is the development of robust diagnostic 
assays that can be used in clinical trials to reli-
ably distinguish MB subgroups with high sensi-
tivity and specifi city. Currently, most consistent 
results to subtype MB have been reported with 
the use of nuclear CTNNB1 immuno-positivity 
and monosomy 6 which identifi es WNT MB and 
MYCC amplifi cations which identifi es group 
3 MB; however, assays to reliably identify SHH 
and group 4 MB are lacking. Promising assays 
for MB subgrouping which include immunos-
tains for SFRP1 in SHH, NPR3 in group 3, and 
KCNA1 in group 4 MB [ 11 ], and newer focused 
transcriptional and methylation assays remain to 
be validated.

   The availability of tools to segregate molecu-
lar subtypes of MB will profoundly alter the 
design of MB clinical trials [ 11 ]. In addition to 
enhanced risk stratifi cation for current conven-
tional treatment regimens, molecular subtyping 
of MB will enable concerted investigations of 
novel therapy tailored to subgroup-specifi c biol-
ogy. The inclusion of molecular analyses with 
traditional histo-clinical examination will be the 
standard of care in establishing the diagnosis and 
treatment stratifi cation of MB in the near future.  

   Therapeutic Approaches 

 Multimodal approach of maximal safe surgical 
resection, radiotherapy to the primary tumor site 
and craniospinal axis, and systemic adjuvant che-
motherapy are the current standard of care. 
Patients with MB often present with signifi cant 
obstructive hydrocephalus, and thus management 
of increased intracranial pressure is commonly the 
priority. Patients may be managed with corticoste-
roids to alleviate tumor edema or require CSF 
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diversion prior to surgery. With current treatment 
strategies, an anticipated 5-year overall survival 
(OS) has reached up to 80 % for patients with 
localized disease. However, metastatic and recur-
rent MBs still result in a signifi cant mortality.  

   Surgery and Radiotherapy 

 Maximal safe resection of the posterior fossa 
mass is a key component and goal for patients 
with MB. With modern surgical techniques, gross 
total resection can be achieved in a majority of 
patients. As residual disease is associated with 
poorer outcome, immediate reoperation or sec-
ond look surgery after adjuvant chemo- or radio-
therapy may be considered. 

 Radiotherapy remains a critical part of the 
multimodal approach and is delivered early, 

within a month postsurgery, as delayed radiation 
results in poorer outcome [ 12 ]. The goal of radio-
therapy is to control for both residual micro-
scopic tumor in the primary site and to treat or 
prevent leptomeningeal disease along the cranio-
spinal axis. Due to the severe toxic effects of irra-
diation to the developing nervous system, 
craniospinal radiation is often avoided or delayed 
in patients under the age of 3. Children with both 
average- and high-risk MB patients receive the 
same dose of local tumor bed irradiation of 
5,400–5,580 cGy, but receive risk-adapted cra-
niospinal irradiation. Children without tumor 
residual or metastasis received a 2,340 cGy cra-
niospinal irradiation, while high-risk patients 
receive at least 3,600 cGy to the neuraxis [ 13 ]. 
Further reduction of craniospinal irradiation to 
1,800 cGy for average-risk patients is currently 
being investigated in a phase III randomized 

  Fig. 12.2    Genetic, demographic, and clinicopathological features of the four molecular subgroups of medulloblastoma       
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 control study by the North American Children’s 
Oncology Trial Group (COG). 

 In European and North American trials, the 
standard of care for MB involves postsurgical 
radiation followed typically by adjuvant cisplatin- 
based or high-dose chemotherapy. With such 
regimens, a 5-year survival for average-risk MB 
patients has reached 75–85 %; however, survival 
of high-risk patients is signifi cantly poorer with a 
5-year OS of 30–65 %. Signifi cant improvement 
in survival has been achieved with chemoradio-
therapy combination regimens; however, high- 
dose craniospinal radiotherapy continues to be 
associated with a high incidence of treatment- 
related complications. In addition to cognitive 
impairment, ototoxicity, thyroid dysfunction, 
growth failure, and endocrine abnormalities are 
signifi cant sequelae in MB survivors. Intensity- 
modulated and proton-based radiation therapies 
represent promising newer normal tissue-sparing 
radiotherapeutic approaches. In addition to the 
use of conventional concomitant chemotherapy, 
development of novel radiosensitizers would be 
an important step toward minimizing radiation- 
associated toxicity.  

   Chemotherapy 

 Adjuvant chemotherapy plays an important role 
in the management of both average- and high- 
risk MB patients and has been used with the 
intent to permit reduction in radiation doses for 
older children or to avoid or delay radiation in 
younger children. 

 Radiation-sparing approaches for younger 
children with MB have been varied both in terms 
of chemotherapeutic regimens and inclusion of 
age range. In addition, some groups have used 
focal radiation up-front. Global trial groups have 
used three general approaches in children <3–5 
years of age with MB to achieve a 5-year OS 
ranging between 50 and 70 %. These regimens 
have generally differed in the use of methotrexate, 
intraventricular treatment, and use of high- dose 
chemotherapy for consolidation. While the SFOP 
[ 14 ] group has used chemotherapy-based regi-
mens without methotrexate, the UKCCSG/SIOP 

[ 15 ] and the German trial group protocol [ 13 ] 
employed a methotrexate-based chemotherapy 
backbone with intraventricular methotrexate 
treatment in the German experience. The Head 
Start consortium, which pioneered the use of 
high-dose chemotherapy, currently employs a 
methotrexate-based induction regimen with a sin-
gle high-dose/stem cell rescue as consolidation 
[ 16 ], while treatment in the COG protocol is con-
solidated with 3 cycles of high-dose therapy and 
stem cell rescue [ 17 ]. As favorable outcomes with 
desmoplastic MB in young children have been 
seen across different infant MB studies, planned 
trials are examining desmoplasia as a criterion for 
stratifi cation. An ongoing COG high-risk infant 
MB/CNS-PNET protocol is examining the bene-
fi ts of methotrexate during induction in high-dose 
chemotherapy-based regimens, while the relative 
merits of single versus three stem cell rescue in 
consolidation remain to be investigated. 

 Treatment approaches to older children with 
MB have been more consistent. With the excep-
tion of a stem cell-based protocol from St. Jude’s, 
most trial groups have employed a conventional 
chemotherapy-based regimen with similar drugs. 
For average-risk patients, over the age of 3, both 
the COG and SIOP trial groups have employed a 
chemotherapy-based regimens with CCNU, VCR, 
and cisplatin, followed by reduced dose 2,340 cGy 
craniospinal irradiation and reported similar 5-year 
EFS, respectively, of 81 % [ 18 ] and 77 % [ 19 ]. In 
the St. Jude Medulloblastoma-96 protocol where 
standard-dose craniospinal in radiation is fol-
lowed by four cycles of cyclophosphamide- based, 
dose-intensive chemotherapy, 5-year OS of 85 % 
has been reported [ 20 ], suggesting that dose inten-
sifi cation may benefi t some average-risk patients. 

 Overall survival of patients with high-risk dis-
ease, specifi cally those presenting with metasta-
sis, has been less favorable with 60–65 % 
long-term survival observed across chemother-
apy and high-dose-based regimens. However, 
improved results have been reported by the Milan 
strategy in which patients received postoperative 
methotrexate, etoposide, cyclophosphamide, 
and carboplatin in a 2-month schedule, followed 
by hyperfractionated accelerated radiotherapy 
(HART). This regimen resulted in a 5-year OS of 
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73 %. COG also reported better survival in a 
phase I/II trial for high-risk MB in which patients 
received 15–30 doses of carboplatin along vin-
cristine as radiosensitizers, followed by cisplatin- 
based maintenance chemotherapy. This study 
reported the highest overall survival at 82 % in 
high-risk MB patients who received 6 months of 
maintenance chemotherapy with cyclophospha-
mide thus suggesting a role for biologic-based 
maintenance chemotherapy in MB therapy [ 21 ]. 

 Due to the increased incidence of secondary 
malignancies from irradiation and chemotherapy, 
periodic surveillance with brain and spine MRIs 
for disease recurrence, as well as secondary 
malignancies, is performed. In addition, regular 
neuropsychological and medical surveillance for 
end-organ toxicity is indicated for MB survivors. 
Recurrent disease, which occurs in approxi-
mately 25 % of patients with MB, remains a sig-
nifi cant clinical challenge. Most relapses tend to 
occur within the fi rst 3 years post-diagnosis, and 
long-term survival in this population remains 
very poor, with no clear effective rescue regi-
mens reported. Limited successes have been 
reported with high-dose chemotherapy/autolo-
gous stem cell rescue regimens in older children 
with recurrent MB [ 22 ]. Higher salvage rates 
have been reported in younger children, who 
have not received prior irradiation, with radiation- 
based rescue protocols [ 23 ].  

   Molecular Therapeutic Targets 

 Basic research has led to tremendous gains in bio-
logical knowledge regarding MB. Specifi cally, the 
establishment of molecular subgroups for MB and 
the development of multiple group specifi c animal 
models are poised to transform future clinical tri-
als and treatments for MB patients. It is expected 
that in the near future, patients will be stratifi ed 
and treated based on the biological subgroup- 
specifi c makeup of their disease, which will hope-
fully lead to improved outcomes with less adverse 
effects. One main goal is to reduce morbidity of 
current treatment regimens in children with favor-
able biology disease. Specifi cally reducing che-
motherapy and craniospinal irradiation for the 

favorable WNT subgroup could be one tangible 
approach that will minimize treatment toxicity. 

 To date, multiple pharmacological inhibitors 
for SHH-driven MB subgroups have been 
designed and have shown promising antitumor 
effects in SHH MB mouse models, and some are 
currently under clinical trials (Table  12.1 ). 
Promising preclinical studies, however, have not 
correlated with sustained disease response due to 
development of drug resistance with monothera-
pies [ 25 ]. These observations suggest that a com-
bination of targeted therapies with conventional 
chemotherapy regimens may be required for opti-
mal effi cacy. Additionally, the use of several bio-
logic agents that target signaling cross talk 
between SHH signaling and other key molecular 
pathways, such as AKT, Notch, TGF-β(beta), 
may also offer novel approaches to tailored ther-
apy [ 31 ]. The feasibility of employing combina-
tion signaling therapies has been assessed in MB 
preclinical models. For instance, retinoic acid, 
which induces apoptosis together with histone 
deacetylase inhibitors, exhibits synergistic effects 
in xenograft and transgenic models [ 32 ]. 
Furthermore, a combination of LDE225 with 
PI3K inhibitors also markedly delays develop-
ment of resistance thus suggesting the impor-
tance and promise of multiple pathway inhibition 
for sustained tumor response [ 26 ].

   Recent studies implicate the PI3K/AKT path-
way, an effector and downstream target of 
MYCN/C, respectively, in SHH and group 3 MB 
biology. Thus, PI3K/AKT inhibitors also repre-
sent attractive new drug approaches for these 
patients [ 33 ]. Indeed small molecule inhibitors of 
PI3K/AKT have been demonstrated to suppress 
MB tumorigenesis in in vitro cell culture 

   Table 12.1    Examples of preclinical pharmaceutical 
agents for targeted therapeutics in medulloblastoma   

 Drug name  Mode of action  Stage  Reference 

 GDC-0449  Smo inhibitor  Phase I  [ 24 ,  25 ] 
 LDE225   Smo inhibitor  Phase II  [ 26 ] 
 Lapatinib  ERBB2 inhibitor  Phase II  [ 27 ] 
 PHA665752  MET inhibitor  Preclinical  [ 28 ] 
 Tipifarnib  Farnesyltransferase 

inhibitor 
 Preclinical  [ 29 ] 

 IPI-926  Smo inhibitor  Preclinical  [ 30 ] 
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 conditions [ 34 ], as well as in MYC-driven mouse 
models [ 33 ]. As MYC overexpression confers 
aggressive and metastatic behavior in MB [ 35 ], 
there has been considerable interest in directly 
targeting MYC or altering MYC downstream 
effects. Intriguingly, recent studies in myeloma 
and lymphoma models have shown the effective 
use of BET bromo-domain inhibitors to suppress 
MYC expression [ 36 ]. More interestingly, recent 
focus on screening synthetic lethal targets for 
MYC-driven cancer also identifi ed potential new 
targets such as the core SUMOylation machinery 
and eukaryotic initiation factor complex assem-
bly that are required to support MYC oncogenic 
state [ 36 ], for therapeutic opportunities. It is 
anticipated that with further dissection of MB 
subgroups and development of more precise sub-
type models that treatment of MB will approach a 
truly tailored approach with regimens that incor-
porate a spectrum of biologic agents that will 
improve patient outcomes with minimal sequelae.   

   Central Nervous System Primitive 
Neuroectodermal  Tumor/
Pineoblastoma  

   Epidemiology 

 Central nervous system primitive neuroectoder-
mal tumors (CNS-PNETs) encompass a collec-
tion of embryonal tumors which are poorly 
differentiated with varying degrees of neuronal, 
astrocytic, or ependymal differentiation. They 
represent ~2.5 % of all childhood brain tumors [ 5 ] 
and are predominantly hemispheric in location 
but can also arise in multiple other CNS locations 
including the posterior fossa. In the most recent 
WHO classifi cation system, CNS- PNETs are sub-
categorized based on location and histology and 
include CNS-PNET-NOS or supratentorial- 
PNET which are hemispheric tumors without 
any distinctive histologic features that overlap 
with tumors previously labeled as SPNET. Other 
categories identifi ed by specifi c histologic 
 features include CNS-neuroblastoma, CNS-
ganglioneuroblastoma, medulloepithelioma, and 
ependymoblastoma. Cerebral neuroblastomas 

and ganglioneuroblastoma, respectively, display 
only neuronal differentiation or with the presence 
of ganglion cells. Medulloepitheliomas are rare 
and diagnosed based on the presence of features 
resembling embryonic neural tube formation, 
while ependymoblastoma are characterized by 
distinct multilayered “ependymoblastic” rosettes; 
however, accuracy and specifi city of this subclas-
sifi cation is under debate [ 5 ], and ependymoblas-
tomas has been proposed to overlap with the 
recently described aggressive ETANTR/EMTR 
histologic entity [ 6 ]. These observations highlight 
the signifi cant challenge in histological classifi ca-
tion of CNS-PNET, particularly for subtypes 
which exhibit closely related variant histology. 
Emerging data suggest these may also represent 
closely related biological and molecular entities. 
CNS-PNETs diagnosis and classifi cation have 
been challenging and remain in fl ux. Notably, 
pineal region PNET has been considered and 
treated as SPNET in clinical trials; however, their 
biologic relatedness to tumors currently classifi ed 
under the CNS-PNET umbrella remains unclear. 
A full understanding of the molecular spectrum of 
this broad category of CNS-PNET and their rela-
tionship to tumors restricted to the pineal region is 
critical for development of more specifi c diagnos-
tics and therapeutics.  

   Clinical/Imaging Findings 

 Clinical presentation of CNS-PNETs varies and 
can include a broad range of symptoms related to 
tumor location; however, signs and symptoms of 
increased intracranial pressure are most common. 
CNS-PNETs located in the cerebral hemispheres 
usually present as heterogeneously enhancing 
large, deep-seated lesions that may contain areas 
of calcifi cation and may be diffi cult to distinguish 
from other malignant hemispheric lesions.  

   Molecular Features of CNS-PNETs 

 Although CNS-PNETs may share close histo-
logic resemblance with MB, cumulative studies 
of small tumor cohorts show they lack genomic 
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features commonly found in MB including 
 isochromosome 17q and MYCC amplifi cation, 
reviewed in [ 37 ]. Li et al. [ 8 ] fi rst studied a sub-
stantial cohort of 40 hemispheric CNS-PNET 
using global gene expression and copy number 
profi ling and reported the discovery of a novel 
oncogenic miRNA cluster that was amplifi ed in 
25 % of CNS-PNETs. They demonstrated that 
tumors with C19MC amplifi cation were fre-
quently CNS-PNETs with variant histologic fea-
tures and included tumors labeled as ETANTRs, 
CNS-PNETs with ependymal differentiation, 
medulloepithelioma, and ependymoblastoma. In a 
subsequent study, Korshunov et al. [ 38 ] confi rmed 
that the C19MC amplicon identifi ed CNS- PNETs 
variants with histologic features of rosette forma-
tion that they called EMTR. In a more recent 
study, Picard et al. conducted global profi ling and 
immunohistochemical analyses on 142 CNS-
PNETs arising in the cerebral hemisphere and 
demonstrated that the C19MC-amplifi ed tumors 
(called group 1) also expressed high levels of 
LIN28, a pluripotency marker [ 7 ]. Notably, 
C19MC amplifi cation/LIN28-positive CNS- 
PNETs are not restricted to the cerebral hemi-
spheres, indicating C19MC/LIN28 identifi es a 
single molecular disease that may exhibit dispa-
rate histologies and location. Thus, C19MC ampli-
fi cation and LIN28 expression represent powerful 
molecular tools to identify and defi ne the true inci-
dence of group 1 CNS-PNETs, which may not be 
as uncommon as previously anticipated. 

 Picard et al. [ 7 ] also identifi ed two other 
molecular classes of CNS-PNETs with oligoneu-
ral (group 2) and mesenchymal (group 3) gene 
expression signatures in their global study. Group 
2 CNS-PNETs characterized by an oligoneural 
gene signature, arose most frequently in older 
children, and were predominantly localized 
(15 % were metastatic). The group 3 mesenchy-
mal subgroup, which were identifi ed by the lack 
of both LIN28 and OLIG2 expression, were 
found across age groups and had the highest inci-
dence (65 %) of metastases [ 7 ]. Thus, OLIG2 
expression may serve as an important marker to 
identify CNS-PNETs with low risk of metastasis. 
To date no specifi c histologic features which cor-
relate with group 2 and 3 CNS-PNETs signatures 

have been identifi ed. Interestingly, a recent study 
suggested that a specifi c mutation of the H3.3 
gene (H3.3G34R), which is seen in about 25 % of 
glioblastoma, is also found in subset of CNS- 
PNETs [ 39 ]. These fi ndings highlight long- 
standing challenges with histologic diagnosis of 
CNS-PNET and suggest that molecular features 
of some tumors diagnosed as CNS-PNETs and 
GBMs may overlap. Together with the identifi ca-
tion of candidate immuno-markers for CNS- 
PNETs, these studies will now enable better 
categorization of the spectrum of undifferenti-
ated malignant neuroepithelial tumors arising in 
the cerebrum. 

 Although certain copy number features were 
more commonly seen in group 2 versus group 3 
tumors, no cytogenetic alterations exclusive to 
group 2 and 3 tumors were observed. N-Myc 
amplifi cation and deletion of CDKN2A/B tumor 
suppressor locus (Chr9p21.3) which have been 
previously reported were observed in a propor-
tion of group 2 and 3 tumors [ 40 ]. Future larger- 
scale studies will enable more comprehensive 
analysis of the clinical implications of these 
genetic lesions in CNS-PNETs.  

   Therapeutic Approaches 
for CNS-PNETs 

 Similar to MB, maximal safe surgery is also rec-
ommended for CNS-PNETs; however, due to the 
deep-seated nature of these tumors, safe com-
plete tumor resection is often diffi cult to achieve. 
Currently, postsurgical therapy for CNS-PNET is 
similar to that for high-risk medulloblastoma [ 41 , 
 42 ] with delivery of higher dose craniospinal 
irradiation in older children. However, survival 
rates of CNS-PNET are signifi cantly poorer, with 
overall survival rates reported at <50 % regard-
less of therapy received [ 17 ,  41 ]. Determinants of 
treatment failures in CNS-PNETs are not clear; 
however, limited data from a number of small 
studies suggest that an extent of resection and 
treatment with irradiation are important prognos-
tic factors [ 43 ]. Notably, predominant local failures 
reported in retrospective studies of CNS-PNETs 
together with pilot studies of risk- adapted radiation 
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[ 44 ,  45 ] suggest that a proportion of older 
 children with hemispheric CNS-PNETs may be 
cured with reduced dose or volume of irradiation. 
As group 2 OLIG2+ CNS- PNETs are predomi-
nantly localized, OLIG2 may represent a promis-
ing marker for treatment stratifi cation of 
CNS-PNETs. 

 Poorest outcomes have been observed in 
infants with CNS-PNET and may refl ect omission 
or reduction of radiotherapy as radiotherapy has 
been identifi ed as a signifi cant predictor of pro-
gression-free and overall survival [ 42 ,  44 ]. 
However, it may also refl ect the distinct biology of 
CNS-PNETs arising in younger children. Data to 
date suggest a particularly aggressive course for 
the ETANTR/EMTR tumors which comprise 
group 1 CNS-PNETs. Gene expression signatures 
suggest activation of SHH and noncanonical 
WNT pathways in C19MC/LIN28+ group 1 
tumors [ 7 ]; thus SHH pathway inhibitors, such as 
GDC-0449 or LDE225, represent promising novel 
therapeutics that warrants further  investigation in 
this disease. Signifi cantly, recent studies demon-
strate that LIN28 activates the insulin-PI3K-
mTOR pathway in these tumors and treatment 
with mTOR inhibitors abrogates growth of an 
ETANTR/EMTR cell line [ 46 ]. These studies sug-
gest that drugs targeting the insulin-mTOR signal-
ing warrant further evaluation in this disease.   

   Pineoblastoma 

 Pineoblastomas are grade 4 tumors arising in the 
pineal region that have traditionally been included 
as “supratentorial PNETs” in clinical trials, as 
they histologically resemble small round blue cell 
embryonal tumors that arise in other regions of 
the CNS. They comprise 40 % of tumors arising 
within the pineal parenchyma [ 5 ]. The differential 
diagnosis for pineoblastomas includes germ cell 
tumors and low-grade glial tumors that arise in 
the region of the tectal plate/pineal gland as well 
as benign pineal tumors and other nonmalignant 
masses. Radiologic features of an enhancing 
poorly circumscribed pineal mass would favor a 
malignant tumor diagnosis such as germ cell 
tumor or pineoblastoma. Histopathologic features 

of pineoblastoma predominantly resemble that of 
primitive pineal or retinal tissues. Only a small 
number of pineoblastomas have been examined at 
the molecular level [ 40 ,  47 ]; thus a comprehen-
sive molecular picture has yet to emerge. Notably 
tumors with molecular features of ETANTR/
EMTR have also been reported in the pineal 
region, suggesting that a proportion of tumor 
diagnosed as pineoblastomas in younger children 
may be C19MC/LIN28 group 1 CNS-PNETs. 

 Demographically pineoblastomas are most 
frequently found in younger children and may be 
associated with heritable RB1 alterations and 
present concurrently with retinoblastoma [ 48 ]. 
Thus, ophthalmological examination of young 
children presenting with pineoblastoma is recom-
mended to rule out “trilateral” retinoblastoma. 
Children can present with hydrocephalus due to 
third ventricular obstruction as well as ocular 
signs of a pineal mass. 

 Younger children with pineoblastoma fre-
quently present with or recur with metastatic 
 disease thus making treatment pineoblastoma 
highly challenging [ 49 ]. Metastatic disease at 
diagnosis and young age has been identifi ed as 
negative prognosticators and is likely to be age-
related treatment approaches. Notably, although 
Fangusaro et al. [ 50 ] reported worse outcomes 
for pineoblastoma than hemispheric CNS-PNET 
treated in the Head Start protocol, outcomes for 
pineoblastomas in older children treated with 
chemoradiotherapy protocols have been reported 
to be signifi cantly better than hemispheric 
 CNS- PNETs [ 51 ,  52 ]. Whether these discrepant 
observations refl ect age-related differences in 
pineoblastoma biology remains to be studied.  

   Prospects and Future Directions 

 Since the fi rst publication on gene expression sig-
natures of embryonal tumors [ 53 ], molecular 
studies of MB and rarer embryonal tumors, such 
as CNS-PNETs, have rapidly advanced. 
Discovery of clinically relevant molecular sub-
classes of MB and CNS-PNETs has highlighted 
the molecular heterogeneity of these tumors and 
provided new diagnostic and prognostic tools. 

T.S.Y. Chan et al.



137

With new molecular tools in hand, we are poised 
to quickly enter an era of trials where molecular 
information will signifi cantly enhance clinical 
predictors for risk stratifi cation and patient out-
comes. Additionally these studies have uncov-
ered novel targetable genes and pathways that 
necessitate the development of biology-based 
therapeutic trials for evaluation. For both MB and 
CNS-PNETs, the rapid pace of these signifi cant 
achievements has only been possible with the 
establishment of large collaborative consortia 
which have provided the power to delineate 
molecular subgroups in relatively rare diseases. 
Similar global efforts will be necessary in clinical 
trials to enable robust translation of biological 
discoveries to precision in patient care. 
Additionally, continued global effort will be nec-
essary to provide further refi nement in molecular 
classifi cation, particularly for rarer types of 
embryonal brain tumors such as CNS-PNETs 
and pineoblastoma.     
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           Epidemiology 

 Ependymomas are the third most common brain 
tumours in the paediatric population compromis-
ing 5–10 % of all newly diagnosed childhood 
brain tumours. Ependymoma represents the sec-
ond most common malignant brain tumour in 
childhood. Most childhood intracranial ependy-
momas arise from the posterior fossa and approx-
imately 25–38 % are of supratentorial origin [ 1 ]. 
Ten to thirteen percent of childhood ependymomas 
arise from the spinal cord; it is the most common 
intramedullary spinal cord tumour in childhood. 
Sixty percent of childhood ependymoma is diag-

nosed under the age of 5 years; the majority in 
this age group arises from the posterior fossa and 
tends to behave more aggressively. In contrast 
spinal ependymoma is the most common location 
over all age groups and represents more than 
75 % of adult cases of ependymoma. There is 
predominance in males 0.23:0.17 and in 
Caucasians 0.21 per 100,000 patient years vs. 
an incidence of 0.13 per 100,000 patient years in 
African Americans [ 1 ]. Neurofi bromatosis (NF) 
type 2, a familial autosomal dominant condition, 
predisposes to spinal ependymoma.  

   Location and Presenting Symptoms 

 Posterior fossa ependymomas arise from the 
fl oor of the fourth ventricle, the lateral recess 
(40 %) and the roof of the fourth ventricle (10 %). 
Seventy-fi ve percent of supratentorial ependymo-
mas arise from the parenchyma; the remainder 
arise from the lateral ventricle or rarely the third 
ventricle. The parenchymal ependymoma is 
thought to arise from the rests of ependymal cells 
retained in parenchyma during development. 
They do often arise near the ventricle and may 
extend into the ventricle. Spinal ependymomas 
arise from the cauda equina and the central canal 
of the spinal cord. 
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 Leptomeningeal disease is described in 5–10 % 
of ependymomas. Five-year event-free survival of 
those with microscopic dissemination identifi ed 
on CSF cytology is similar to those with macro-
scopic disease, magnetic resonance imaging 
(MRI) positive +/− CSF: approximately 27 %. 

 Presenting symptoms depend on location and 
age. Infants present with accelerated head growth, 
full fontanelle, irritability, vomiting, regression, 
head tilt with or without neurological defi cit, e.g. 
hemiparesis, cranial nerve defi cit and ataxia. Older 
children often present with headache   , vomiting, 
papilloedema, ataxia and cranial nerve defi cit. The 
spinal cord tumours present more insidiously with 
progressive back pain over a few months, worse 
after sleeping or waking the child in the night. The 
children with cauda equina or conus lesions 
develop saddle anaesthesia, constipation and uri-
nary retention or overfl ow incontinence. Those 
with lesions higher up in the cord present more 
commonly with scoliosis with or without sus-
pended sensory loss and motor defi cits.  

   Imaging Findings 

 Standard of care for imaging these tumours to 
delineate precisely the anatomy of tumour loca-
tion, the best surgical approach and the extent of 
the disease is by MRI plus gadolinium of the brain 
and spine. However 50 % of tumours show calci-
fi cation, which is most easily visualised on CT. CT 
however is being used less frequently due to the 
ionising radiation exposure it entails. MRI T1 
with and without contrast, T2, diffusion weighted 
images are usually performed; some centres also 
evaluate MRI perfusion and spectroscopy. 

 Posterior fossa ependymoma: typically signal 
intensity on T2 weighted images is similar to 
grey matter throughout most of the lesion, but 
there may be heterogeneity. On T1 the tumour 
demonstrates low signal intensity and predomi-
nantly solid enhancement. The lesion may extend 
through the foramen of Luschka into the cerebel-
lopontine angle (15 %) and/or through the fora-
men of Magendie (60 %) onto the posterior 
aspect of the cervical cord and may encase blood 
vessels and lower cranial nerves (Fig.  13.1 ).

   Supratentorial tumours tend to be more 
 heterogeneous, with cystic, calcifi ed and haemor-
rhagic components. They usually have avidly 
enhancing areas interspersed with nonenhancing 
regions (Figs.  13.2  and  13.3 ).

      Pathology 

 Histological classifi cation of ependymomas is 
most frequently defi ned using the World Health 
Organization (WHO) grading scheme for CNS 
tumours [ 2 ]. According to this system, ependy-
momas can be divided into four pathological sub-
groups: subependymoma and myxopapillary 
ependymoma (both WHO grade I), classic (grade 
II) and anaplastic (grade III). Within the classic 
subgroup are four morphological variants: cellu-
lar, papillary, clear cell and tanycytic tumours 
(Table  13.1 ).

  Fig. 13.1    This MRI shows a very large posterior fossa 
ependymoma fi lling the fourth ventricle and extending 
into the left cerebellopontine angle through the foramen 
of Luschka (Reprinted from Teo C, Nakaji P, Symons P, 
et al. Ependymoma. Child’s Nervous System 2003; 
19(5–6): 270–285. With permission from Springer Verlag)       
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   Subependymomas are benign nodules usually 
found in the intracranial ventricles of adults. 
Similarly, myxopapillary ependymomas are rarely 
seen in children and tend to arise almost exclu-
sively in the spine, at the level of the cauda equina. 
Paediatric intracranial ependymomas are typically 
of a classic or anaplastic histology. Hallmark 
microscopic features of classic ependymomas 
include either perivascular pseudorosettes, formed 
by the radial arrangement of tumour cells around 
a blood vessel (perivascular), or true rosettes 
where the cells circumferentially surround a cen-
tral lumen or canal [ 3 ]. Positive cytoplasmic stain-
ing for glial    fi brillary acid protein (GFAP) and 
vimentin is a frequent immunohistochemical fi nd-
ing. Anaplastic ependymomas are additionally 
differentiated by displaying numerous mitotic 
 fi gures, substantial necrosis, an increased cellular 
nucleus/cytoplasmic ratio and microvascular 
 proliferation. Assigning a specifi c WHO grade 
to a given tumour remains subjective, lacking 
 uniformity, and is often diffi cult as  ependymomas 
 frequently demonstrate marked intratumoral 
 heterogeneity. This is emphasised by the reported 

  Fig. 13.2    Supratentorial ependymoma. The location 
makes these tumours more readily resectable. This patient 
did not have adjuvant therapy and has enjoyed 4 years of 
recurrence-free survival (Reprinted from Teo C, Nakaji P, 
Symons P, et al. Ependymoma. Child’s Nervous System 
2003; 19(5–6): 270–285. With permission from Springer 
Verlag)       

  Fig. 13.3    Ependymoma: there is a tumour in the lower 
cervical spinal cord ( a ) with displacement of the fi bres 
 visible on the tractogram ( b ) (Reprinted from Vargas MI, 

Delavelle J, Jlassi H, et al. Clinical applications of diffusion 
tensor tractography of the spinal cord. Neuroradiology 
2008; 50(1): 25–29. With permission from Springer Verlag)       
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incidence of anaplastic ependymoma, varying 
from 7 to 89 % of cohorts analysed. 

 Electron microscopy may be used to confi rm 
the histological identifi cation of ependymoma; 
characteristic features include cilia, microvilli, 
long junctional complexes, basal bodies and 
intracytoplasmic fi laments [ 4 ].  

   Biology 

 Recent times have witnessed an increase in stud-
ies aiming to improve our understanding of the 
nature and origins of molecular genetic abnor-
malities found in ependymoma. What is becom-
ing apparent is that ependymoma is a biologically 
diverse and complex entity which, akin to 
 medulloblastoma, appears to be comprised of 
biolo gically and functionally distinct molecular 
subclasses.   

   Predisposition Syndromes 

 The majority of paediatric ependymomas arise 
spontaneously without a known predisposition 
syndrome. Nevertheless, associations with certain 
conditions have been reported. For instance, neu-
rofi bromatosis type 2 is an autosomal  dominant 

condition caused by a germline mutation in the 
 NF2 / Merlin  gene (22q12.2). This disorder is par-
ticularly associated with the formation of vestibu-
lar schwannomas, although spinal ependymomas 
can be a relatively common fi nding [ 5 ]. Intra-
cranial ependymomas have been described as a 
rare feature of Turcot syndrome type 2 [ 6 ]. This 
familial disorder is caused by inherited mutations 
of the  APC  gene (5q22.2) and is characterised by 
the development of intestinal polyps, yet is more 
commonly associated with medulloblastoma for-
mation. Familial ependymomas occurring in the 
absence of such  inherited syndromes have also 
been described, although these are extremely rare.  

   Cell of Origin 

 The morphological similarity between neoplastic 
ependymoma cells and normal ependymal cells 
lining the CNS ventricular system made the latter 
a presumed cell of origin for this tumour. 
However, recent stem cell characterisation stud-
ies have suggested that tumour initiation may 
actually arise in primitive radial glial cells 
(RGCs), which demonstrate both stem (CD133+/
Nestin+)  and  glial (Rc2+/Blbp+) immunopheno-
types. These RGCs have been shown in vitro to 
self-renew, and differentiate, whilst also forming 

   Table 13.1    Current WHO classifi cations of ependymomas   

 WHO grading system  Subgroups  Histopathology 

 I  Subependymoma  Isomorphic nuclei embedded in a dense 
fi brillary matrix of glial cell processes 
with frequent microcystic change 

 Myxopapillary ependymoma  Mitoses rare or absent 
 GFAP-expressing cuboidal to elongated 
tumour cells arranged in a papillary 
manner around vascular stromal cores 

 II (classic)  Cellular ependymoma  Monomorphic nuclear morphology 
 Papillary ependymoma  Mitoses rare or absent 
 Clear cell ependymoma  Perivascular pseudorosettes and 

ependymal rosettes 
 Tanycytic ependymoma 

 III (anaplastic)  High mitotic activity. Palisading 
necrosis. Microvascular proliferation. 
Perivascular pseudorosettes 

  [Reprinted from Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifi cation of tumours of the central ner-
vous system. Acta Neuropathol 2007;114:97–109. With permission from Springer Verlag]  
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ependymomas when transplanted into immuno-
compromised mice, making them attractive can-
didates [ 7 ,  8 ]. If this concept proves correct, it 
may lead to a shift in therapy by targeting these 
ependymoma-initiating cells in addition to reduc-
ing tumour bulk.  

   Molecular Subgroups 

 Earlier biological studies have shown distinct 
molecular differences between spinal, supraten-
torial and posterior fossa ependymomas, suggest-
ing tumour location may be an important driving 
factor for these lesions [ 7 ]. Whilst the precise 
number remains uncertain, up to nine molecular 
subclasses of ependymoma from these three sites 
have now been suggested according to a combi-
nation of intrinsic chromosomal abnormalities 
and characteristic ‘driving’ gene mutations (such 
as  NOTCH1  or  EPHB2  amplifi cation). For inst-
ance, at least two molecularly distinct subclasses 
of posterior fossa ependymoma have been con-
fi rmed, each associated with a specifi c patient 
age group and clinical outcome [ 9 ]. Likewise, 
supratentorial tumours can be divided into two 
groups according the expression of genes con-
trolling neuronal differentiation [ 10 ]. 

 There is also evidence from chromosome 
imbalance work that childhood and adult ependy-
momas are biologically distinct, irrespective of 
tumour location, with gain of chromosomes 1q, 
7 and 9 and loss of chromosomes 22, 3 and 
9p being frequent in paediatric tumours [ 11 ]. 
Moreover, a ‘balanced’ genomic profi le, without 
chromosomal gain or loss, has been reported in 
up to 58 % of paediatric ependymomas, particu-
larly those under 3 years of age. This contrasts 
with adult ependymomas where a balanced 
genome is found in less than 10 % of cases [ 11 ]. 

   Prognostic Factors 

 Due to the relatively poor survival outcomes of 
ependymoma when compared with other paediat-
ric CNS tumours, there remains great interest in 
determining prognostic factors for this tumour 

group in order to risk stratify patients and tailor 
therapy appropriately. Several clinical, patholog-
ical and biological correlates of outcome have 
been assessed, primarily using data from retro-
spective cohort studies.  

   Clinicopathological Factors 

   Surgical Resection 
    The degree of tumour removal, particularly a 
gross total resection (GTR), appears the most 
favourable and consistent clinical prognostic 
 factor reported from retrospective case series, 
with 5-year survival rates being reported as high 
as 80 %, compared to 22–47 % for cases of 
incomplete resection [ 11 – 13 ]. However, litera-
ture suggests that for approximately one-third of 
childhood intracranial ependymomas, GTR is not 
achieved. This is particularly the case for infraten-
torial tumours extending to involve the lower 
 cranial nerves and associated vasculature, where 
aggressive resection can be associated with sub-
stantial morbidity.  

   Tumour Location 
 There is insuffi cient evidence that intracranial 
location impacts on patient prognosis, indepen-
dent of that explained by surgical accessibility and 
the ease of achieving a GTR. There is data, albeit 
limited, to suggest complete resection for certain 
supratentorial ependymomas can be curative [ 14 ]. 
Indeed, the North American Children’s Oncology 
Group (COG) currently recommends only a post-
operative observation strategy for grade II supra-
tentorial tumours where GTR has been achieved.  

   Age 
 Historically, a younger age at diagnosis has 
 frequently been associated with shorter patient sur-
vival. Possible explanations for this include an age-
related difference in underlying tumour biology, or 
the practice of delaying or avoiding adjuvant radio-
therapy to the developing central nervous system. 
However, whilst the majority of studies reveal an 
association with age, this is not consistent as some 
studies report no prognostic difference between 
contrasting paediatric age groups [ 15 ].  
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   WHO Grade 
 A distinct difference in survival outcomes 
between anaplastic and classical ependymomas, 
according to the WHO grading system, remains 
unproven. This probably refl ects the diffi culty of 
applying such a classifi cation scheme in clinical 
practice due to intratumoural heterogeneity, 
inter-observer variability and the inability to uni-
formly defi ne anaplasia. Whilst some studies 
have observed an adverse prognosis for anaplas-
tic ependymomas, other studies have refuted this. 
Unfortunately, alternative classifi cation schemes 
have also failed to prove either reproducible or 
prognostic [ 16 ].   

   Biological Factors 

   Molecular Subgroups 
 As stated, advances in tumour molecular analysis 
(high-throughput gene expression and genomic 
arrays, tissue microarray analysis by immunohis-
tochemistry and fl uorescence in situ hybridisa-
tion, etc.) have enabled new biological subgroups 
of ependymoma to be identifi ed. For instance, 
gene expression profi ling of posterior fossa epen-
dymomas has delineated at least two distinct 
prognostic groups [ 9 ,  17 ]. One such set of 
tumours (termed ‘Group A’ or ‘1’) were often 
located laterally in the cerebellopontine angle, 
frequently demonstrated overexpression of genes 
including  laminin-alpha 2  ( LAMA2 ), or genes 
invol ved in mesenchymal/extracellular matrix 
development such as  Tenascin-C  ( TNC ), and were 
associated with a younger patient age, recurrence 
and metastasis. The contrasting group of ependy-
momas (‘Group B’ or ‘2’) were primarily located 
centrally, found predominantly in  adolescents or 
adults and were less invasive. Consequently, the 
progression-free survival (PFS) and overall sur-
vival (OS) rates for Group A/1 ependymomas 
were signifi cantly poorer than for Group 2/B 
tumours. Likewise, biological prognostic sub-
groups of supratentorial ependymomas have been 
identifi ed according to the expression of genes 
implicated in neuronal differentiation such as 
 NFL70,  where overexpression independently 
conferred an improved PFS [ 10 ].  

   Chromosomal Imbalances 
 Gain of chromosome 1q is the most common 
chromosomal imbalance observed in paediatric 
ependymomas, when compared to adult tumours 
[ 11 ]. Nevertheless, it is only observed in approxi-
mately 20 % of cases [ 18 ]. Several retrospective 
genomic studies performed in both North 
America and Europe, including analyses of 
 uniformly treated clinical trial cohorts, have con-
fi rmed an adverse prognostic role for 1q gain, 
being associated with a worse patient PFS and 
OS. Studies have also proposed incorporating 1q 
gain into future patient risk group stratifi cations 
in order to tailor therapy more appropriately [ 19 ]. 
The precise mechanism of 1q gain and why, in 
turn, this seems to impart a worse outcome for 
patients remains unclear. 

 Gain of another chromosomal region, 9q33- 
34, has been shown to occur relatively frequently 
at recurrence, in addition to being associated with 
an adverse prognosis in paediatric ependymoma. 
This region encompasses the loci of genes 
thought to be implicated in ependymoma patho-
genesis such as  NOTCH1  and  TNC  [ 18 ].  

   Individual Molecular Markers 
 Several biological markers have been proposed 
as correlates of adverse outcome in paediatric 
ependymoma from retrospective case series of 
paediatric ependymoma. These include overex-
pression of human telomerase reverse transcrip-
tase (hTERT) [ 20 ] and its nuclear chaperone 
Nucleolin [ 21 ], the extracellular matrix proteins 
TNC and LAMA2 [ 9 ,  22 ], p53 [ 23 ], EGFR [ 24 , 
 25 ], the transcription factor EVI-1 [ 26 ] and the 
stem cell marker Nestin [ 27 ]. 

 However, all of these putative prognostic can-
didates have not been completely validated, 
either by generating reproducible fi ndings in 
 different retrospective cohorts or indeed in a 
 prospective clinical trial setting. Until this is 
undertaken, defi nitive conclusions regarding 
their effectiveness as prognostic markers in pae-
diatric ependymoma should be considered with 
caution. 

 Evidence has shown, however, that ependy-
moma can no longer be considered a single bio-
logical entity.    Indeed, as suggested by Grill and 
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colleagues, due to the biological complexity and 
diversity of paediatric ependymoma, future prog-
nostic predictions may require a set of several 
biomarkers which have relevance for a particular 
molecular subset of the tumour, as is currently 
the case for medulloblastomas [ 18 ].  

   Treatment 
 Surgery is the main initial treatment modality but 
curative as single modality therapy when com-
plete removal is possible with acceptable func-
tional outcome only in the minority of childhood 
ependymoma. This mainly applies for tumours 
arising from the spinal cord. Following reports of 
potential cure of supratentorial ependymoma 
with resection alone [ 14 ], COG has been evaluat-
ing the possibility of observation only in supra-
tentorial WHO grade 2 ependymoma following a 
complete resection; the results of this clinical 
trial are awaited. 

 Posterior fossa tumours represent the majority 
of cases in childhood; a GTR is aimed for, some-
times sacrifi cing cranial nerve function, as the 
extent of resection is recognised to have an 
impact on cure rate. There is always careful 
 consideration of long-term surgical morbidity vs. 
improving cure rate with the extent of resection. 
Most centres would not consider that the require-
ment of lifelong tracheostomy or G-tube is 
an acceptable intentional morbidity of surgery. 
Unfortunately these tumours may be wrapped 
around major blood vessels in the posterior fossa 
as well as infi ltrating lower cranial nerves thus 
making it impossible to perform a total resection. 
Intraoperative brainstem monitoring, sensory- and 
motor-evoked potentials should be considered 
where the tumour likely involves cranial nerve, 
brainstem or spinal cord, to minimise postsurgi-
cal morbidity. In addition intracranial ependymo-
mas can be very vascular, particularly the large 
tumours of young children, requiring a second 
stage surgical resection either up front or follow-
ing some chemotherapy [ 28 ]. 

 Spinal cord tumours are generally WHO grade 1 
and can be observed even in the absence of a com-
plete resection, with the aim to reresect at the time 
of progression or recurrence and consideration of 
involved fi eld post-operative radiation at that time. 

There is a small risk of recurrence with metastases; 
however, this is rare with spinal ependymoma. 
Occasionally multiple primaries of the spinal cord 
occur; this should raise the suspicion of neurofi bro-
matosis type 2. 

 Radiation therapy to the involved fi eld has 
been standard for WHO grade 2 and grade 3 
tumours following resection, and provides a sur-
vival advantage [ 29 ]. Conformal, stereotactic and 
proton beam radiation are presently being used to 
the tumour bed to provide more precise radiation 
and less long-term morbidity. Radiation is being 
reconsidered in children as young as 12 months 
of age, as it is proposed that the long-term cogni-
tive decline in the young is signifi cantly less dra-
matic and more acceptable with focal radiation as 
opposed to craniospinal radiation, particularly 
with more precise techniques [ 30 ]. Long-term 
prospective multi-institutional studies especially 
in children < 5 years of age at the time of the radi-
ation have yet to confi rm satisfactory long-term 
morbidity. Molecular signatures of ependymoma 
may in the future help us identify which intracra-
nial ependymomas will behave less aggressively 
and may either not need radiation or may not 
need a GTR to be cured; type B posterior fossa 
ependymoma has an excellent prognosis [ 9 ]. 
In general it is deemed only necessary to radiate 
the craniospinal axis if there is evidence of dis-
semination at diagnosis, as failure in patients 
with localised disease is at the primary site in 
90 % of patients. 

 The role of chemotherapy in treating ependy-
momas is not clear. It can induce a partial or 
 complete response in some patients and it may be 
helpful in facilitating second-look surgery. 

 It has been used to delay radiotherapy in infant 
protocols with disappointing results for the most 
part but effective in some patients obviating the 
need for radiation [ 31 – 33 ]. It is presently being 
evaluated in residual and anaplastic disease fol-
lowing resection and radiation in the open COG 
protocol for those who are 12 months of age or 
older. 

 Chemotherapy after resection and radiation for 
those with residual intracranial ependymoma post 
resection was proposed by Needle in 1997 and 
consisted of a regime of carboplatin, vincristine, 
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ifosfamide and etoposide delivered for four cycles 
[ 34 ]. The 5-year PFS was 74 %, superior to radia-
tion alone following surgery. Chemotherapy after 
surgery but before radiation has been evaluated by 
Garvin to manage residual disease after surgery. 
Vincristine, cisplatin and cyclophosphamide were 
delivered in four cycles with each lasting 21 days. 
Of 35 patients evaluable for response, 40 % had a 
complete response, 17 % a partial response and 
14 % progressed through chemotherapy. The pre-
irradiation chemotherapy group demonstrated EFS 
comparable to those with no residual who were 
treated post resection with radiation alone. How-
ever benefi t from chemotherapy was restricted to 
patients who had had more than 90 % of the 
tumour resected [ 28 ]. 

 Attempts have been made to delay or avoid 
radiation in infants due to concern regarding 
long-term morbidity following brain radiation 
particularly of children under 3 years of age. The 
Baby Pediatric Oncology Group protocol con-
sisting of 28-day cycles of chemotherapy is used 
for children younger than 36 months to delay 
radiation until the child reaches that age. The 
chemotherapy consisted of vincristine, cyclo-
phosphamide alternating with cisplatin and eto-
poside. Those less than 24 months of age at 
diagnosis had a signifi cantly worse outcome 
12 % 5-year PFS vs. 55 % 5-year PFS in those 
24–36 months of age at diagnosis; this is pre-
sumed to be due to more prolonged delay in 
 radiation [ 32 ]; however, potential confounding 
factors include younger age with more aggressive 
tumour biology and lesions less amenable to a 
meaningful resection. Grundy reports the UK/
SIOP experience of alternating cycles of myelo-
suppressive and non-myelosuppressive chemo-
therapy, with a 5-year cumulative incidence of 
freedom from radiotherapy of 42 % in infants 
with non-metastatic ependymoma at diagnosis. 
The median time to progression was 1.6 years 
and 80 % had local recurrences [ 31 ]. Head Start 
1 and 2 chemotherapy including IV methotrexate 
in induction for fi ve metastatic ependymomas [ 33 ] 
provided 80 % overall survival; however, radiation-
free survival in the whole ependymoma group 
( n  = 29) was only 8 %; those without dissemination 
did not receive methotrexate with this protocol. 

Venkatramani reports a more favourable outcome 
in supratentorial ependymoma: 86 % 3 year 
event-free survival following treatment with the 
Head Start 3 regimen [ 35 ].    

   Recurrent Ependymoma 

 Recurrent ependymoma is still a challenge which 
occurs in up to half the cases depending on the 
above prognostic factors. Recurrent ependy-
moma has a unique pattern which is different 
than other malignant paediatric brain tumours 
such as medulloblastoma and ATRT and can be 
exploited for therapeutic use. Most of tumour 
recurrences are local and complete surgical 
 resection can be achieved. Upon successive 
relapse, tumours tend to metastasise. Patho-
logically, tumours tend to change to higher grade 
with successive recurrences [ 36 ].  

   Treatment and Outcome 
of Recurrent Ependymoma 

 In most series, recurrent ependymoma still has 
dismal outcome. However, the course may be 
indolent and protracted enabling the study of 
multiple approaches. Surgical resection is often 
feasible in local recurrence and in selected cases 
of well-demarcated nodules. Although not cura-
tive, this can result in prolonged tumour-free 
 survival. Due to its indolent course, multiple che-
motherapeutic regimens and combinations were 
tested with or without novel agents. These results 
have not resulted in signifi cant tumour control or 
change in outcome. 

 Radiation therapy for children who were not 
irradiated upfront has resulted in cure for a sig-
nifi cant proportion of patients [ 31 ] and should 
be considered, especially with aggressive sur-
gery when appropriate. Reirradiation has been 
shown to be both feasible and safe and improve 
outcome [ 36 – 38 ]. Radiosurgery has shown 
some positive results in selected cases but larger 
series do not reveal improved outcome 
and recurrence outside the radiation fi eld is 
common. 
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 Conformal reirradiation to a total cumulative 
dose of more than 100 Gy to local recurrence is 
associated with high rates of local tumour control 
and lack of radiation necrosis if performed 
more than a year from initial radiation therapy. 
Craniospinal radiation, with surgery of primary 
and metastatic disease, has shown prolonged PFS 
in several series [ 36 ,  38 ,  39 ]. Although improved 
overall survival has been shown using this 
approach, larger prospective studies are required 
to determine the curative potential of this approach. 

 Novel therapies have shown frustrating unsat-
isfactory results so far. Nevertheless, rational 
therapies stemming from biological studies have 
shown some encouraging results. In a drug screen 
based on molecular characterisation of supraten-
torial ependymoma, 5FU has shown effi cacy in 
vitro and in vivo and this regimen is being tested 
in a phase II clinical trial [ 40 ]. Better understand-
ing of the events which characterise recurrent 
ependymomas may lead to additional rational 
targeted therapies which may improve outcome 
to these patients. 

   Long-Term Outcome and Summary 

 The long-term cure and outcome of patients is 
improving with advances in neurosurgical tech-
niques allowing a meaningful resection whilst 
minimising secondary neurological defi cits. Also 
imperative to better long-term outcome includes 
the ability to provide precise radiation to the 
majority of patients without craniospinal disease 
minimising long-term cognitive and functional 
impairment. Increased availability of neuroimag-
ing will potentially allow earlier detection and 
thus possibly decrease morbidity associated with 
metastasis, large vascular tumours, attachment to 
cranial nerves and around major blood vessels 
and hydrocephalus, all features contributing to 
long-term morbidity in survivors. The role of che-
motherapy although limited at this time is helpful 
in some cases and may play a larger role in the 
future for specifi c more aggressive subtypes. 
Advances in molecular biology may assist in the 
future, regarding stratifi cation of therapy and 
novel therapies for the most challenging tumours.      
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           Introduction 

 CNS GCTs are a heterogeneous group of tumors 
consisting of germinoma and non- germinomatous 
germ cell tumors (NGGCTs). NGGCTs include 
embryonal carcinoma, yolk sac tumors (or endo-
dermal sinus tumors), choriocarcinoma, mature 
and immature teratoma, and teratoma with malig-
nant transformation, as well as mixed pathology 
NGGCT. The terminology of “non- germinomatous 
germ cell tumors” has been repeatedly questioned 
as the term does not capture the variety of tumors 
properly. Many NGGCTs (so termed if the pathol-
ogy includes at least one NGGCT subtype) are 
mixed in nature and may even entail components 
of germinoma. Hence some authors advocate 
substituting the term “mixed malignant germ cell 
tumors” (MMGCT) in place of “NGGCT” [ 1 ]. 
The authors of this chapter will continue to use 
the terms germinoma and NGGCT as there is not 
yet consensus around this new terminology. This 

chapter aims to capture the commonality and 
 difference in the understanding of these tumors 
between the Western and Eastern world and the 
inherent challenges regarding adequate conclu-
sions with respect to treatment and prognosis.  

   Epidemiology 

 Differences in incidence rates are observed 
according to gender and ethnicity. The mean 
annual incidence of CNS GCT is reported to be 
1.06 per million children (0–18 years of age) in 
Canada [ 2 ]. In this study, the annual incidence of 
germinoma was approximately twice that of 
NGGCT. While other Western countries estimate 
similar incidence rates with CNS GCT account-
ing for up to 3.6 % of all pediatric intracranial 
CNS tumors [ 3 ], the rates are higher in Japan and 
the Far East accounting for up to 15.3 % of all 
pediatric intracranial CNS tumors [ 4 ,  5 ]. The rea-
sons for variations in incidence remain elusive, 
but genetic predisposition or difference in viral 
infection rates according to ethnic background 
and/or geographical areas has been considered 
potential explanations. If the latter cause would 
apply, racial difference may disappear with 
second- generation immigrants from Asia to other 
continents. A retrospective Canadian epidemio-
logical study suggested that this higher preva-
lence persisted in children of Asian descent; 
however, this trend did not reach statistical 
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 signifi cance due to the small sample size and 
missing information on ethnicity [ 2 ]. 

 The peak incidence of CNS GCT is in the sec-
ond decade of life and male gender is affected 
more often [ 3 ,  6 ,  7 ]. The male predominance is 
striking in GCT arising in the pineal area with a 
male-to-female ratio ranging up to 15:1, while 
girls are slightly more affected if GCTs arise in 
the suprasellar region [ 8 ,  9 ].  

   Pathology and Etiology of Germ 
Cell Tumors 

 CNS GCTs are the exact morphological homo-
logues of extracranial and gonadal germ cell 
tumors. Each of the histological subtypes of GCT 
mimics elements of one or more of the three 
embryonic germ layers: endoderm, mesoderm, 
and ectoderm (Fig.  14.1 ). Uncertainty remains 
regarding the nature of the cell of origin.

   Gonadotropins are considered to have a poten-
tial role in the etiology due to the midline loca-
tion of GCTs, the neighborhood to diencephalic 
centers that regulate gonadotropins, and the 
increased prevalence in children of peripubertal 
age and in boys affected by Klinefelter syndrome 
(47, XXY) [ 10 ,  11 ]. Several case reports describe 
GCTs affecting siblings or children with NF-1 or 
Down syndrome [ 12 – 19 ] hypothesizing potential 
genetic links. The occurrence of extracranial 

germ cell tumors in patients years after successful 
treatment for CNS GCT may as well be sugges-
tive of a possible genetic disposition [ 20 ,  21 ].  

   Germinoma 

 Germinomas account for approximately 60–70 % 
of intracranial germ cell tumors [ 5 ]. Most germi-
nomas develop in the midline structures, namely 
the suprasellar and pineal regions [ 22 ]. 
Occurrences outside the midline and in the basal 
ganglia are rare [ 23 ,  24 ]. Progression-free sur-
vival (PFS) in germinomas is excellent with 
5-year overall survival (OS) exceeding 90 % in 
retrospective and prospective series [ 6 ,  25 ,  26 ].  

   Clinical Presentation 

 The clinical presentation is determined by the 
location of the germinoma. Long-lasting histo-
ries up to years are not uncommon. Diabetes 
insipidus, a symptom of the vast majority of 
patients with suprasellar and bifocal germinoma, 
can remain clinically balanced and undiagnosed 
for a prolonged time period. Hence diligent his-
tory taking and review of polyuria and polydipsia 
is important. Symptoms of increased fl uid intake, 
weight loss, and personality changes in an aca-
demic high achieving, peripubertal girl may 

  Fig. 14.1    Germinoma resembles the primordial germ cell 
tumor of the gonads. Teratoma mimics the fetus itself, yolk 
sac tumor resembles the yolk sac, choriocarcinoma is 

 similar to trophoblast or placenta, and embryonal carci-
noma is composed of immature embryonic tissues 
(Reprinted from [ 69 ])       
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 mislead to an inappropriate diagnosis of an  eating 
behavior disorder. New onset of diabetes insipi-
dus should prompt diagnostic workup including 
brain magnetic resonance imaging (MRI). In case 
of documented pituitary stalk thickening, a care-
ful clinical and imaging follow-up is recom-
mended as about ~15–25 % of affected individuals 
may eventually develop germinoma [ 27 ,  28 ]. 
Other symptoms associated with suprasellar ger-
minoma location are visual disturbances and 
endocrinopathies. 

 The most common symptoms of a pineal ger-
minoma are symptoms of increased intracranial 
pressure due to obstruction of the aqueduct and 
Parinaud’s syndrome. This syndrome is named 
for Henri Parinaud, French ophthalmologist 
(1844–1905), and its component of upward gaze 
palsy is most apparent at clinical presentation. 

 Basal ganglia germinoma accounts for 4–10 % 
of germinoma and is often characterized by 
insidious onset of symptoms over a long period 
of time (1–4.5 years). The presentation is gener-
ally different from midline germinoma and can 
include hemiparesis or choreoathetotic move-
ments, personality changes, and ocular and 
speech disturbances.  

   Radiology 

 Classical imaging characteristics of suprasellar 
and pineal (or bifocal) germinoma are homoge-
nous iso- or hypointense lesions on T1 weighted 
MRI and iso- or hyperintense on T2 weighted 
MRI (iso- or hyperdense on computed tomogra-
phy—CT) with avid enhancement after contrast 
administration. Ventricular dissemination is not 
exceptional and usually characterized by linear 
or nodular enhancement along the ependymal 
ventricular lining. Basal ganglia germinoma may 
lack this avid enhancement and sometimes show 
no or little mass effect especially in the early 
stages of the disease. Ipsilateral cerebral and/or 
brainstem atrophy (Wallerian degeneration) is 
present in one third of patients with basal ganglia 
germinoma [ 29 ].  

   Tumor Markers 

 Intracranial germ cell tumors can secrete tumor 
markers in the bloodstream and/or in the cerebro-
spinal fl uid (CSF). Most germinomas are marker 
negative and, in particular, they never secrete 
alpha-fetoprotein (AFP). However some germi-
nomas may secrete human chorionic gonadotro-
pin (hCG and hCGβ) either in serum or in the 
CSF due to the presence of syncytiotrophoblastic 
giant cells (STGCs). Retrospective and prospec-
tive analyses found elevated hCG levels in up to 
40 % of germinoma patients [ 26 ,  30 ,  31 ]. The 
majority of cases have elevated hCG levels solely 
in CSF; however, the presence of both or elevated 
value in serum with normal value in CSF is 
described [ 31 ]. Sampling artifacts including the 
short half-life of hCG (1.5 days) may contribute 
to some variability in these fi ndings. 

 There are confl icting data regarding the maxi-
mum level of hCG in germinoma and its prognos-
tic signifi cance. Moderate elevation of hCG in 
serum or CSF is considered diagnostic for germi-
noma, and a level below 50 IU/L is the threshold 
used in Europe and North America. The 
International Society of Pediatric Oncology 
(SIOP-CNS-GCT) study defi nes tumors exceed-
ing hCG > 50 IU/L as malignant secreting 
NGGCT. By contrast, in Japan, biopsy-proven 
germinomas are all classifi ed as germinoma irre-
spective of their level of hCG secretion [ 32 ]. 

 Some authors have suggested a different 
prognosis for germinoma with elevated level of 
hCG. One study reported a 10-year survival 
advantage for patients with nonsecreting germi-
nomas (90 %) compared to those with elevated 
hCG serum levels (60 %) [ 33 ]. However, most 
other studies did not fi nd such differences in 
outcome [ 22 ,  30 ,  34 ,  35 ]. The current ongoing 
Children’s Oncology Group germ cell tumor 
study increased the hCG threshold for eligibil-
ity into the germinoma treatment stratum, 
allowing patients to be enrolled as long as hCG 
level does not exceed 100 IU/L either in serum 
or CSF. 
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   s-Kit in Germinoma 

 Immunohistochemical studies have shown that 
s-kit is highly expressed in germinoma cells. CSF 
studies have shown high levels of soluble-kit 
(s-kit) in patients with germinomas (with or with-
out STGCs) compared to patients with NGGCTs 
[ 36 ]. s-Kit levels were also correlated with the 
clinical course of the disease, with higher s-kit 
concentration in samples obtained before treat-
ment and in those collected at the time of tumor 
recurrence. These data suggest that CSF s-kit 
may represent a valuable tumor marker of germi-
nomatous components.   

   Staging 

 As with malignant childhood brain tumors in 
general, MRI of the entire CNS (brain and spinal 
cord) at the time of initial diagnosis is essential 
for staging. If emergency surgery is deemed nec-
essary for the patient (mostly for hydrocephalus 
management), then MRI of the spine—if not 
done prior to surgery—should be obtained within 
a 48–72 h window after the surgical intervention 
to avoid any artifact associated with the recent 
intervention. Tumor markers in serum and CSF 
are essential in midline lesions that are suspicious 
for GCT, and results will determine the need for 
biopsy, establish treatment strategy, and estimate 
prognosis. In addition, a lumbar CSF investiga-
tion for cytology prior to initiation of treatment is 
the gold standard; however, this may not always 
be feasible due to the presence of obstructive 
hydrocephalus and the associated life-threatening 
risk of brain herniation, particularly in the context 
of pineal germinomas. The CNS GCT SIOP trial 
allowed enrolment of patients if CSF cytology 
was undertaken either via ventricular route or 
lumbar puncture. Interestingly the Japanese 
working group dismisses CSF cytology because 
it is not taken into treatment considerations [ 37 ]. 
Data from prospective studies suggest [ 26 ,  38 ] 
that 15–20 % of germinoma patients have dis-
seminated disease at diagnosis either on imaging 
(M+) or on CSF investigation (M1).  

   Treatment 

   Role of Radiation and Chemotherapy 

 Historically, craniospinal irradiation (CSI) has 
been the gold standard treatment for CNS germi-
noma [ 39 – 41 ]. Combined systemic chemother-
apy with local irradiation has been introduced 
with the aim of reducing radiation doses and/or 
volume and herewith the incidence of late-onset 
sequelae while maintaining high cure rates 
[ 42 ,  43 ]. Focal radiation however resulted in 
increased number of ventricular relapses and 
subsequently whole-ventricular radiation (WVI) 
was utilized by the Japanese, French, and German 
working groups [ 26 ,  32 ,  38 ]. The relative contri-
butions of chemotherapy and irradiation remain a 
topic of debate in the treatment of these highly 
curable CNS germinomas.  

   Radiation Therapy 

 The use of CSI dates from an era when staging 
was rarely performed and treatment was similar 
for non-metastatic and metastatic patients. 
Progressively, the relevance of CSI was ques-
tioned, particularly for patients with non- 
metastatic CNS germinoma. The low risk of 
isolated spinal relapse was initially suggested by 
Brada [ 44 ]. Rogers et al. conducted a meta- 
analysis of radiation therapy for germinoma 
patients and found a recurrence rate of 7.6 % after 
whole-brain or WVI and of 3.8 % after craniospi-
nal radiation. No predilection for isolated spinal 
metastasis was found when CSI was omitted 
(2.9 % versus 1.2 %). The authors concluded that 
reduced-volume irradiation should replace CSI 
[ 25 ]. Ogawa’s retrospective review of the Japanese 
experience concurs with a low risk of spinal 
relapse with an incidence of 4 % (2/56) for patients 
treated with CSI versus 3 % (2/70) for patients 
treated without spinal radiation [ 22 ]. Excellent 
PFS for localized germinomas with the use of 
either whole-brain or whole-ventricular irradiation 
is reported by several institutions [ 6 ,  41 ,  45 – 47 ]. 
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There are studies suggesting that radiation dose 
can be reduced to less than 36 Gy WVI without pre-
irradiation chemotherapy [ 48 ,  49 ]. However the use 
of radiation therapy alone has been associated with 
a risk of extra CNS relapses [ 40 ]. In addition the 
late effects of radiation with respect to neurocogni-
tive and endocrine function and quality of life are 
well recognized. A retrospective study evaluating 
quality of life in germinoma long-term survivors 
( n  = 52) treated with radiation only identifi ed sig-
nifi cant issues: only 6 of 44 patients were married, 
21 patients had no occupation, and 7 of 11 formerly 
employed patients had left their jobs [ 50 ]. In the 
hopes that reduced dose and volume of irradiation 
will diminish impact on neurocognitive function 
and quality of life in a meaningful way, neoadjuvant 
chemotherapy has been progressively introduced in 
the management of CNS germinoma.  

   Chemotherapy 

 Germinomas are highly sensitive to chemother-
apy particularly to platinum compounds 
and cyclophosphamide [ 51 ,  52 ]. The largest 
chemotherapy- only experiences are reported in 
the First, Second, and Third International CNS 
Germ Cell Tumor Study. In the fi rst study chemo-
therapy consisted of 4 cycles of carboplatin 
(500 mg/m 2 /day, day 1 and 2), etoposide (150 mg/
m 2 /day, day 3), and bleomycin (15 mg/m 2 /day, 
day 3). Patients with complete radiological and 
tumor marker response proceeded to 2 more 
identical cycles, whereas cyclophosphamide 
(65 mg/kg) was added to the 3-drug regimen for 
those with incomplete response. Twenty-two of 
45 CNS germinoma patients relapsed, and even 
though most relapsed patients were salvageable 
with radiation therapy, the 2-year OS in this study 
was only 84 % [ 53 ]. Nineteen germinoma patients 
were enrolled in the second study using an inten-
sifi ed cisplatin and cyclophosphamide-based 
chemotherapy induction. Despite proof of effec-
tiveness with a high rate of complete remission, 
the 5-year event-free survival (EFS) and OS rates 
were unsatisfactory at 47 ± 2.3 % and 68 ± 2.2 %, 
respectively. Moreover chemotherapy was asso-

ciated with unacceptable morbidity and mortality 
(four deaths), predominantly in patients with 
 diabetes insipidus [ 54 ]. The third study included 
25 patients and confi rmed the inferior outcome of 
this strategy with a 6-year EFS of 45.6 % when 
avoiding radiation [ 55 ]. In conclusion current 
therapies cannot dismiss radiation without ham-
pering the chances of EFS and OS.  

   Combined Chemo- and Radiation 
Therapy 

 Preirradiation chemotherapy with carboplatin, 
etoposide, and ifosfamide followed by focal irra-
diation (40 Gy) has been utilized in the SIOP-
CNS- GCT-96 protocol for patients with 
non-metastatic germinomas. Physicians had the 
option to use this approach or alternatively CSI 
without chemotherapy. This prospective, multina-
tional study included 190 patients with localized 
germinoma. The 5-year EFS and OS for patients 
treated with preirradiation chemotherapy ( n  = 65) 
were 88 ± 0.4 % and 96 ± 0.3 %, respectively, 
whereas the 5-year EFS and OS of patients treated 
with craniospinal radiation ( n  = 125) were 
94 ± 0.2 % and 95 ± 0.2 %. While relapses (4/125) 
only occurred locally in the CSI group, 6 of 7 
relapses occurred in the ventricular area in the 
chemotherapy/focal radiation treatment group 
[ 26 ]. As a consequence, the current open SIOP 
trial combines preirradiation chemotherapy with 
ventricular irradiation (24 Gy) with an additional 
boost of 16 Gy to the primary tumor bed in patients 
with localized disease. Metastatic germinoma 
patients will continue to be treated with CSI at 
doses outlined above as the 45 metastatic patients 
included in the aforementioned study showed an 
excellent 98 ± 0.2 % 5-year EFS and OS. 

 The risk of ventricular recurrence in patients 
treated with chemotherapy and focal radiation 
has also been well documented by the French and 
Japanese working groups. Alapetite et al. reported 
the SFOP (Societé Française d’Oncologie 
Pédiatrique) experience including 60 patients 
treated for CNS germinoma with a combination 
of carboplatin, etoposide, and ifosfamide followed 
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by focal radiation (40 Gy). The 5-year EFS and 
OS were 84.2 % and 98.2 %, respectively. Ten of 
60 patients relapsed at a median time of 32 
(range: 10–121) months with the majority ( n  = 8) 
within the ventricular system [ 38 ]. The second 
trial of the Japanese GCT study group consisted 
of three cycles of carboplatin (450 mg/m 2 /day, 
day 1) and etoposide (150 mg/m 2 /day, day 1–3) 
chemotherapy followed by local irradiation 
(24 Gy). Five-year OS was 98 %. However 13 % 
of the patients (16/123) developed recurrence. In 
an interim analysis a high incidence of ventricu-
lar/locoregional relapses was reported [ 37 ]. As a 
consequence, current treatment in Japan, Europe, 
and North America combines chemotherapy with 
WVI. While the dose of WVI is 24 Gy in Europe 
and Japan, the current Children’s Oncology Trial 
evaluates the effi cacy of a reduced dose of 18 Gy 
WVI (plus boost to tumor bed to a total of 30 Gy) 
in chemotherapy-responsive germinoma patients 
with localized disease.  

   Choices of Chemotherapeutic Agents 

 Among the variety of chemotherapy regimens, 
no protocol has suggested better activity or 
improved outcome. Therefore, the main issue in 
the management of germinoma patients relates to 
the short- and long-term safety of the chemother-
apy used. While substitution of cisplatin with 
carboplatin has raised concerns because of infe-
rior outcome in extracranial nonseminomatous 
germ cell tumors [ 56 ], carboplatin regimens have 
shown similar effi cacy when compared with cis-
platin regimens in CNS germinoma [ 51 ,  53 ]. 

 The vast majority of patients with suprasellar 
germinoma suffer from diabetes insipidus. 
Cisplatin- or ifosfamide-based chemotherapy 
requires hyperhydration, which signifi cantly 
increases the risk for electrolyte imbalances and 
consequent complications such as seizures [ 57 ]. 
A combination of carboplatin and etoposide che-
motherapy is currently employed by the Japanese 
and North American working groups. This offers 
the advantage of easier outpatient administration 
and reduced risk of hyperhydration-associated 
metabolic complications.   

   Role of Surgery 

   The Need for Biopsy and Second- 
Look Surgery 

 As a matter of principle, a biopsy is required in 
case of marker-negative lesions. The choice of 
the technique (stereotactic, endoscopic, open cra-
niotomy) and the goal of surgery (tissue diagno-
sis versus tumor resection) are complex and 
largely determined by the anatomy of the lesion 
(size, accessibility through the ventricle, etc.) as 
well as the presence and extent of ventriculomeg-
aly. If the tumor is felt to be a germinoma, the 
general goal of surgical intervention (apart from 
hydrocephalus management) is tissue diagnosis 
and not tumor resection. 

 Symptomatic obstructive hydrocephalus may 
necessitate an emergent intervention such as 
placement of an external ventricular drain (EVD) 
or an endoscopic third ventriculostomy (ETV). 
At the time of ETV, many groups favor attempted 
tumor biopsy, to confi rm the histology (keeping 
in mind the risk of sampling error in mixed 
pathology tumors). 

 The need for tissue biopsy in patients with a 
bifocal lesion, considered metasynchronous and 
not metastatic, is debated. In the current SIOP and 
North American protocols, a biopsy is not required 
if the clinical presentation, imaging characteristics, 
and tumor marker profi le (AFP negative, no or 
mild elevation of hCG) are consistent with a bifo-
cal germinoma. With very rare exceptions, bifocal 
lesions associated with negative tumor markers are 
almost always pure germinoma [ 26 ,  38 ,  58 ]. The 
current North American GCT trial does not man-
date a biopsy for suprasellar, pineal, or unifocal 
ventricular lesions (radiologically consistent with 
germinoma) if AFP is negative and the hCG is 
elevated to ≤50 IU/L. However, in this protocol, a 
biopsy is required for patients with hCG values 
above 50 IU/L to a maximum of 100 IU/L. The 
Japanese approach has been surgical removal of 
lesions whenever feasible and subsequent treat-
ment is based on the fi nal pathology result. 

 Germinoma are highly chemosensitive and 
response to treatment is often obvious within 

U. Bartels and A. Singhal



155

days after the fi rst cycle (Fig.  14.2 ). In our insti-
tutional experience an EVD can be removed 
within a week after the fi rst chemotherapy cycle 
has been completed and before the patient 
becomes neutropenic. With this strategy VP 
shunts can most often be avoided. The presence 
of residual disease at the end of treatment is not 
predictive of worse outcome and patients with 
residual disease fare as well as those without 
[ 26 ]. Lack of chemotherapy responsiveness either 
in an hCG-positive or biopsy-proven germinoma 
raises concerns of a potential mixed GCT; hence, 
the current Children’s Oncology Group GCT trial 
mandates second surgery at the end of chemo-
therapy in case of incomplete response when the 
residual suprasellar and pineal lesion are larger 
than 1 or 1.5 cm, respectively.

       Prognosis 

 The overall survival in germinoma surpasses 90 % 
either with radiation alone or with combination of 
chemotherapy and radiation. Current treatment 
strategies include pre-radiation chemotherapy in 
order to reduce radiation dose and volume to 
minimize long-term sequelae. Current evidence 
suggests that extent of resection does not contrib-
ute to superior outcome but may add morbidity. 
Hence upfront surgery should be limited to a 
biopsy or avoided when possible [ 26 ,  59 ].  

   Non-germinomatous Germ Cell 
Tumors (NGGCTs) 

 NGGCTs (as the name implies) represent a group 
of pathologies distinct from germinoma and have 
substantially different diagnostic factors, patho-
logical features, different surgical/chemothera-
peutic/radiation therapy approaches, and different 
outcomes. As such, they should be considered 
entirely separately from germinomas. However, 
germinomas and NGCCT share a common loca-
tion and clinical presentation, and this presents 
diagnostic challenges highlighted below.  

   Clinical Presentation 

 NGGCT, like germinoma, often presents with 
symptoms of hydrocephalus. These can include 
headaches, nausea, vomiting, blurred vision or 
diplopia, milestone regression, gait disturbance, 
and in more severe presentations, drowsiness or 
coma. Initial clinical fi ndings can include signifi -
cant fi ndings in the ophthalmological examination, 
including papilledema, sixth nerve palsy, upgaze 
palsy, convergence nystagmus, retractory nystag-
mus, and papillary response abnormalities (light-
near dissociation). Although these fi ndings are 
generally termed “Parinaud’s syndrome,” Parinaud 
himself described only the upgaze palsy [ 60 ]. 

  Fig. 14.2    Response to chemotherapy in a bifocal germinoma. Sagittal T1 weighted images after contrast. ( a ) At diag-
nosis. ( b ) After two cycles of chemotherapy with carboplatin/etoposide       
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 Endocrinopathies can frequently be present in 
NGGCT, with up to 90 % of patients having at 
least one endocrinopathy. These can include dia-
betes insipidus, growth retardation, and delayed 
or precocious puberty particularly in males with 
choriocarcinoma and teratomas [ 61 ]. Accordingly, 
endocrinology consultation and work-up is essen-
tial at presentation.  

   Radiology 

 While radiology can be helpful in the diagnosis 
of NGGCT, particularly with regard to staging 
and guiding initial management strategies, it is 
important to note that there are no absolute 
pathognomonic radiological features. CT is very 
helpful in determining the presence and location 
of calcifi cation and hemorrhage. While calcifi ca-
tion of the pineal is frequently a normal fi nding in 
older children and adults, the fi nding of a calci-
fi ed pineal in a child under 6 years of age is cause 
for concern, and requires further work-up for 
CNS-GCT [ 62 ]. Germinomas as well as NGGCT 
can have central or peripheral calcifi cation. More 
marked calcifi cations can be associated with tera-
toma. Hemorrhage can be associated with all 
CNS-GCT, but choriocarcinoma in particular is 
associated with hemorrhagic foci. 

 MRI is essential to characterizing the compo-
sition of the tumor. NGGCTs are generally more 
heterogeneous and enhance less avidly than ger-
minoma. Teratomas have the propensity to show 
fat signal or cyst formation more frequently.  

   Tumor Markers 

 One unique characteristic that distinguishes 
many NGGCTs from germinoma is the expres-
sion of tumor markers. AFP is a glycoprotein 
that, when found in high levels in serum or CSF 
of children, can be indicative of an intracranial 
NGGCT. Likewise, beta-human chorionic gonad-
otropin (β-hCG) is also used as a tumor marker 
for intracranial NGGCTs, when found in serum 
and CSF in high concentrations. Normally, both 

AFP and β-hCG are considered negative when 
found in very low concentrations in both the 
serum and CSF of children. Each subtype of 
NGGCT has its own general expression pattern 
of tumor markers. Choriocarcinomas tend to pro-
duce high levels of β-hCG (>100 IU/mL and 
often much higher, by an order of magnitude) but 
no AFP. In contrast, yolk sac tumors distinctively 
produce high levels of AFP and express no 
β-hCG. Embryonal cell carcinomas produce vari-
able levels of both AFP and β-hCG in the serum 
and CSF. Immature teratomas inconsistently pro-
duce low concentrations of both AFP and 
β-hCG. Unlike their NGGCT brethren, mature 
teratomas produce no AFP and β-hCG in the 
serum and CSF (Table  14.1 ).

   The consensus remains that the mere presence 
of AFP or β-hCG, in high concentration, is not 
diagnostically indicative of a particular NGGCT 
pathological subtype, but is predictive of a 
NGGCT present [ 61 ,  63 ].  

   Staging 

 As it applies to germinomas, complete CNS MRI 
is necessary either preoperatively or favorably 
within 48–72 h of surgical intervention to look 
for metastatic disease as well as synchronous 
lesions. Although there is some debate regarding 
the utility of CSF cytology (both in terms of the 
location sampled—lumbar versus ventricular—
and in terms of the signifi cance of the result), it 
remains the gold standard in most modern stud-
ies. As noted in the germinoma section, lumbar 
CSF sampling is not always deemed to be safe, 
based on concerns regarding herniation.  

   Table 14.1    Serum tumor marker   

 AFP  β-hCG 

 Germinoma  –  −/(+) 
 Embryonal carcinoma  +/−  +/− 
 Yolk sac tumor  +++  – 
 Choriocarcinoma  –  +++ 
 Immature teratoma  (+)/−  (+)/− 
 Mature teratoma  –  – 
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   Treatment 

   Radiation 

 Unlike germinoma, NGGCTs are relatively non-
responsive to radiation therapy alone, with 
reported 5-year survival statistics ranging from 
20 to 40 % when standard radiation only was 
used [ 64 ]. Therapeutic strategies using chemo-
therapy in conjunction with radiation improved 
outcome signifi cantly and as a consequence radi-
ation therapy on its own should not be used to 
treat NGGCT [ 65 ]. Jackson et al. summarized the 
typical ranges for radiation dosage for the treat-
ment of NGGCT in North America: between 30 
and 36 Gy to the craniospinal axis, with a tumor 
boost of 20–54 Gy [ 66 ]. European treatment 
strategies combine chemotherapy with focal radi-
ation to the tumor bed in non-metastatic 
NGGCT. Of note, mature teratoma generally 
lacks a response to all radiation types.  

   Chemotherapy 

 Like radiation therapy, chemotherapy alone has 
modest effectiveness in the treatment of NGGCT 
pathologies. Despite the sensitivity of NGGCT 
pathologies to chemotherapy, many advocate 
against chemotherapy-alone treatment regimens 
with exceptions for infants and very young chil-
dren. Like germinoma, typically  chemotherapeutic 
agents used to treat NGGCT are carboplatin or 
cisplatin, cyclophosphamide or ifosfamide, and 
etoposide [ 66 ]. One signifi cant benefi t of the use 
of chemotherapeutic agents in the treatment of 
NGGCTs is their ability to reduce the size and 
vascularity of the NGGCT before surgery [ 63 ]. 
The benefi t on extent and safety of surgical resec-
tion after chemotherapy has been well recognized 
[ 67 ]. It bears note that mature teratomas lack 
response to chemotherapy. 

 Similar to germinoma treatment protocols, 
combined radiation therapy/chemotherapy is the 
recommended approach for treatment of NGGCT 
(Fig.  14.3 ). Multiple studies have, in aggregate, 
suggested 5-year overall survivals in the 70 % 

range utilizing combined chemotherapy and radi-
ation [ 67 ]. European and North American proto-
cols include a platinum agent, etoposide, and 
ifosfamide, followed by radiation. The optimal 
volume of radiation in NGGCT is still a matter of 
debate. While the SIOP protocol recommends 
focal radiation for non-metastatic NGGCT, the 
Children’s Oncology Group has traditionally 
used craniospinal radiation at a dose of 36 Gy 
coupled with a tumor boost. The ongoing COG 
study is considering ventricular radiation with a 
boost to the tumor bed for NGGCT patients who 
achieve a complete response with chemotherapy. 
Despite the relative success of combination ther-
apy in the treatment of many NGGCTs, terato-
mas (especially mature) generally lack a response 
to both chemotherapy and radiation therapy, and 
the therapy of choice is complete resection where 
feasible.

      Surgical Management 

 In the urgent clinical situation, owing to hydro-
cephalus, the initial surgical management is CSF 
diversion (EVD or ETV) regardless of the provi-
sional tumor type or markers. Serum and CSF 
tumor marker should be obtained whenever a 
GCT is part of the differential diagnosis. In cases 
where markers are positive and neuroimaging is 
consistent with NGGCT, chemotherapy can be 
initiated without a histopathological diagnosis. If 
the markers are negative, it is generally advisable 
to complete a biopsy (if technically feasible) at 
the time of ETV—this generally adds only a 
modest risk of tumor bleeding. However, biopsy 
of NGGCT, which can frequently have mixed 
pathologies, can be misleading owing to sam-
pling error. For this reason (to afford maximal 
diagnostic tissue to provide pathological accu-
racy), as well as possible surgical restoration of 
normal CSF pathways, some authors justify the 
initial risks of surgery and advocate initial maxi-
mal tumor biopsy and reduction via craniotomy. 
This remains quite controversial in the pediatric 
neurosurgical literature [ 59 ]. Complete surgical 
resection is the treatment of choice for mature 
teratomas and benign immature teratomas. 
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 To monitor treatment response, serum and 
CSF tumor marker levels must be followed as 
well as serial imaging (MRI). In cases of radio-
logical incomplete response/residual lesion after 
completion of chemotherapy and normalization 
of tumor markers, a surgical resection should be 
contemplated prior to radiation therapy. While 
the residual may represent a mature teratomatous 
component of a mixed NGGCT, a gross total 
resection of other viable tumor components prior 
to radiation improves OS [ 67 ]. 

 There are multiple surgical approaches to 
pineal region NGGCT, including supratentorial, 

infratentorial, and transcallosal approaches via 
craniotomy. Each has relative merits and draw-
backs, and the approach taken generally depends 
on the specifi c anatomy of the residual lesion. 

 Special note should be made regarding  grow-
ing teratomas . For over 30 years, the literature 
has suggested that some NGGCTs radiographi-
cally enlarge—sometimes rapidly—during che-
motherapy and/or radiation while serum tumor 
markers progressively improve, a condition 
referred to as “growing teratoma syndrome.” 
This condition has recently been reported to 
occur in as many as 21 % of cases (11/52) of 

  Fig. 14.3    Pineal NGGCT (yolk sac tumor/immature tera-
toma). Normalization of increased tumor markers (AFP, 
hCG) after two cycles of chemotherapy. ( a ) At diagnosis, 
sagittal T2. ( b ) At diagnosis, sagittal T1 + contrast. ( c ) 
Incomplete radiological response at the end of chemo-

therapy (total of six cycles of carboplatin, etoposide, ifos-
famide). ( d ) Patient proceeded to surgery resulting in 
gross total resection followed by focal radiation therapy. 
Patient is well with no evidence of disease at 18-month 
follow-up       
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NGGCT, and the pathology was invariably 
mature teratoma [ 68 ]. As a consequence of the 
rapid growth and the lack of response of mature 
teratoma to adjuvant therapies, the management 
of growing teratoma must include surgical 
 resection, and ideally gross total extirpation fol-
lowed by radiation therapy (Fig.  14.4 ).

      Conclusions and Future Directions 

 Ultimately, the recent history of CNS-GCT has 
been one of incremental improvement. The provi-
sion of care and treatment decision making, within 
the context of ongoing clinical trials, both has 
meant high quality care for that group of patients 

and has led to further improvements in care for the 
cohort of patients that have followed. Refi nements 
in our collective understanding of CNS-GCT have 
meant improved surgical decision making (who to 
operate upon, which approaches to use, and how 
to minimize complications), improved selection 
of chemotherapeutic agents (from both an effi cacy 
and safety point of view), and improved radiation 
treatments (what modality, what volume, what 
dose). Future patients will no doubt benefi t from 
the lessons learned during the current era. Further 
refi nements in surgical technology, pharmacologi-
cal advances, and radiation technology will almost 
certainly make further meaningful improvements 
on survival rates and neurological and cognitive 
outcomes. 

  Fig. 14.4    Growing teratoma syndrome. Axial T1 weighted 
images after contrast. ( a ) At diagnosis. ( b ) Typical honey-
comb shaped radiological progression while AFP normal-

ized after two cycles of chemotherapy. Histological 
examination following complete resection showed mature 
teratoma       

 

14 Central Nervous System Germ Cell Tumors (CNS-GCT)



160

 Other areas of focus, such as molecular 
 targets, individual patient-tailored therapies, and 
radically different methods of disrupting tumor 
architecture or growth—such approaches are on 
the horizon and ever closer to impacting the care 
of children with CNS-GCT.      
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           Introduction 

 Atypical teratoid rhabdoid tumor (ATRT) is a 
 subgroup of aggressive CNS embryonal tumors 
included in the WHO classifi cation system of 
brain tumors for the fi rst time in 2000. The appre-
ciation of this unique entity began with observa-
tions from the fi rst National Wilms Tumor Study 
of a rhabdomyosarcomatoid variant of Wilms 
tumor that had a markedly poor prognosis. 
Ultrastructural analysis of these tumors led to the 

designation of malignant rhabdoid tumor of the 
kidney. Subsequently, reports of renal rhabdoid 
tumors with metastases to the brain were reported. 
The fi rst apparent case of a primary CNS rhab-
doid tumor was reported in 1987 and the entity of 
ATRT was suggested the same year by Rorke 
et al. [ 1 ]. With the development and increased use 
of a specifi c diagnostic immunostain, ATRTs are 
increasingly recognized as a distinct embryonal 
CNS tumor of infancy and early childhood. 
ATRTs remain highly malignant tumors with dis-
mal prognosis; clinical management is particu-
larly challenged by the very young age of the 
patients and consequent increased  vulnerability 
to treatment-related neurotoxicity. However, 
increasing reports of ATRT survivors after inten-
sifi ed multimodal regimens offer promise of 
 better prospects for ATRT patients with newer 
therapeutic approaches. 

   Epidemiology and Demographics 

 When the fi rst American workshop that was 
focused on ATRT was held in 2001, approxi-
mately 130 cases of ATRT were identifi ed in 
 published literature [ 2 ]. Five years later, the num-
ber of reported cases had nearly doubled [ 3 ]. This 
jump refl ects the increased awareness of the entity 
among neuropathologists and the availability of 
INI1 immunohistochemistry staining to assess 
embryonal neoplasms that might previously 
have been diagnosed as medulloblastoma or 
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supratentorial primitive neuroectodermal tumor 
(sPNET) [ 4 ]. 

 The incidence of ATRT has not been precisely 
defi ned. Registries and clinical trials provide 
some suggestion but are inherently biased by 
their voluntary natures. Population-based series 
provide the best data, and from Austria and the 
United States, incidence rates are 1.38 and 0.89, 
respectively, per million person-years in children 
<15 years of age [ 5 ,  6 ]. The frequency of ATRT 
reported among CNS tumors also varies between 
series according to the age group described. 
While ATRT represents 1–2 % of all pediatric 
CNS tumors, they account for up to 20 % in chil-
dren less than 36 months of age [ 2 ,  7 ]. Two-thirds 
of the children diagnosed with ATRT are less than 
3 years of age at time of diagnosis [ 7 – 9 ]. The 
median age at diagnosis issued from population- 
based series is 16–18 months [ 6 ,  8 ,  10 ] while the 
median age reported from therapeutic series is 
slightly higher, approximately 24 months [ 7 ,  9 , 
 11 ,  12 ]. This difference could be due to lower 
enrollment of the very young children with ATRT 
onto clinical trials, or a greater likelihood than 
older children to undergo palliative treatment at 
time of diagnosis [ 8 ]. ATRTs are extre mely rare 
in adults with just over 30 cases reported to date. 

 There appears to be a male predominance, with 
55–68 % of affected children being male [ 6 ,  9 , 
 13 ]. Although there may be a slight predominance 
of tumor distribution in the supratentorial com-
partment, primary location in the posterior fossa 
is more common in children less than 24 months 
of age [ 6 – 9 ,  11 ,  13 ]. Primary location in the 
spine occurs in only 1–7 % of cases [ 7 ,  8 ,  14 ]. 
Leptomeningeal dissemination is present at initial 
diagnosis in 20–40 % of patients [ 9 ,  11 ,  13 ,  14 ]. 
When metastatic disease is located outside the 
CNS, concern for rhabdoid tumor predisposition 
syndrome should be raised, especially in very 
young infants [ 15 ]. The presence of metastatic 
disease at diagnosis has not consistently been 
associated with prognosis [ 11 – 13 ]. 

 Given the highly aggressive natural history of 
these tumors, the usual duration of presenting 
symptoms is rather short, with a median time of 
3 weeks [ 8 ]. Signs at presentation are not specifi c to 
ATRT but instead depend on tumor location and age 

of the patient. Young patients with posterior fossa 
tumors present with signs of hydrocephalus such as 
enlarged head circumference, vomiting, headache, 
and lethargy, while patients with supratentorial 
masses generally present with additional signs of 
motor or sensory defi cits, seizures, or both [ 16 ].  

   Imaging Findings 

 There are no pathognomonic radiographic fea-
tures for ATRT (Fig.  15.1 ). Their appearance is 
very similar in many aspects of those of other 
high-grade tumors such as medulloblastoma or 
sPNET. They often present as a large heteroge-
neous mass, containing necrosis, hemorrhage, 
and areas of high  cellularity that are hypointense 
on T2-weighted images. Extensive surrounding 
edema and mass effect are often present. These 
tumors also demonstrate intense heterogeneous 
enhancement on post-contrast sequences. In their 
comparative review of 55 medulloblastoma and 
19 ATRT cases, Koral et al. suggested that, 
although, both tumors display similar imaging 
characteristics on conventional MRI, cerebello-
pontine angle (CPA) involvement and intratu-
moral hemorrhage were more common in ATRT 
[ 17 ]. Some authors describe a thick, wavy, and 
irregular, heterogeneously enhancing wall sur-
rounding a central cystic region as being highly 
specifi c, though not pathognomonic, for ATRT 
among pediatric supratentorial brain tumors [ 18 ] 
(Fig.  15.1 ). In light of the lack of specifi c imag-
ing features, ATRT needs to remain in the differ-
ential diagnosis of highly cellular tumors, 
certainly in young children and irrespective of 
the tumor location.

      Pathology 

 As described in Chap. 6, the consistent histologic 
feature of ATRT is the largely PNET-like expanses 
of poorly differentiated small round blue cells. 
Although classically described as having 
 heterogeneous morphologies, including areas 
containing characteristic “rhabdoid” cells with 
eccentric nuclei, prominent nucleoli, and incre ased 
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amounts of eosinophilic cytoplasm, it is important 
to recognize that ATRT frequently does not con-
tain obvious rhabdoid cells, despite the tumor’s 
name. Recognition of this, as well as the fact that 
ATRT can occur throughout the neuroaxis, under-
scores the need to exclude the diagnosis of ATRT 
in any poorly differentiated CNS neoplasm in 
infants and children. In that regard, INI1 immuno-
histochemistry is particularly  useful and readily 
available as a clinical test in many pathology lab-
oratories. In nearly all cases, ATRT cells show 
loss of INI1 staining while normal 
cell constituents such as blood vessels and non-
neoplastic- infi ltrated brain serve as internal posi-
tive controls [ 19 ]. INI1-negative immunostaining 
is highly specifi c for ATRT and, therefore, an effi -
cient diagnostic tool. However, Hasselblat et al. 
have recently reported a negative INI1 staining in 
cribriform neuroepithelial tumor (CRINET) [ 20 ].  

   Molecular Biology 

 The recognition of ATRT as a distinct pathological 
entity was initially supported by the recurrent 
association with chromosome 22 abnormalities 
involving monosomy or deletion/translocation 
involving the chromosome band 22q11.2 detected 

by conventional karyotype or fl uorescent hybrid-
ization in situ (FISH)    studies for submicroscopic 
deletion [ 21 ]. Subsequent positional cloning stud-
ies of this region lead to the identifi cation of the 
tumor suppressor gene INI1/hSNF5/BAF47/
SMARCB1; one of >10 members of the highly 
conserved ATP-dependent SWI/SNF chromatin-
remodeling complex is required for transcriptional 
activation of many genes with fundamental roles 
in cell growth, differentiation, DNA repair, and 
other cellular processes [ 22 ]. Mutations of a gene 
involved in chromatin remodeling raises the pos-
sibility of epigenetic dysregulation as a major 
mechanism for oncogenesis [ 23 ]. However, the 
function of SMARCB1 and the mechanisms by 
which its loss leads to the development of rhab-
doid tumors remain poorly understood. 
SMARCB1 is a demonstrated modulator of the 
cell cycle through downregulation of p16 and 
increased expression of cyclin D1 leading to a 
dysregulated CDHK4/Rb/E2F signaling axis [ 24 ]. 
Reintroduction of SMARCB1 into SMARCB1-
defi cient cell lines leads to cytoskeletal changes 
and ultimately apoptosis or cellular senescence 
and accumulation in the G0/G1 phase. The mecha-
nism is believed to involve the loss of EZH2 inhi-
bition by the SMARCB1- defi cient SWI/SNF 
complex leading to derepression of Polycomb 

  Fig. 15.1    Sagittal T1 + gadolinium and coronal T1 + gadolinium sequences of a left large parietal ATRT       

 

15 Atypical Teratoid Rhabdoid Tumors



166

targets and aberrant activation of stem cell 
 programs [ 25 ]. c-Myc    is also  dysregulated in 
ATRT through direct binding of SMARCB1. Loss 
of SMARCB1 is thought to disrupt c-myc-medi-
ated repression of cyclin D1, further compounding 
loss of cell cycle control. Such studies have 
spawned interest in EHZ2 inhibitors as a potential 
therapeutic avenue. Other researchers have sug-
gested that the loss of SMARCB1 results in chro-
mosomal instability and may also be involved in 
the DNA damage response    [ 26 ]. 

 Biallelic alteration of SMARCB1 can be found 
in up to 94 % of ATRTs; however, a minority of 
cases has reported homozygous mutations involv-
ing another SWI/SNF chromatin- remodeling com-
plex member—the ATPase subunit SMARCA4 
(BRG1)—suggesting the usefulness of SMARCA4 
antibodies in the diagnosis of the rare BAF47-
positive ATRT [ 27 ]. 

 Other than alterations in SMARCB1, the ATRT 
genome is highly stable and largely devoid of 
other recurrent mutations in other loci. Kieran 
et al. described the absence of canonical pathway 
mutations in rhabdoid tumor using a platform 
of 983 mutations encompassing 115 genes [ 28 ]. 
High-resolution genotyping array studies failed 
to identify copy number changes outside of chro-
mosome 22. Similarly, a recent exome sequenc-
ing study conducted in 2012 by Lee et al. reported 
an overall somatic mutation rate of only 0.19 
mutations/Mb, well below the rates observed for 
other known pediatric cancers [ 23 ]. Global gene 
expression studies have revealed distinct sub- 
clusters of ATRT. Birks et al. identifi ed a sub- cluster 
of ATRT with a high expression of the BMP path-
way genes (i.e., BMP4, SOST, BAMBI, MSX2), 
which correlated with a worse prognosis [ 29 ]. An 
independent study of ten rhabdoid tumors also 
demonstrated an enrichment of BMP signaling 
pathway genes suggesting an aberrant differentia-
tion program and disruption of BMP signaling. 
This suggests the discovery of subgroup- specifi c 
treatment strategies will be important for future 
clinical investigation. 

 Germ-line mutations of SMARCB1 have been 
reported in up to 20–35 % in ATRT, but the true 
incidence of constitutional SMARCB1 mutations 
is not known [ 30 ,  31 ]. Patients with germ-line 

mutations are predisposed to rhabdoid tumor of 
the brain, kidney, and soft tissues and may  present 
with multiple synchronous tumors. These    children 
tend to be less than 1 year of age at the time of 
diagnosis and carry a worse prognosis [ 31 ]. In the 
vast majority of the cases, these SMARCB1 germ-
line mutations are sporadic, but familial cases of 
ATRT have been reported [ 27 ]. Germ-line muta-
tion of SMARCA4 has also been implicated in 
familial form of ATRT [ 32 ]. The pedigree analysis 
of this affected family  supports an autosomal 
dominant inheritance with incomplete penetrance. 
The identifi cation of asymptomatic carrier parents 
in this reported family highlights the need for sys-
tematic testing of all newly diagnosed ATRT 
patients for germ- line mutations [ 15 ].  

   Therapeutic Management 

 ATRTs are typically associated with a grim 
 prognosis with estimated median survival times 
ranging from 8 to 16 months [ 2 ,  8 ,  9 ,  13 ,  14 ]. 
Because of the rarity of these tumors and a his-
tory of having been treated nonspecifi cally with 
other malignant tumors, there is no current stan-
dard of care for these tumors. 

 While in the early years of recognition of 
the entity, a signifi cant number of patients only 
received palliative treatment and rapidly suc-
cumbed to their disease, in the most recent era, 
more aggressive and multimodality approaches 
have emerged and may be associated with a trend 
toward improved outcome [ 11 ]. These multimo-
dality strategies variously include surgery, con-
ventional chemotherapy, high-dose chemotherapy 
with hematopoietic stem cell support, intrathecal 
chemotherapy, and radiotherapy. The specifi c 
role of each individual modality, however, has 
not yet been clearly defi ned.   

   Surgery 

 There is strong evidence to show that complete 
tumor resection is associated with a more favor-
able outcome [ 6 ,  9 ,  33 ]. In the series reported by 
Chi et al., patients who underwent gross total 
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resection (GTR) of their tumors had a 2-year OS 
of 91 ± 9 %, while those who underwent less than 
a GTR had a median OS of 18 months [ 11 ]. 
Similarly, in the Canadian series, patients for 
whom GTR was achieved had a 2-year OS of 
60 ± 12.6 % compared to 21.7 ± 8.5 % for those 
whose tumors were less than completely resected. 
The invasive and vascular nature of these tumors 
can limit the possibility of initial GTR, and the 
rates of GTR reported in various series range 
from 30 to 68 % [ 7 ,  8 ,  11 ,  13 ]. With the goal of 
potentially maximizing the benefi t of surgery, 
treatment on the recently closed Children’s 
Oncology Group (COG) clinical trial for 
ATRT, the fi rst national cooperative group trial 
 exclusively for patients with ATRT, included a 
recommendation for a second operation after two 
courses of chemotherapy for those cases where 
GTR of disease was not possible at diagnosis.  

   Conventional Chemotherapy 

 ATRT responds to chemotherapy, but the isolated 
use of conventional-dose chemotherapy alone, as 
used in the “baby-brain” strategies of the 1990s, 
failed to cure most patients. In the second- generation 
Pediatric Oncology Group (POG) “baby-brain” 
protocol 9233/9234, complete response to chemo-
therapy was achieved in 21 % of the evaluable 
patients, but the median survival time was only 
6.7 months and none of the 36 patients survived 
(Douglas Strother personal communication). Using 
similar chemotherapy, the Children’s Cancer Group 
(CCG) 9921 protocol achieved a 29 % 5-year sur-
vival for its ATRT patients [ 34 ]. Based on several 
case reports of successful treatment using conven-
tional chemotherapy according to the Intergroup 
Rhabdomyosarcoma Study protocol III (IRS-III) 
for parameningeal rhabdomyosarcoma [ 35 ], the 
group from Dana-Farber developed a specifi c pro-
tocol for ATRT using a modifi ed IRS-III regimen 
which utilized doxorubicin and dactinomycin that 
are not typically used in other pediatric brain tumor 
protocols. It also included intrathecal chemotherapy 
and radiation; therefore, the  distinct role of these 
particular drugs is not known. Nonetheless, use of 
this approach has been associated with a 58 % 
objective response rate prior to radiation [ 11 ].  

   High-Dose Chemotherapy 

 In the most recent decade, high-dose chemotherapy 
and hematopoietic stem cell rescue (HSCR) have 
been reported in relatively small cohorts of patients 
[ 33 ,  36 ,  37 ]. The most common regimen used sin-
gle cycle of high-dose carboplatin, thiotepa, and 
etoposide or 3 cycles of high-dose carboplatin and 
thiotepa. Ginn et al. compiled 33 cases published of 
patients treated with high- dose chemotherapy strat-
egy. Fourteen of them also received radiation ther-
apy at some point in their treatment. Overall, 20 
patients were reported alive at a median follow-up 
time of 50 months (5–105) [ 38 ]. In the Canadian 
registry, 9 of 18 patients treated with high-dose che-
motherapy were alive at a median follow-up time of 
41 months. High-dose chemotherapy was associ-
ated with a signifi cant survival benefi t with a 2-year 
OS of 47.9 ± 12.1 % versus 27.3 ± 9.5 % for the con-
ventional chemotherapy group ( p  = 0.036) [ 8 ]. 

 Although defi nitive conclusions cannot be 
made from these series because patient numbers 
are very low, studies are not randomized, and the 
use of therapy before and after high-dose consoli-
dation is inconsistent, the results suggest that 
consolidation with high-dose chemotherapy regi-
mens to these patients is feasible and may  provide 
encouraging survival fi gures.  

   Intrathecal Chemotherapy 

 Because of the young age of children with ATRT, 
the use of intrathecal chemotherapy for CNS pro-
phylaxis, instead of craniospinal irradiation, has 
been explored. Methotrexate, with or without 
cytosine arabinoside, hydrocortisone, or both, 
has preferentially been used. In the US ATRT 
registry, 16 patients (38 %) received intrathecal 
chemotherapy as part of the primary therapy. The 
repeated use of IT methotrexate via Ommaya res-
ervoir is a key component of the German HIT 
SKK protocol for infant brain tumors, including 
ATRT [ 39 ]. Similarly the Dana-Farber Cancer 
Institute ATRT protocol also included iterative 
injections of IT chemotherapy. The use of IT 
is one component of these multimodality appro-
aches; the small numbers of patients limit our 
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ability to assess its specifi c role for disease 
 control. In one meta-analysis of published ATRT 
cases, Athale et al. reported a benefi t in 2-year 
overall survival for patients treated with IT che-
motherapy in combination with RT, compared to 
patients treated with RT alone or neither RT nor 
IT chemotherapy [ 14 ].  

   Radiation Therapy 

 As is the case with all other malignant brain 
tumors in very young children, the use of RT in 
ATRT raises serious concerns related to its sig-
nifi cant long-term toxicity, primarily in terms of 
neurocognitive impairment. In the absence of a 
randomized study specifi cally addressing the 
role of radiotherapy, incorporation of radiation 
into most current strategies has been based on 
observations from retrospective series that sug-
gest a survival benefi t in children treated with 
some form of radiation. In the registry reported 
by Hilden, 13 patients (31 %) received radia-
tion. Eight of the 13 survivors received primary 
radiation with a median survival of 48 months. 
The median age of irradiated patients was older 
than that of the entire registry cohort (47 months 
versus 24 months, respectively) [ 14 ]. In the 
recently updated experience from the St. Jude 
Children’s Research Hospital, 19 children under 
3 years of age received focal ( n  = 13) or cranio-
spinal ( n  = 6) radiation, and six were alive with-
out disease at the time of the report. All six 
survivors received focal radiation only after 
local progression of disease on chemotherapy. 
The 4-year PFS and OS rates for the entire 
cohort were 33.2 % ± 10 % and 53.5 % ± 10 %, 
respectively. Although treatment regimens were 
not uniform, nearly all patients younger than 
3 years were treated with neoadjuvant, pre- 
irradiation chemotherapy. With these caveats, 
the investigators found that delay of  radiation 
was associated with an increased risk of local 
and distant disease progression [ 12 ]. In a cohort 
of patients with a median age of 4.5 years, Chen 
et al. also reported increased time between diag-
nosis and radiation therapy to adversely affect 
outcome [ 40 ]. 

 In contrast, and with many similar limitations 
of retrospective series, including multiple regi-
mens of chemotherapy and various combinations 
of treatment modalities used, French investiga-
tors found no signifi cant survival benefi t for the 
patients who received adjuvant radiotherapy 
(16/58). While in their cohort, children younger 
than 2 years fared signifi cantly worse than older 
children, the sub-analysis between adjuvant radi-
ation and no radiation failed to show statistical 
signifi cance ( p  = 0.06). They hypothesized that 
the underlying molecular biology of ATRT may 
be different in infants compared to older children. 
Germ-line mutation of INI1 seen with higher fre-
quency in younger patients is associated with an 
earlier onset and more aggressive phenotype and 
may partially explain the poorer prognosis of the 
younger age group [ 13 ,  41 ]. Analyses from the 
Canadian registry showed that cure without radi-
ation was possible. Among 16 patients treated 
with high-dose chemotherapy and no radiation, 
9 (56 %) were long-term survivors at a median 
follow- up of 64 months [ 42 ]. If RT is used to treat 
ATRT, German data suggest that there is no sur-
vival difference between patients treated with 
radiation at diagnosis and those treated at the 
time of relapse (3-year OS 43 ± 14 % versus 
31 ± 13 %, respectively, ( p  = 0.314)) [ 39 ]. 

 Thus, the benefi t of RT for patients with ATRT 
is still a matter of debate [ 3 ,  38 ]. Optimal doses 
and volumes of radiation have not been standard-
ized. Nevertheless, radiation has been included in 
recent therapeutic strategies for ATRT. Given the 
very young age of the vast majority of these 
patients and the predominance of relapse at 
the primary site, priority has been given to focal 
radiation. Patient with localized disease are 
treated with focal RT while craniospinal irra-
diation is recommended for disseminated disease 
with doses varying with age [ 11 ,  43 ]. 

 In the recently closed COG ACNS0333 proto-
col for patients with ATRT, the sequencing of RT 
and the prescribed doses and volumes were be 
based on (1) the age of the patient at the completion 
of induction chemotherapy, (2) primary tumor 
location (infratentorial vs. supratentorial), and 
(3) the extent of disease (localized vs. neuroaxis 
dissemination) [ 44 ]. 
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 Although there is also growing number of 
reports of long-term survivors cured without 
adjuvant radiation, we have not yet been able to 
identify these particular patients at diagnosis 
with conventional clinical criteria. Upcoming 
molecular characterization of CNS ATRT may 
provide insight and new prognostic factor to 
 tailor therapy.  

   Multimodality Strategies 

 Although ATRTs are relatively rare tumors, pro-
spective dedicated protocols for these tumors 
using multimodality strategies have recently been 
reported or are soon to be completed, namely, the 
Head Start experience, the Dana-Farber protocol, 
and the recently closed COG ACNS0333. 

 The Head Start I and II (HS) strategies consisted 
in 5 cycles of induction conventional chemother-
apy (cis-platinum, etoposide, cyclophos phamide, 
vincristine, and high-dose methotrexate) followed 
by 1 cycle of myeloablative chemotherapy (etopo-
side, carboplatin, and thiotepa) with stem cell res-
cue. Maximal surgical resection was recommended 
either up front or on second-look surgery. Radiation 
therapy was planned in presence of residual dis-
ease before consolidation therapy. While none of 
the six patients treated on the HS I survived, three 
of the seven treated on the successor protocol HS II 
were alive at respectively 42, 54, and 67 months 
from diagnosis [ 33 ]. 

 Twenty patients were prospectively treated on 
the DFCI ATRT protocol with a combination of 
maximal safe surgical resection, conventional 
chemotherapy based on the IRS-III regimen, 
repeated intrathecal chemotherapy, and age- based 
adapted radiation therapy. The systemic chemo-
therapy agents included vincristine, dactinomy-
cin, cyclophosphamide, cis-platinum, doxo rubicin, 
and DTIC or temozolomide for a total duration of 
treatment of 51 weeks. The 2-year PFS and OS 
were respectively 53 ± 13 % and 70 ± 10 %. 
Although the median overall survival had not been 
reached at time of publication, this protocol car-
ries the highest survival rate at 2 years reported in 
a prospective manner [ 11 ]. 

 The COG ACNS0333 protocol which 
recently reached accrual included an induction 
chemotherapy using vincristine, cis-platinum, 
cyclophos phamide, and high-dose methotrex-
ate. Maximum safe surgical resection was 
 recommended either up front or with a second-
look surgery approach. Consolidation phase 
consisted in 3 cycles of  high-dose carboplatin 
and thiotepa with stem cell  rescue. The sequenc-
ing of radiation therapy, the prescribed doses, 
and volumes were age based as described in the 
radiation section [ 44 ]. The data still need to 
mature and the results on the 2-year EFS and OS 
endpoints of this strategy should be available in 
the next couple of years. 

   Pattern of Relapse and Survival 

 The prognosis of ATRT patients remains poor 
overall. The median time to progression in most 
series is only approximately 5 months from 
diagnosis [ 7 ,  8 ,  12 ]. Although not consistently 
reported in every series, it seems that the local 
relapse occurs most frequently, ranging from 42 
to 72 % in smaller series [ 7 ,  8 ,  12 ]. Combined 
local and distant recurrences make up a sizable 
proportion of the remaining patients. For this 
reason, early local control with RT is advocated 
by some authors [ 12 ]. Recurrent disease, par-
ticularly following multimodality treatment, is 
essentially incurable. Pai Panandiker et al. 
described eight local relapses and six combined 
relapses among the 19 children who received 
chemotherapy prior to radiation, with a 
median time to relapse of 3.3 months from 
 diagnosis [ 12 ].  

   Future Directions 

 Recent, more aggressive treatment strategies 
seem to be associated with a trend toward higher 
cure rate [ 8 ,  11 ,  36 ]. However, use of RT in this 
vulnerable age group is reason for concern. New 
alternative therapeutic pathways are needed 
and might be based on understanding of the 
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molecular mechanisms underlying the development 
of this tumor. While the genetic alteration of 
SMARCB1 is well described, the rest of ATRT 
genome is uniquely silent compared to other 
brain tumors. These fi ndings suggest that other 
novel mechanisms that have yet to be defi ned 
may be driving the oncogenesis of ATRT. Explo-
ration of post-transcriptional mechanisms and 
the new generation of sequencing techniques 
may provide clues by identifying new therapeu-
tic targets or new predictive markers that ratio-
nalize tailoring of therapy. Already, preclinical 
studies have shown that loss of the INI1 gene 
leads to increased expression of several other 
target genes such as cyclin D1, involved in cell 
cycle regulation; Aurora A kinase, implicated in 
mitosis and meiosis processes; and also insulin- 
like growth factor. The repression of the related 
signaling inhibitors or IGF inhibitor or EGFR 
inhibitors may provide new therapeutic weapons 
for the next generation of clinical trials for 
ATRT.   

   Conclusion 

 ATRTs remain very aggressive tumors with poor 
survival. However, recent multimodality strate-
gies seem to be associated with a trend to improve 
outcome. Aside from the signifi cant benefi t of a 
complete surgical resection, the respective role of 
other modalities such as intrathecal chemother-
apy or high-dose chemotherapy still needs to be 
determined. Also radiation is embedded in most 
of the current therapeutic protocols; the existence 
of long-term survivors treated without radiation 
is increasingly reported. Further identifi cation of 
molecular markers may help to delineate the sub-
group of patients who can be spared from radia-
tion. A better understanding of the molecular 
pathways involved in the development of ATRT 
should lead through international collaboration in 
more tailored therapy to protect this vulnerable 
group of young patients from treatment-induced 
neurotoxicity.     
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           Introduction 

 Craniopharyngiomas, although a tumor of benign 
histology, can take a morbid clinical course. 
They are thought to originate from squamous 
epithelial cells left over after partial involution 
of the hypophyseal-pharyngeal duct during for-
mation of the anterior pituitary gland. By nature 
they are slow-growing, insidious intra- and 
suprasellar tumors that cause symptoms by local 
extension and injury to the adjacent pituitary, 
 hypothalamic, and third ventricular regions or by 
raised intracranial pressure from mass effect or 
hydrocephalus. 

 While they can occur at any age, craniopha-
ryngiomas typically present in a bimodal distri-
bution, with one peak in childhood and another in 
adulthood. The histology, presentation, and clini-
cal course of pediatric craniopharyngiomas differ 
in many respects from the adult version. Most 
importantly, craniopharyngiomas in childhood 
pose challenges in regard to treatment choices 
at young age that are associated with signifi cant 
morbidities. The optimal treatment of these 
tumors remains controversial some 200 years 
after the fi rst case was described. 

 Craniopharyngiomas were fi rst identifi ed and 
characterized in the latter half of the 1800s by a 
combination of pathologists, neurologists, and 
neurosurgeons. Clinically, patients presented 
with visual loss, diabetes insipidus, and brain-
stem compression, though Babinski also 
described a patient with “sexual infantilism and 
dystrophic adiposity.” Halstead was the fi rst to 
operate on a craniopharyngioma in 1909, fol-
lowed by others who used either transnasal or 
transcranial approaches. In 1932, Cushing pub-
lished the largest case series of the time, in which 
he popularized Charles Frazier’s term craniopha-
ryngioma for these tumors [ 1 ]. Surgical mortality 
was high, due to limited imaging and surgical 
techniques and lack of antibiotics and hormonal 
replacement therapies. 

 Advances in all these fi elds have improved the 
management of craniopharyngiomas. Diagnosis 
and treatment considerations have changed with 
improvements in MRI, CT, and intraoperative 
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neuronavigation. Medical and perioperative care 
is vastly superior to initial case series, with the 
primary improvement being in the neuroendocri-
nological management of these patients. Modern 
surgery is safer particularly with the aid of micro-
surgical techniques and neuro-endoscopy. 
Finally, radiotherapy, including stereotactic, con-
formal therapy and newer, directed chemother-
apy agents, has enabled better control of these 
tumors over longer periods. Despite that, the 
management of craniopharyngiomas is still 
fraught with controversy and high morbidity 
rates, leaving room for improvement and innova-
tion. Craniopharyngiomas remain, in Harvey 
Cushing’s words, “the most formidable of intra-
cranial tumors” [ 1 ].  

   Epidemiology 

 Craniopharyngiomas represent 2–4 % of all 
pediatric intracranial tumors [ 2 ]. Though the 
majority of craniopharyngiomas are found in 
adults, the distribution is bimodal, with a peak 
from 5 to 15 years and another at 45–60 years. 
Neonatal and intrauterine cases have been 
described but are rare.  

   Clinical Presentation 

 Children with craniopharyngiomas present in a 
variety of ways, related to the sellar and suprasel-
lar location of these slow-growing tumors. They 
typically present with a combination of neuroen-
docrinological symptoms, visual impairment, 
hydrocephalus, hypothalamic disorder, or cranial 
nerve or brainstem dysfunction. One or more of 
these symptoms may be missed for an extended 
period, especially in younger patients. Rare cra-
niopharyngiomas present as a nasopharyngeal, 
sphenoid, or exclusively third ventricular lesion, 
following the path of the hypophyseal- pharyngeal 
duct. Extremely rare craniopharyngiomas can 
occur in other parts of the brain, which can result 
in unusual clinical presentations. 

   Neuroendocrinological Symptoms 

 Common endocrine derangements present as 
diabetes insipidus, delayed or precocious puberty, 
growth deceleration, or hypothalamic obesity. 
Diabetes insipidus manifests in any age group as 
polyuria and polydipsia. Normal thirst mecha-
nisms may be impaired by hypothalamic dysfunc-
tions, leading to an exacerbation of electrolyte 
abnormalities in patients with diabetes insipidus. 
In adolescents, as presented in Babinski’s fi rst 
case report, a craniopharyngioma may only be 
discovered during a workup for delayed puberty. 
Alternatively, craniopharyngiomas can be associ-
ated with precocious puberty. Growth deceleration 
or stunted growth is a commonly missed symptom, 
often found only after workup for the patients’ 
other presenting complaints. Further symptoms 
of hypopituitarism including central hypothy-
roidism, hypogonadism, and hypoadrenalism 
mandate a full endocrinologic assessment in a 
patient with presumed craniopharyngioma. 

 Hypothalamic obesity is associated with cra-
niopharyngiomas that involve hypothalamic 
structures and may progress to morbid obesity 
due to further hypothalamic injury as a result of 
treatment. Tragically, this morbid obesity is 
essentially unresponsive to usual dietary or life-
style modifi cations as the pathogenesis “involves 
the inability to transduce afferent hormonal sig-
nals of obesity” [ 3 ]. 

 The obesity may be confounded by comorbid 
pituitary abnormalities. Substitution of growth 
hormone if necessary or manipulation of insulin 
secretion, e.g., with oral hypoglycemias may 
assist with weight control. While hyperphagia 
can be present, it is not the main culprit of the 
morbid obesity. Symptoms of autonomic, sleep, 
or memory derangements further indicate hypo-
thalamic injury. 

 An alternate manifestation of hypothalamic 
damage is the “diencephalic syndrome,” a failure 
to thrive despite appropriate nutritional intake. 
Children with this syndrome usually present 
emaciated, with hyperactivity, euphoria, and nor-
mal linear growth. The difference between these 
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two presentations is thought to be hypothalamic 
invasion versus extrinsic compression, respec-
tively [ 4 ,  5 ].  

   Visual Symptoms 

 Visual disturbance is a common feature of cra-
niopharyngiomas, though a presenting complaint 
in a minority (30 %) of pediatric cases [ 6 ]. 
Children, especially when less than 5 years of 
age, are often unaware of visual loss, even if it 
has progressed signifi cantly. The visual impair-
ment may be discovered only after consultation 
for inattention, deteriorating school performance, 
or presumed clumsiness. Up to 20 % of children 
may be functionally blind by the time of presen-
tation [ 7 ]. Visual fi eld assessment, though diffi -
cult to perform in younger children, may reveal 
the classic bitemporal hemianopsia of chiasmatic 
compression, though asymmetric symptoms due 
to eccentric tumor growth are more common. 
Diplopia, decreased visual acuity or “blurriness,” 
and fundoscopic abnormalities including pallor 
as a sign of optic atrophy are common. Serial 
ophthalmologic assessments in a child with cra-
niopharyngioma are an essential part of diagnosis, 
surveillance, and management strategies.  

   Hydrocephalus 

 The classic triad of symptoms of increased 
intracranial pressure (ICP), consisting of head-
aches, nausea, and vomiting, will be present in 
children with obstructive hydrocephalus and is 
not specifi c for craniopharyngioma. Headache 
in intrasellar tumors may refl ect dural stretch, 
not necessarily hydrocephalus. Hydrocephalus 
caused by a craniopharyngioma may present 
with acute symptoms or with a more protracted 
course of waxing and waning of symptoms. The 
most common cause of hydrocephalus in the 
setting of craniopharyngioma is tumor growth 
into the third ventricle causing obstruction at the 
foramen of Munro.  

   Other Presenting Symptoms 

 Cranial nerve palsies, brainstem signs, and 
ataxia are uncommon but may be present either 
due to focal compression or as a false-localizing 
sign in the setting of hydrocephalus. Rarely cra-
niopharyngiomas cause seizures (likely due to 
temporal lobe involvement) or aseptic meningi-
tis (due to cyst rupture). Mental status changes, 
which may appear in adults, are rare in children. 
Memory may be impaired due to involvement of 
the fornices and mammillary bodies. Sleep and 
thermoregulation can be altered in the setting of 
hypothalamic injury. Headaches may occur due 
to dural irritation, even in the absence of 
hydrocephalus.   

   Imaging Findings 

 Pediatric craniopharyngiomas are typically well- 
delineated tumors, mostly cystic in nature, with 
and without solid components (Fig.  16.1 ). The 
imaging modality of choice is MRI, though CT 
may be useful to identify calcifi cations and bony 
alterations. Calcifi cations are evident on CT scan 
in almost all of the pediatric adamantinomatous 
subtype. Craniopharyngiomas vary widely in size 
and sellar versus suprasellar location, though the 
former may demonstrate sellar enlargement and 
occasionally bony destruction. The tumor grows 
eccentrically, often with multiple lobules that can 
extend superiorly or posteriorly into the hypo-
thalamus, third ventricle, or middle or posterior 
fossae. The optic chiasm and anterior carotid 
vessels can be stretched or displaced by this 
growth and are best seen on MRI. Peri-tumoral 
edema is uncommon.

   Cystic contents are often proteinaceous and may 
appear as hyperintense on T1- and T2-weighted 
MRI compared to CSF. The solid tumor itself 
is hypo- to isointense on T1-weighted and heter-
ogeneously hyperintense on T2-weighted MRI. 
There is typically heterogeneous enhancement of 
the solid component and often smooth enhance-
ment of the cyst wall. 
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 Neuroimaging must also characterize the 
degree and nature of hydrocephalus, if it is pres-
ent, and is essential for planning operative 
approaches. Many centers use image navigation 
and intraoperative imaging as useful adjuvants 
for surgical management. Follow-up protocols 
have not been formally studied and are often 
based on personal or institutional preferences. 
Few case reports of antenatal diagnosis by ultra-
sound are available. Craniopharyngiomas may be 
discovered as incidental fi ndings on neuroimag-
ing for other indications. 

 While MRI and CT are quite characteristic for 
craniopharyngioma, there are some similar- 
appearing lesions, such as Rathke’s cleft cyst, 
xanthogranuloma, dermoid or epidermoid cysts, 
germ cell tumors, and low-grade glioma, or some 
pituitary adenomas (potentially with calcifi ed 
hemorrhagic infarction) that should be consid-
ered in the differential diagnosis.  

   Pathology/Biology 

 The anterior pituitary gland is formed during 
gestation by the infolding of nasopharyngeal 
cells. Remnants of these cells are thought to give 
rise to some pineal region tumors and cysts in 
addition to craniopharyngiomas. This pedigree 
explains their resemblance to adamantinoma 

(enamel-forming tumor) of the jaw and calcify-
ing odontogenic cysts. This origin also explains 
how craniopharyngiomas can also appear in the 
nasopharynx or sphenoid bone, as these are 
along the path of the infolding cells. Few cranio-
pharyngiomas arise solely in the third ventricle, 
putatively growing from rest cells (remnants of 
the infolding) in the tuber cinereum. An alternate 
theory of origin attributes craniopharyngiomas 
to metaplasia of pituitary adenoid cells.

   There are two variants of craniopharyngioma, 
adamantinomatous and papillary, though transi-
tional types cloud this distinction. Papillary cra-
niopharyngiomas occur nearly exclusively in 
adults, can be easier to resect, recur less often, 
and calcify and form cysts less often. Both sub-
types are histologically benign tumors and only 
exceptionally show malignant transformation or 
CNS seeding. The following description focuses 
on the pediatric, adamantinomatous type of 
craniopharyngioma. 

 Macroscopically, the majority of pediatric cra-
niopharyngiomas are multilobular cystic tumor 
with or without a solid component. The cysts are 
fi lled with thick, gritty, “machine-oil” fl uid 
brownish in appearance. It is this fl uid that can 
cause an aseptic meningitis if spillage occurs. 
The walls of the cyst may have a smooth lining 
and can be calcifi ed leading to an eggshell 
appearance. The solid portion of the tumor is 

  Fig. 16.1    Preoperative coronal ( a ) and sagittal ( b ) 
T1-weighted MR images following gadolinium infusion 
showing a predominantly cystic sellar and suprasellar cra-
niopharyngioma in a 2 year old. Postoperative coronal ( c ) 

images showing a signifi cant reduction in the size of the 
cyst after image-guided drainage and placement of an 
Ommaya reservoir       
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hard and gray and often has calcifi cations 
throughout making it crumbly. The tumor may be 
adherent to brain parenchyma, infundibulum, or 
optic pathway and may invaginate the third ven-
tricle/foramen of Munro region. 

 Microscopically, craniopharyngiomas are 
microcystic, with cysts lined by squamous epithe-
lial cells (Fig.  16.2 ). There may be a peripheral rim 
of palisading columnar cells. Sheets of cells kera-
tinize and form anuclear ghost cells, creating “wet 
keratin.” Areas of dystrophic calcifi cation give the 
tumor its adamantinomatous name. Tumor cells 
may secrete fl uid and cholesterol, forming clefts 
and necrotic debris, or the fl uid may be retained in 
the cells creating a looser matrix in regions. 

 Tumor may interdigitate into the parenchyma 
without infi ltration or causing frank invasion. 
The arachnoid may be absent in areas of signifi -
cant gliosis or interdigitation. 

 Multinucleated giant cells may be present sur-
rounding necrotic debris and cholesterol clefts; 
however, these are more typical for xanthogranu-
loma. The surrounding brain may show gliotic 
changes with Rosenthal fi bers as a reactive pro-
cess owing to the slow growth of these tumors. 
This should not be mistaken for pilocytic astrocy-
toma. Epidermoid and Rathke’s cleft cyst may be 
raised in the differential diagnosis but should be 
distinguishable by the experienced neuropatholo-
gist. As the majority of adamantinomatous cra-

niopharyngioma harbors a mutation of the 
β-catenin gene, nuclear accumulation of β-catenin 
can aid in the distinction.  

   Current Treatment 

 Optimal management of craniopharyngiomas 
remains one of the most hotly debated topics in 
pediatric neurosurgery, neuro-oncology, and 
endocrinology. While total resection may confer 
the best long-term prospect for cure, patients can 
be left with devastating hypothalamic and pitu-
itary dysfunction [ 8 ]. Neurosurgeons have 
attempted to reduce patient morbidity using 
microsurgical techniques, transnasal, transven-
tricular, or a variety of skull-base approaches 
with the assistance of newer technology such as 
endoscopy, intraoperative MRI and ultrasound, 
and image-guided navigation, all with varying 
degrees of success. Alternative approaches, 
aimed at protecting the visual system and treating 
hydrocephalus, have therefore been pioneered 
with resultant improvements in quality of life, but 
higher progression rates. These approaches 
include subtotal resection, cyst drainage includ-
ing placement of Ommaya reservoirs, intracystic 
chemotherapy, and radiotherapy. Prospective 
data with suffi cient patient numbers to support a 
specifi c management approach is limited. 

  Fig. 16.2    ( a ,  b ) Cystic spaces are lined by neoplastic 
cells arranged in palisaded profi les. Cuboidal to columnar 
epithelium blends into looser central zones containing 
stellate cells. Calcifi cation and clumps of “wet keratin” 

consisting of ghosts of keratinized cells are a prominent 
feature of the adamantinomatous variant of craniopharyn-
gioma. Courtesy of Cynthia E. Hawkins       
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   Surgical 

 Neurosurgeons who manage craniopharyngio-
mas have a number of choices available to them. 
Firstly, the extent of resection must be decided 
upon. The UK Children’s Cancer and Leukaemia 
Group consensus guidelines recommend total 
resection for tumors smaller than 2–4 cm with-
out hypothalamic involvement or hydrocephalus 
in order to minimize postoperative worsening of 
pituitary, hypothalamic, and visual function [ 9 ]. 
Larger tumors, and those with hypothalamic 
involvement or hydrocephalus, are preferen-
tially treated by subtotal resection followed by 
radiotherapy (according to age). Both of these 
approaches must be customized to the individ-
ual patient. 

 Upon deciding to proceed with surgery, mul-
tiple approaches are available. Transsphenoidal 
and endoscopic/endonasal surgeries approach the 
tumor through the sphenoid sinus and sella and 
may be extended through the diaphragm, planum 
sphenoidale, or the dorsum sella. It provides 
limited exposure to lateral and intraventricular 
tumor lobules, but may result in shorter hospital 
stays [ 10 ] (Fig.  16.3 ). Transcallosal or transven-
tricular approaches are used to debulk tumors 
with extensive protrusion into the third ventricle; 
many centers use endoscopes to assist with these 
approaches. The limitation of a superior approach 
is access to infra-chiasmatic structures. Skull- 
base approaches provide multiple avenues for 
supra- and intrasellar tumors, with options to use 
pterional, subfrontal, frontolateral, or extended 
approaches for resection. Lateral approaches 
may not provide enough exposure of both optic 
nerves and intraventricular tumor lobules, and 
subfrontal (particularly bifrontal) approaches 
risk injury to both olfactory nerves and both 
inferior frontal lobes and have limited access to 
retrosellar regions and CSF cisterns. Ultimately, 
tumors with intrasellar, suprasellar, and/or intra-
ventricular growth patterns may require combined 
approaches, capitalizing on the strengths of each 
in a staged or simultaneous manner.

   Since craniopharyngiomas grow superiorly, 
they should have arachnoid dissection planes 
with overlying structures. Unfortunately, this is 

not always the case. Many will induce a gliotic 
rim that can provide a pseudo-dissection plane. 
Care must be taken to preserve the infundibulum, 
optic apparatus, and hypothalamus. As well, per-
forating arteries and superior hypophyseal 
arteries (supplying the optic chiasm) may be 
stretched and displaced superolaterally and 
should be preserved. Dissection may be simpler 
prior to cyst drainage. Gentle retraction of the 
capsule as opposed to the nervous tissue is essen-
tial. Exposure may be improved by drilling off 
the planum sphenoidale and/or optic strut. Entry 
into the frontal or sphenoid sinuses requires care-
ful closure or exenteration. 

 Often a large cyst may be aspirated prior to or 
instead of surgical resection. Cyst aspiration may 
be done under direct visualization, endoscopi-
cally, transsphenoidally, or via stereotactic nee-
dle or drainage tube placement. Draining a cyst 
early may expose the dissection plane better or 
may be a suffi cient treatment for hydrocephalus. 
Care must be taken to avoid spillage of the cyst 
contents to avoid aseptic meningitis. For cysts 
that will require repeated aspirations, one may 
insert a subcutaneous catheter and reservoir, such 
as an Ommaya or Rickham reservoir, and/or use 
intracavitary sclerosing therapy (see below). 
Prior to intracystic chemotherapy, most institu-
tional protocols require instillation of contrast 
medium to ensure the agent does not leak out of 
the cyst. 

 Hydrocephalus adds an extra dimension to 
surgical management of craniopharyngiomas, 
often requiring a fi rst operation to divert CSF or 
drain an enlarged cyst. Acute hydrocephalus is 
typically treated with an extraventricular drain, 
while subacute presentations may be treated with 
endoscopic or stereotactic cyst aspiration. Septal 
perforation is occasionally benefi cial for signifi -
cant involvement of the foramen of Munro. CSF 
shunting may be required for a subset of patients, 
though most surgeons will initially attempt to 
reestablish CSF drainage pathways prior to com-
mitting a patient to a shunt. 

 Surgical complications are unfortunately com-
mon in these complex tumors. The most 
common complication, as mentioned previ-
ously, is pituitary injury causing transient or 
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permanent hypopituitarism and diabetes insipidus. 
Hypothalamic injury is more common in patients 
with preoperative symptoms. Visual deterioration 
may occur due to manipulation of the optic chi-
asm or its vascular supply. Aseptic meningitis 
results from cyst content leakage and presents 
immediately, while septic meningitis takes a few 
days to develop. Communicating hydrocephalus 

can be a further complication of meningitis or 
occur despite reestablishment of the normal CSF 
pathways. Postoperative CSF leaks may be a sign 
of hydrocephalus or due to penetration of the 
sphenoid sinus, frontal sinus, or ventricular sys-
tem; they may respond to temporary drainage via 
EVD or lumbar drain. Lastly, injury to the nerves 
or anterior circulation vascular structures may 

  Fig. 16.3    Preoperative sagittal ( a ) and coronal ( b ) 
T1-weighted MR images following administration of gad-
olinium showing a multilobulated cystic craniopharyngi-

oma in a 13 year old. Postoperative sagittal ( c ) and coronal 
( d ) images showing reduction in the size of the cyst after 
endoscopic endonasal drainage       
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cause other focal neurological defi cits, with 
anosmia and ageusia being common after sub-
frontal approaches.  

   Medical 

 Medical management comprises the bulk of care 
for craniopharyngioma patients due to hypotha-
lamic, pituitary, and neurocognitive concerns 
pre- and postoperatively. Purely asymptomatic 
craniopharyngiomas with minimal to no supra-
sellar cystic extension may be followed without 
surgery, though cysts may enlarge at any time and 
cause symptoms. Systemic chemotherapy has 
limited effi cacy in treating craniopharyngiomas, 
though some promise was seen in one trial of sys-
temic interferon-α-2b [ 11 ].

   Recent trials of intracystic bleomycin or inter-
feron alpha have been shown to sclerose some 
cysts and induce shrinkage, with the best benefi t 
risk profi le favoring interferon [ 12 ] (Fig.  16.4 ). 
While bleomycin is neurotoxic and leakage may 
cause meningitis, cranial neuropathies, or even 
fatalities, interferon is used as an intrathecal 
treatment in leptomeningeal carcinomatosis, and 
therefore leakage outside the cyst does not pose 
the risk of CNS damage. This has particular 
application to young patients who are not yet 
candidates for radiotherapy or those who have 
failed prior cyst aspirations. Intracystic treatment 
does not affect the solid component of the tumor 
and only is benefi cial to the cyst being treated.  

   Radiotherapy 

 In general, craniopharyngiomas are responsive to 
radiotherapy (RT) but limits relate to their prox-
imity to adjacent critical, radiosensitive struc-
tures. Intracystic radiation via  beta -emitting 
particles has been tried in the past with success at 
preventing cyst growth, but with unsatisfactory 
risks of injury to vision. It has therefore fallen out 
of favor. Radiation often prevents tumor progres-
sion, but risks injury to pituitary, optic, and hypo-
thalamic structures and global brain development 
in the young. Ultimately, radiotherapy decreases 
the need for further surgery in incompletely 
resected (STR) craniopharyngiomas. 

 Conventional RT in combination with STR 
has shown similar control rates to gross total 
resection (GTR) (75–90 % progression-free sur-
vival) [ 13 ], with fewer rates of endocrinopathy 
and neurological defi cit than GTR [ 8 ]. Typical 
management algorithms provide RT as an adju-
vant to partially resected tumors in patients older 
than 5 years of age with current prospective 
research determining the benefi t of immediate 
postoperative versus radiotherapy at the time of 
progression [ 5 ]. Repeated surgery, cyst drainage, 
or intracystic treatment may avoid or at least 
postpone radiotherapy. Approximately 10–20 % of 
patients who have received radiation will have cyst 
enlargement or regrowth requiring surgery [ 14 ]. 

 Craniopharyngiomas remain highly radio-
sensitive, responding to focal doses of less 
than 10 Gy. The standard of care in children is 

  Fig. 16.4    Four-year-old girl with craniopharyngioma at diagnosis ( a ), 19 months after intracystic treatment with inter-
feron alpha ( b ) and 2 years later ( c ). She remains in response and fully pituitary intact 5.5 years later       
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currently fractionated RT (54 Gy in 30 daily 
fractions) which can be delivered via stereotac-
tic techniques (FSRT) or more commonly with 
daily image guidance to maximize positioning 
accuracy. 

 Many large series of stereotactic radiosur-
gery (SRS) via multi-collimator cobalt (Gamma 
Knife) or robot-mounted linear accelerators 
(LINAC) to treat craniopharyngiomas include 
both adult and pediatric patients. SRS provides 
high-dose radiation to the tumor volume with 
rapid falloff to the optic apparatus and hypothal-
amus [ 15 ,  16 ]. Because the long-term effects of 
SRS in young children have not been well studied, 
caution should be exercised before utilizing this 
treatment modality. Proton beam therapy has a 
similar potential to preserve structures adjacent to 
the tumor with promising preliminary results [ 17 ]. 
Tumor control rates exceed 90 % in some studies 
of radiosurgery. 

 Radiotherapy confers risk of pituitary and 
hypothalamic dysfunction, optic injury or neuri-
tis, neurodevelopmental sequelae, and delayed 
risk of vascular injury or secondarily induced 
tumors [ 14 ]. Innovations in conformal RT and 
new types of RT may reduce long-term morbidi-
ties but likely won’t eliminate these risks.   

   Outcome 

 Outcomes in craniopharyngioma are the key to 
comparing treatment modalities. The goal of 
treatment should be to provide the best quality-
of- life outcome possible; cure is therefore only 
one aspect of this approach. Morbidity and 
impairment or retreatment are very important 
other factors. The major impacts on mortality 
are related to hydrocephalus, surgery-related 
infections, and hormonal derangements especially 
diabetes insipidus and cortisol insuffi ciency. 
Important factors affecting quality of life in 
 craniopharyngiomas are vision, endocrinological 
and hypothalamic function, memory, school or 
work performance, and subsequent ability of an 
independent life. The need of multiple hospital 
visits, including management of blocked 
shunts, acute endocrinopathies, infections, and 

late radiation effects, negatively affects outcomes 
and interferes with quality-of-life factors as listed 
above. The controversy regarding goals of treat-
ment should therefore be viewed in this light. 

 The prognosis for visual, endocrinologic, and 
hypothalamic outcome seems to depend primar-
ily on preoperative status [ 10 ] and age at presen-
tation as well as social insertion [ 18 ]. Surgical 
series aiming for GTR are associated with higher 
risks of injury [ 19 ], and long-term side effects of 
radiotherapy in young children are well docu-
mented. Due to the rarity of craniopharyngioma 
and its diverse presentation, the lack of prospec-
tive trials and publications that are often limited 
to institutional retrospective reviews, treatment 
strategies, and outcomes remains diffi cult to 
compare [ 20 ]. 

   Recurrence 

 The frequency of craniopharyngioma recurrence 
is similar in patients who have received GTR or 
STR followed by RT [ 13 ], with tumor control rates 
in most series exceeding 90 % over 5 years [ 11 ]. 
Most recurrences become evident within the fi rst 
3 years. 

 The majority of patients requiring reoperation 
do so because of new cysts or cyst regrowth. 
Reoperation, cyst drainage, or placement of a 
subcutaneous catheter and reservoir for intracys-
tic therapy may be reconsidered at this time and 
will depend on the initial interventions chosen. 
Radiotherapy may be used in selected cases. New 
symptoms or imaging fi ndings may be due to 
prior radiation treatment as opposed to tumor 
recurrence. Craniopharyngiomas do not undergo 
dedifferentiation. Serial follow-up including 
imaging and visual and endocrine assessments 
are recommendable throughout childhood, and 
most institutions will continue with at least yearly 
MRIs for 10 years following diagnosis.  

   Neuroendocrine 

 Endocrine injury is possible even if the pituitary 
and its stalk are preserved at the time of operation 
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or excluded from the radiation fi eld [ 8 ]. The esti-
mated rate of postoperative endocrinopathy is 
37 %, with patients undergoing a GTR having a 
signifi cantly higher risk [ 18 ]. Partial injury is bet-
ter tolerated than total panhypopituitarism, as is 
older age (postpubertal) at the time of pituitary 
dysfunction. The anterior pituitary functions may 
be affected more than the posterior pituitary 
functions, as ADH may also be secreted by the 
hypothalamus or upper stalk. However, in cases 
of additional injury to the pituitary gland and 
hypothalamus, management of diabetes insipidus 
becomes even more challenging due to a dys-
functional hypothalamic thirst center.  

   Hypothalamic Dysfunction 

 Much of the chronic morbidity in childhood cra-
niopharyngioma is related to hypothalamic dys-
function, in particular obesity. The hypothalamus 
is integral to homeostatic control of metabolism, 
weight and hunger, thirst, sleep, and arousal. 
Obesity after craniopharyngioma treatment is the 
most common complication, ranging from 30 to 
77 % [ 3 ], especially if pretreatment hypothalamic 
involvement is present. Hypothalamic symptoms 
escalate proportionate to the extent and location 
of the hypothalamic injury pre- and posttreat-
ment; there are no or minor symptoms when 
graded as 0 0  (no involvement) or I 0  (hypothalamic 
involvement anterior to the mammillary bodies) 
but signifi cant hypothalamic symptoms when 
graded as II 0  (anterior and posterior hypotha-
lamic involvement) [ 5 ]. Patients with hypotha-
lamic dysfunction can be obese or cachectic and 
sedate or impulsive or may have disturbances of 
sleep or memory. Obesity may result in meta-
bolic syndrome and sleep apnea and contributes 
to impaired quality of life. 

 Patients with hypothalamic injury have 
decreased energy and energy expenditure and 
continue to gain weight even with caloric restric-
tion. The mechanism behind the weight gain is 
incompletely understood, but relates to leptin 
resistance and decreased sympathetic tone, 
among others [ 3 ]. Prevention of hypothalamic 
injury is the best treatment, helping to drive less 

aggressive initial surgeries [ 6 ]. Octreotide may 
have some benefi t, while other pharmaceutical 
intervention thus far had limited benefi t. 

 Other hypothalamic sequelae can lead to 
behavioral and emotional pathology, diffi culty 
interacting in society, and lack of independence. 
These patients can be severely handicapped and 
require signifi cant support through childhood, 
adolescence, and into adulthood.   

   Future Directions 

 While optimal treatment strategies still need to be 
defi ned, there is evidence that less aggressive sur-
gical approaches contribute to better quality of 
life in children affected by extensive craniopha-
ryngioma. Intracystic treatment offers a less inva-
sive strategy that may at least delay the need for 
radiation to an older, less vulnerable age. Highly 
conformal radiotherapy such as proton beam 
therapy or stereotactic radiosurgery may limit 
treatment-related morbidity. Comparisons and 
reliable conclusions in regard to optimal treat-
ment strategies will be facilitated by achieving 
consensus on prospective data collection and 
multi-institutional cooperation and collaboration.     
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            Introduction 

    According to the Central Brain Tumor Registry 
of the United States (CBTRUS), the incidence of 
all central nervous system (CNS) tumours in the 
0–19-year-old paediatric range is approximately 
4.8 in 100,000 population [ 1 ]. Therefore, tumours 
of the brain and spine are rare occurrences in 
children overall, regardless of the type. However, 
beyond the more commonly encountered paedi-
atric CNS tumours lies the existence of a large 
number of  very rare  tumours, or  extremely rare  in 
some cases. In this chapter, we will highlight a 
few examples of the different types that occur at 
a frequency of less than 5 % of all paediatric CNS 
tumours. There is not enough room to cover every 
rare tumour type in this chapter, so a few have 
been selected as examples of tumours that pres-
ent an interesting diagnostic dilemma, classifi ca-
tion challenge, or clinical problem. 

 More importantly, we will outline a basic 
approach to rare tumours in children, with diag-
nostic and management considerations applica-
ble to all tumour types. 

   Overview: Epidemiology 

 When dealing with small percentages within a 
small group of patients, one must apply caution in 
interpreting statistics for incidence or prevalence. 
Accurate statistics on incidence and prevalence 
require that a disease has been described in the 
past, is well recognized and reported by clini-
cians, and is rarely mistaken for other diseases. 
Tumours may become re-classifi ed. Other tumours 
may not ‘exist’ as a separate entity until a diagnos-
tic test becomes readily available to pathologists. 
Any time a tumour is described as a ‘new’ tumour 
type, these will effectively be removed from the 
statistics of whatever tumour it was previously 
classifi ed as. In summary, if a tumour is very rare 
then one must re-evaluate the statistics over time 
as technologies evolve and defi nitions emerge.  

   Overview: Imaging and Pathology 

 As with all paediatric brain tumours, referral to a 
tertiary care specialized centre should be arranged 
as soon as possible, depending on the urgency 
and stability of the patient. It is extremely impor-
tant to have  paediatric  neuro-oncology expertise 
in the neuroimaging, diagnostic surgery, and 
 subsequent management decisions. A multidisci-
plinary team approach is necessary, as is empha-
sized throughout this book. Pathology specimens 
should be organized, reviewed, and reported by a 
neuropathologist with specialized training and 
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expertise in paediatric CNS tumours. It becomes 
particularly important for most neuropathologists 
to be able to seek consensus opinions when deal-
ing with very rare tumours. Some rare tumour 
types may not yet have a World Health Organi-
zation grading or classifi cation. Even when the 
pathology is challenging to defi ne, certain general 
features such as metastases, mitotic index, neo-
vascular proliferation, or invasion into surrounding 
tissues may help infl uence treatment strategies. 
The staging work-up will be guided in part by the 
general category of the tumour, indicating the 
need for other investigations (e.g. spinal imaging, 
a bone marrow biopsy, or a lumbar puncture to 
sample cerebrospinal fl uid (CSF)).  

   Overview: Treatment 

 There are over 300 different CNS tumour sub-
types in the 2007 WHO classifi cation textbook. 
Often the description alone gives a clue as to the 
origins or family of tumours to which it belongs. 
There are those that exist within a larger family 
of tumours, as a rare subset of a more common 
type (e.g. ependymoblastoma, medulloepitheli-
oma, and gliosarcoma). There are mixed groups 
of tumours, most commonly in the neuronal-glial 
category (ganglioglioma, dysembryoplastic neu-
roepithelial tumour, central neurocytomas). 
Other very rare tumours may stand alone from 
the major groupings (choroid plexus tumours). 
Oligodendrogliomas, astroblastoma, and papillary 
tumour of the pineal region are other examples 
that have unique features making them diffi cult 
to categorize under one of the larger groups. 
Finally, some ‘benign’ tumours lack malignant 
potential but can cause hormonal problems (pitu-
itary adenomas). Case reports and small series in 
the literature may provide the only guidance for 
treatment, and expert opinion should be sought 
when appropriate. Does this tumour belong to a 
family of tumours that typically responds to radi-
ation? Will a complete surgical resection offer a 
signifi cant survival advantage? Is this tumour 
related to other categories that are sensitive to 
chemotherapy? The age of the patient and loca-
tion in the CNS always infl uence the morbidity of 

total resection. Large-fi eld high- dose radiation 
can be devastating to the very young brain, 
regardless of the tumour type. For tumours that 
have disseminated throughout the CNS axis, 
aggressive surgery or focal radiation may not 
play a role in the treatment approach.  

   Overview: Outcomes 

 The prognostic outcome for patients with very 
rare tumours may be poorly described in the 
 literature, if at all. Case series or case reports 
become vitally important as a reference basis for 
the paediatric neuro-oncology community world-
wide. Whenever appropriate, clinicians should 
consider publishing the presentation and out-
comes for very rare tumours, obtaining consent 
as required by local ethical review boards.   

   Specifi c Examples of Rare CNS 
Tumours in Childhood 

   Choroid Plexus Tumours 

 Our fi rst example of a rare paediatric CNS tumour 
is the family of choroid plexus tumours (CPT). 
CPT refers to a tumour family that is generally 
thought of in two forms: a more ‘benign’ choroid 
plexus papilloma (CPP) and the malignant ‘cho-
roid plexus carcinoma’ (CPC). The 2007 WHO 
categorizes another group called ‘atypical cho-
roid plexus papillomas’ (aCPP), an intermediate 
grade in terms of malignant behaviour and 
response to therapy.  

   Epidemiology 

 CPTs occur in young children primarily. While 
we have included them as a ‘very rare’ tumour 
overall, they actually make up more than 10 % of 
all CNS tumours in the fi rst year of life and are not 
a rare tumour to be diagnosed in an infant with a 
brain tumour. This age predisposition makes the 
treatment options diffi cult when considering radi-
ation therapy, compounded by the fact that a 
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 signifi cant number of the higher-grade choroid 
plexus tumours are metastatic at diagnosis.  

   Imaging Findings 

 Choroid plexus tumours often have a characteris-
tic appearance on neuroimaging with a distinctly 
irregular tumour margin and an inconsistent 
enhancing pattern. Their location is most com-
monly the lateral ventricles, followed by the 
fourth ventricle. Metastatic spread is not uncom-
mon at diagnosis, especially with choroid plexus 
carcinomas. Hydrocephalus is typically present 
and often quite impressive (Fig.  17.1 ).

      Pathology/Biology 

 Choroid plexus papillomas are classifi ed as a 
WHO grade I (low-grade) tumour, while choroid 
plexus carcinoma is a WHO grade III (high- 
grade) tumour. The pathology for these tumours 
exists on a spectrum between papilloma and car-
cinoma. Cytokeratins and vimentin are expressed 
in both, while S-100 staining is more common in 
CPP than CPC. As expected, CPPs have a very 

low mitotic index of activity, while CPCs show 
obvious signs of malignancy that include high 
cell division, nuclear pleomorphism, and necrotic 
areas [ 2 ]. The higher-grade CPCs are the CNS 
tumours with the strongest association with the 
genetic cancer predisposition syndromes related 
to p53 mutations. Therefore, all patients with a 
CPC should undergo a thorough family history 
and screening for the presence of hallmark cancer 
types, such as adrenocortical carcinomas or 
 sarcomas in young family members. When suspi-
cion is made of a familial cancer syndrome, 
referral for genetic counselling and appropriate 
screening tests should be made. Experienced 
genetic counsellors are crucial as the emotional 
and medical consequences of having a familial 
cancer predisposition are extensive. If a fami-
lial pattern is found, such as the  Li – Fraumeni  
syndrome, published guidelines have demon-
strated that careful screening and early detection 
can impart a survival benefi t [ 3 ].  

   Current Treatment 

 For choroid plexus papillomas, surgical resection 
is the mainstay of treatment and attempts should 
be made to safely achieve gross total resection. 
Careful observation would follow, and there is no 
indication for radiation or chemotherapy in the 
upfront treatment of this subgroup. 

 Surgical resection remains important for cho-
roid plexus carcinomas but is insuffi cient to cure 
this disease, and total resection often be limited 
by the haemorrhagic nature of these tumours. 
Radiation has been used in different settings for 
the treatment of CPCs, with consideration of cra-
niospinal treatment given the metastatic potential 
of this subgroup. This may be considered for 
‘older’ children (e.g. older than 3 years), but tox-
icities will be very signifi cant for the younger 
population. In a population-based study by the 
Canadian Pediatric Brain Tumour Consortium, 
none of the infant CPC patients had been treated 
with radiation over a 15-year period (median age 
at diagnosis was 10 months old, with the oldest 
being 30 months old) [ 4 ]. While a specifi c che-
motherapy regimen has yet to be defi ned for 
CPTs, there is evidence to suggest that intensive 

  Fig. 17.1    Choroid plexus carcinoma in an infant (MRI 
T2-weighted image)       
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chemotherapy plays an important role for the 
malignant choroid plexus carcinomas [ 5 ]. The use 
of ‘ICE’ chemotherapy (ifosfamide, carboplatin, 
etoposide) in the neo-adjuvant setting has 
allowed a second-look surgical approach to be 
more feasible [ 5 ]. There is an ongoing investiga-
tion into the use of direct CSF chemotherapy 
(intraventricular or intrathecal) for this group of 
patients, perhaps thought to be more effective 
due to the location of the choroid plexus in the 
ventricular space. This can technically be done 
via lumbar puncture or more commonly with the 
use of an implanted device, such as an Ommaya 
reservoir.  

   Outcome 

 Patients with choroid plexus papilloma have a 
very good survival rate overall, even in the rare 
cases of metastatic disease. The long-term out-
come for children has generally been greater than 
90 %; a study of 21 CPP patients over a 15-year 
period in Canada showed 100 % survival [ 4 ]. 

 On the other hand, CPC is known to carry a 
relatively poor prognosis, even with aggressive 
therapy. Gross total resection carries a dominant 
infl uence on prognosis; 5-year survival rates are 
close to 60 % with complete removal, compared 
to 20 % with partial resection alone [ 6 ]. In the 
patients with an incomplete resection, chemo-
therapy increases to the survival in the range of 
40–60 % [ 5 ] [ 6 ].  

   Future Directions in Choroid Plexus 
Tumours 

 The rarity and poor prognosis of choroid plexus 
carcinoma has created a strong interest in inter-
national collaboration over the past two decades. 
This is an example of using well-designed clinical 
trials and registry data to maximize our under-
standing of a very rare disease, instead of relying 
only upon case reports. The type, timing, and 
intensity of chemotherapy will continue to be 
explored, and the question of which patients truly 
need radiation therapy is still under investigation. 

At the same time, we need to continue to follow 
the choroid plexus papilloma patients to ensure 
that their very high survival rate holds up over 
time. As well, many other factors contribute to 
long-term neurocognitive defi cits in children 
with choroid plexus tumours: the size of these 
aggressive tumours, long-standing hydrocepha-
lus at diagnosis, and extensive or sometimes mul-
tiple surgeries. These patients should be followed 
closely long term and need to have access to 
 neuropsychological testing and resources for 
 academic rehabilitation.   

   Pituitary Adenomas 

 Several different tumour types can be localized in 
the suprasellar region; germ cell tumours and cra-
niopharyngiomas are classic examples that will 
be discussed elsewhere in this book. As a group, 
tumours of the pituitary area are the most com-
mon CNS tumour type for older children in the 
15–19 years age group [ 1 ].  Pituitary adenomas  
are one type that occur throughout adulthood and 
in rare circumstances occur in the postpubertal 
adolescence [ 7 ]. While they may have a benign 
histology, these tumours can be functionally 
harmful. Symptoms depend on the size and on 
hormonal secretion, with prolactinomas being 
the most common in children, followed by 
adrenocorticotropin- hormone-secreting and growth- 
hormone-secreting tumours [ 8 ]. Headaches, raised 
intracranial pressure, and visual fi eld defects can 
result from any mass in this area, and elevated hor-
mone levels will cause secondary problems (such 
as elevated prolactin levels leading to amenor-
rhoea and galactorrhoea). On neuroimaging, loss 
of the pituitary bright spot can provide an early 
sign that the pituitary stalk is being compressed. 
MRI may reveal a mass lesion, although adeno-
mas can exist in both microadenoma and mac-
roadenoma forms. Current treatment can involve 
surgical resection, with a transsphenoidal approach 
often considered. However, medical management 
is often needed for the endocrinopathies and may 
be a suffi cient treatment for these tumours depend-
ing on whether other symptoms (e.g. hydrocepha-
lus) are present. The appropriate use of dopamine 
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agonists (bromocriptine, cabergoline) is suffi cient 
for treating prolactinomas [ 9 ]. Once medical man-
agement is established and endocrinopathies have 
been addressed, overall prognosis is extremely 
good. Since this tumour occurs at a much greater 
frequency in adults than in children, this is an 
appropriate situation to consult adult medical 
oncology and surgical colleagues for advice on 
management strategies.  

   Astroblastoma 

 This very rare neuroepithelial glial tumour is 
included as an interesting CNS tumour that has 
been diffi cult to classify from a tumour grade 
perspective (Fig.  17.2 ). While the grading of rare 
tumours can often guide the clinician as to the 
best course of treatment, this is one of the few 
tumours listed in the WHO classifi cation book 
that has not been assigned a specifi c grade. 
Although a tumour of its description was fi rst 
described by Bailey and Cushing, it is felt to be 
‘premature to establish a WHO grade at this 
time’ [ 2 ], which speaks to the rarity of its occur-
rence. These tumours have been reported at 
almost any age but typically appear in children 
and young adults. The imaging fi ndings are quite 
striking, typically appearing as a large cystic area 
with a well-demarcated wall that enhances with 
MRI contrast. The pathology shows clear tumour 
margins and areas around blood vessels where 
tumour cells radiate outwards, anchored by cyto-
plasmic processes [ 2 ]. A variety of features have 
been described, ranging from anaplastic to a 
more well-differentiated form, and this infor-
mation will be important for the clinician. 
In  conjunction with the location and degree of 
resection, this could direct the choice for further 
adjuvant therapies including chemotherapy or 
radiotherapy. In the few literature case series and 
reports, a wide variety of treatment approaches 
have been used, including surgery alone, surgery 
followed by radiation, or the addition of many 
different chemotherapy treatments [ 10 ,  11 ]. Due 
to its rarity, a true prognosis is diffi cult to esti-
mate but the limited data suggests an excellent 
prognosis overall.

      Papillary Tumour of the Pineal 
Region 

 Most high-grade tumours presenting in the pineal 
region of children will turn out to be a form 
of primitive neuroectodermal tumour (PNET), 
referred to as a  pineoblastoma  in this location 
(Fig.  17.3 ). A much less common type is called 
 papillary tumour of the pineal region  (PTPR), 
which is considered to be a very rare tumour (less 
than 100 reported cases in the literature). This 
tumour serves as a reminder of how location can 
help defi ne different types; there are a limited 
number of tumour types that will occur in this 
specifi c area, and the surgical approach may be 
very different between the histologies. The rarity 
of this tumour makes it challenging to estimate 
an incidence for this tumour, and case reports 
have described this tumour occurring in people of 
all ages. As with other tumours in this area, 
hydrocephalus is a common presenting symptom 
due to obstruction, and MRI is the ideal scan to 
defi ne tumours in the pineal region. The MRI 
demonstrates a contrast-enhancing tumour with 

  Fig. 17.2    Astroblastoma (axial MRI T2-weighted 
imaging)       
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high T2 signal. Immunohistochemistry is striking 
for reaction to keratin stains, along with vimen-
tin, S-100, and focal GFAP expression. The 
WHO grading rests between grade II and grade 
III; therefore, the grade does not necessarily 
demon strate the exact course of treatment. 
Treatments reported in the literature vary from 
surgical resection alone, to radiation (depending 
on the age), to attempts at chemotherapy if there 
is dissemination at diagnosis (in younger chil-
dren). Relapse is relatively common, leading to a 
progression-free survival around 25 % with an 
average survival rate around 75 % [ 12 ].

      Vestibular Schwannoma 
(Acoustic Neuroma) 

 Neurofi bromatosis type I and type II are genetic 
syndromes that carry a predisposition for the for-
mation of many different CNS tumours, both 
benign and malignant. The presence of bilateral 
vestibular schwannomas is one of the diagnostic 

criteria for neurofi bromatosis type II (NF-2). 
   This is one of the many examples of rare paediat-
ric CNS tumours that can be linked to patients 
with an underlying genetic syndrome. Sometimes 
called ‘acoustic neuromas’, these are benign 
tumours arising from the 8th cranial nerve that 
can cause progressive hearing loss and deafness. 
NF-2 is an autosomal dominant genetic disorder 
occurring at an incidence of 1 per 25–40,000 
people in the population [ 13 ]; about half of cases 
arise as a spontaneous mutation on chromosome 
22 with no family history [ 14 ]. MRI imaging is 
usually performed after an acute hearing loss 
without other explanation, although other cranial 
nerves can become involved as well causing iso-
lated defi cits. Contrast-enhancing T1 imaging 
demonstrates these tumours well and the diagno-
sis can often be made on imaging, without a tis-
sue biopsy. Vestibular schwannomas are benign 
tumours, so the treatment principle is typically to 
consider surgical resection (with an experienced 
skull-base neurosurgeon) or to use focal radiation. 
Depending on the size of the tumour, stereotactic 
radio-surgery may plan an important role. There 
has been research suggesting that medical  therapy 
may play a role in stabilizing or even reversing 
the hearing loss with acoustic neuroma, for 
example, by targeting vascular endothelial growth 
factor (VEGF) receptors [ 15 ].  

   Mixed Glial-Neuronal Tumours 

 Certain tumours are diffi cult to categorize in 
the main subgroups of ‘glial’ vs. ‘neuronal’ CNS 
tumours and end up in their own category 
of ‘mixed glial-neuronal tumours’. While most of 
the tumours in this category are typically consid-
ered to be ‘low grade’ with benign features, there 
are exceptions to every rule and rare anaplastic 
features and metastatic spread have been reported 
at some point for most tumours. Given the mix 
of cell types, a reasonable approach would be 
to consider elements of both the glial and neuro-
nal families of tumours when considering treat-
ment options for newly diagnosed or recurrent 
disease.  

  Fig. 17.3    High-grade papillary tumour of the pineal 
region (axial MRI with contrast, T1-weighted imaging)       
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   Dysembryoplastic Neuroepithelial 
Tumours 

 Dysembryoplastic neuroepithelial tumours (DNET) 
are low-grade (WHO grade 1) tumours that are 
most often diagnosed in young patients with sei-
zure disorders that are refractory to anticonvul-
sants. They are very rare, representing less than 
1 % of all paediatric CNS tumours, but are 
reported to be found in 10–20 % of children with 
localizable refractory seizures. These tumours 
are predominantly found in the supratentorial 
cortex, with the temporal lobe being the most 
common location (around 50 %) [ 16 ]. DNET 
(also referred to as ‘DNTs’) seems to be associ-
ated with cortical dysplasia and may be develop-
mental in nature. On MRI imaging, an absence 
of high-grade features is the rule; they should 
not demonstrate mass effect, should not cause 
oedema, and should only have minimal contrast 
enhancement. The pathology also lacks malig-
nant features, and the most typical feature is the 
appearance of the ‘fl oating neuron’ against an 
eosinophilic background. Consistent, recurrent 
genetic mutations have not been identifi ed. 
Treatment is localization in preparation for epi-
lepsy surgery and then complete or near-total 
resection. Seizure control is often much better 
after surgery, and local recurrence is reported but 
would be the rare exception for these lesions. 
Malignant transformation and atypical features 
have been reported [ 17 ]. As with any rare tumour, 
this should make one extremely cautious about 
the diagnosis and seek second opinions on the 
pathology whenever appropriate. 

   Ganglioglioma 

 Gangliogliomas are also in the category of 
‘mixed glial-neuronal tumour’ and similar to 
DNETs are often diagnosed after a child pres-
ents with new seizures that are diffi cult to con-
trol (Fig.  17.4 ). Also occurring at a frequency of 
less than 1 % of paediatric CNS tumours, gan-
gliogliomas are also found in approximately 
20 % of patients who undergo epilepsy surgery. 

They can occur anywhere in the brain or spine 
and on MRI may have solid, cystic, or nodular 
components. Mass effect and enhancement on 
MRI are generally minimal to none. Genetic 
studies on GG samples reveal a high proportion 
of BRAF v600e  mutations, ranging from 18 [ 18 ] to 
58 % [ 19 ], and there is suggestion that this may 
be associated with a worse prognosis [ 20 ]. 
Treatment is surgical resection, with an attempt 
for total resection whenever possible. For the 
most part, the prognosis for these low-grade 
tumours is excellent and local recurrence is rare. 
However, anaplastic features have been reported 
and unresectable tumours (e.g. brainstem) can 
pose a particular problem. Historically, unresec-
table progressive gangliogliomas have been 
treated in a similar fashion to low-grade glio-
mas, using a chemotherapy regimen for children 
and possibly radiation for older adolescents. 
Human clinical trials are under way using BRAF 
v600e inhibitors, which may show promise in a 
subset of unresectable gangliogliomas that test 
positive for this mutation.

  Fig. 17.4    Subtle features of a medial temporal lobe gan-
glioglioma (axial MRI T2-weighted image)       
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      Neurocytoma 

 Most commonly presenting as ‘central’ neurocyto-
mas, these are rare WHO grade II tumours with a 
tendency to present in young adults or adolescents. 
They are classifi ed as a neuroepithelial or ‘mixed’ 
neuronal-glial tumour. Neurocytomas are typically 
found in the supratentorial intraventricular areas, 
and patients will therefore often present with signs 
of worsening hydrocephalus. Surgical resection is 
the goal of treatment, and complete resection is 
essentially curative [ 21 ]. When total removal is not 
possible, focal radiation can be used to control the 
inevitable regrowth of these tumours.  

   Meningioma 

 Meningiomas are quite common CNS tumours 
in the adult population, but are extremely rare in 
children (Fig.  17.5 ). They are generally low- 
grade or ‘benign’ lesions, either found as an inci-
dental MRI fi nding or through investigations for 

new onset headaches. They are important for the 
paediatric neuro-oncology community to recog-
nize since meningiomas can arise as a result of 
the damage from treatment doses of ionizing 
radiation. The increased risk of meningiomas 
continues for years and even decades after radia-
tion therapy is given, and parents and paediatric 
patients need to understand the risk of develop-
ing a meningioma at some point to direct investi-
gations if symptoms arise. Meningiomas require 
surgery whenever possible, and recurrence after 
complete resection is rare. There are ‘atypical’ 
meningiomas (WHO grade III) that would require 
closer follow-up after surgery and consideration 
of radiation therapy in cases of unresectable dis-
ease. Obviously, the best treatment is always pre-
vention, and this is just one of many radiotherapy 
side effects that should emphasize the need to 
minimize radiation use in paediatric patients.

       CNS Sarcoma 

 In adults, a large proportion of ‘CNS’ tumours 
will actually turn out to be metastases from 
 extracranial solid tumours. On the contrary, 
metastases to the CNS in children are extremely 
rare. Occasionally, tumours that are normally 
found outside of the CNS can be found intracra-
nially without an extracranial primary lesion. For 
example, Ewing’s sarcoma (peripheral neuroepi-
thelial tumour) can occur as a primary in the CNS 
without an extracranial site. Genetic analysis for 
the typical translocations (chromosome 22, e.g. 
t(11;22)) will be useful to distinguish this tumour 
from a CNS primitive neuroectodermal tumour 
(PNET), which shares some similar histologic 
features. A CNS sarcoma will often have a 
 predilection for the calvarium, skull base, or 
meningeal surface and may have an extradural 
component [ 22 ]. Treatment would typically 
involve chemotherapy and a multimodal 
approach with radiation and surgery, similar to 
the treatment for extracranial lesions. While 
anthracycline chemotherapy is not used often to 
treat tumours of the CNS, it is an important part 
of sarcoma treatment and therefore may play a 
role in other CNS tumours [ 23 ].  

  Fig. 17.5    Atypical meningioma in a paediatric patient, 
presenting with a history of mild headaches and visual 
changes (axial MRI contrast image)       
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   Future Directions 

 For many of the tumours listed in this chapter, 
there will never be large therapeutic trials captur-
ing one common group of patients. We must 
remember that paediatric tumours are rare to begin 
with, and there will always be subgroups that are 
described predominantly in case series or reports. 
Some tumour types have only been recently 
described; therefore, in older studies, these patients 
would have been included in whatever category 
they fi t best, so their outcomes would have either 
‘brought down’ or elevated survival curves. One 
example of this is with atypical teratoid rhabdoid 
tumour (ATRT); prior to its recognition as an entity 
in the early 2000s, it was understandably often 
diagnosed as medulloblastoma or PNET. Efforts 
have been made to re- analyze older samples and 
re-classify older tumour specimens with modern 
tests that are now widely available [ 24 ]. Finally, 
it is important to remember that as we advance in 
our understanding of CNS tumour molecular 
genetics, we will naturally move towards further 
subcategorization of all tumours. As an example, 
the name ‘medulloblastoma’ now refers to a 
tumour that is being considered to be at least 
four different subtypes, all of which may lead to 
a unique treatment strategy with unique out-
comes [ 25 ]. A new understanding of driver 
mutations in glioblastoma multiforme is allow-
ing us to subclassify this tumour more accurately 
and therefore understand the  survival differences 
between these groups [ 26 ]. All the while, oncol-
ogy is driving towards more ‘personalized medi-
cine’, where each tumour is considered unique 
and attempts will be made to design treatments 
specifi cally for one patient. We are moving into 
an era where our sophisticated diagnostic tools 
will essentially be putting more tumours into the 
‘very rare’ category, and no longer will we be 
able to necessarily rely on large clinical trials 
where every patient is treated in a similar fash-
ion. Starting with the rarity of all paediatric CNS 
tumours, we face new challenges in how to study 
the clinical history and draw therapeutic conclu-
sions for the very rare subtypes.     
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           Introduction 

 Radiation therapy has long been regarded as a 
cornerstone of the treatment of children with 
CNS tumors. In the 1980s, increasing recognition 
of the possible long-term side effects of radia-
tion, in particular the increased risk of secondary 
malignancies and the neurocognitive effects of 
radiation on the maturing brain, led to the devel-
opment of treatment strategies in which the goal 
was to avoid or at least delay the use of radiation 
therapy, especially for children under the age of 
3. While this was shown to be a successful 
approach in selected groups of patients, many of 
these studies actually underscored the important 
role that radiotherapy still plays. Major advances 
in radiation technology over the same time period 
now enable more focused and precise irradiation, 
with a promise for reduced long-term toxicity.  

   Basic Radiation Physics 

  X - rays  are the type of radiation most commonly 
used in clinical practice. Their interaction with 
matter can only fully be understood by recogniz-
ing that they have both a wave (electromagnetic) 
and a quantum nature. X-ray beams used in radi-
ation oncology are typically in the megavoltage 
(4–18 MV) range and are produced by a medical 
linear accelerator (linac). Each photon energy is 
characterized by a specifi c dose absorption pro-
fi le, known as the percent depth dose (PDD) 
profi le, along the central axis of the beam. 

 Therapeutic radiation can also be delivered 
through the use of particles: electrons, protons, 
neutrons, and heavy-charged particles.  Electrons  
are small negatively charged particles that are pro-
duced by a standard linac. The major clinical 
advantage of electron beam therapy is a rapid dose 
drop-off at a depth that depends on the energy of 
the beam. Its role is, however, limited in CNS 
malignancies, except for its use in some centers for 
craniospinal irradiation.  Protons  are positively 
charged particles with a relatively high mass in 
comparison to electrons. Their use requires a dedi-
cated complex and expensive unit. Proton therapy 
will be discussed in more details (see “Proton 
Therapy” section). Neutrons and heavy-charged 
particles are experimental modalities available 
only in a very small number of centers worldwide 
and for now of limited use in oncology.  

        A.-M.   Charpentier ,  M.D., F.R.C.P.C.      (*) 
   D.   Roberge ,  M.D., F.R.C.P.C.      •    P.   Rousseau ,  M.D.   
  Department of Radiation Oncology ,  CHUM 
Notre-Dame Hospital ,   Montréal ,  QC ,  Canada   
 e-mail: anne-marie.charpentier.chum@ssss.gouv.qc.ca  

    C.   Freeman ,  M.B.B.S., F.R.C.P.C., F.A.S.T.R.O.    
  Department of Radiation Oncology ,  McGill 
University Health Centre ,   Montréal ,  QC ,  Canada     

 18      Radiotherapy 

           Anne-Marie     Charpentier      ,     Carolyn     Freeman     , 
    David     Roberge     , and     Pierre     Rousseau    

mailto: anne-marie.charpentier.chum@ssss.gouv.qc.ca


196

   Basic Radiobiology 

   DNA Damage 

 The biologic effect of radiation therapy is due to 
damage to DNA. All types of radiation interact 
with matter via either a direct or indirect action. In 
direct action, the radiation interacts directly with 
the critical cell target, while the indirect action is 
mediated through the creation within the cell of 
free radicals that initiate a chain of events leading 
to biologic damage. The latter predominates for 
irradiation by photons. Ionizing radiation can 
induce multiple types of damage including base 
damage, single- and double-strand breaks, and 
DNA–DNA and DNA-protein cross- links, of 
which the most lethal type is the double- strand 
breaks. While the rationale for combining chemo-
therapy and radiotherapy is most commonly to 
gain “spatial cooperation,” with chemotherapy 
acting on distant micrometastases and radiother-
apy killing tumor cells locally, a synergistic effect 
for cell death also occurs with several cytotoxic 
drugs, providing the rationale for the concurrent 
use of both modalities in the treatment of some 
CNS tumors.  

   The “Four Rs” of Radiobiology 

 In clinical practice, the biologic effect of the 
radiation is intrinsically related to the concept 
of dose fractionation, in which the goal is to 
deliver an effective tumoricidal dose while 
sparing normal tissues. Radiobiologically, this 
can be summarized with four terms, which are 
referred to as the “four Rs” of radiobiology: 
repair, redistribution, repopulation, and reoxy-
genation. Favoring normal tissue sparing,  repair  
of sublethal damage to normal tissues occurs 
between each dose or “fraction” at a rate and 
with a capacity that depends on the specifi c tis-
sue type; this is the basis of the hyperfraction-
ation studies that explored dose escalation in 
pontine gliomas. During the interfraction inter-
val, two factors infl uence tumor cell  killing: 

 redistribution  of cancer cells within the cell 
cycle to more radiosensitive phases and  reoxy-
genation  of any less radiosensitive hypoxic 
areas of the tumor. The fourth “R,”  repopula-
tion  of tumor cells, may result in a decrease in 
tumor control if the overall treatment time is 
prolonged, especially for a rapidly proliferating 
tumor. Avoidance of repopulation is the ratio-
nale underpinning studies of accelerated frac-
tionation in medulloblastoma/PNET.   

   Planning 

 Children needing radiotherapy should be treated 
in centers with suffi cient numbers of patients to 
ensure the required level of expertise, not only 
medical, but also technical and nursing. 
Preparation for the fi rst visit to the radiation 
oncology department, often in a different hospital, 
is ideally done in an environment that is familiar 
to the child by nurses and play and child life 
specialists, with the help of printed and/or elec-
tronic material that can be referred to later by the 
child and/or parents [ 1 ]. Ideally, there will also be 
a friendly, familiar face—a nurse or radiation 
therapist—to greet the child and the parents in 
the radiation oncology department, show them 
the rooms where planning and treatment will take 
place, and introduce them to the staff that will be 
involved in their care. This preparation can be 
pivotal in encouraging a young child to lie still 
for the making of the immobilization device, for 
simulation, and for treatment itself. 

   Immobilization and Sedation 

 The greater precision of modern radiotherapy, 
often now using millimetric margins, mandates 
accurate setup for each of the typically 25–33 
daily fractions and also immobility of the 
patient during the daily treatment that may take 
up to 45 min. Unexpected movements could 
have an impact on the chances of delivering a 
successful oncological treatment without com-
plications. Consequently, a thermoplastic mask 
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is almost always used. This is a mesh mask that 
is molded to the child’s face after being 
immersed in a warm water bath or heated in an 
oven. The mask becomes rigid at room temper-
ature and is then ready for use for imaging and 
treatment. 

 For children younger than age 4 or 5 years, 
daily anesthesia will almost always be neces-
sary for all of these steps. This will require a 
skilled pediatric anesthesiology team with in-
room equipment for anesthesia and monitor-
ing. Other factors are recognized to contribute 
to the need for sedation or anesthesia, such as 
anxiety related to previous procedures, fear of 
radiation therapy equipment and immobiliza-
tion devices, and separation from the parents, as 
well as the attitude of the parents toward radia-
tion. Guidelines for the safety of the child under 
sedation are well described [ 2 ]. Sedation or 
anesthesia needs to be administered by a dedi-
cated anesthesia team not only comfortable with 
the sedation protocol but also with the manage-
ment of possible adverse reactions that include 
hypoxemia, hypoventilation, stridor, laryngo-
spasm, and airway obstruction. It is reported 
that 1 of 65 procedures can result in a minor 
but potentially serious complication [ 3 ], but no 
delayed effects have been reported from daily 
sedation.  

   Planning CT Scan 

 The need for a planning CT scan for pediatric 
CNS tumors is well established. Children 
undergo the planning CT scan at the CT simula-
tor in the radiation oncology department in the 
same position as the one that will be used for 
each daily treatment. The limits of the CT scan 
will generally encompass the whole brain, from 
the convexity to the cervical spine, to include the 
target volumes as well as the organs-at-risk. For 
craniospinal irradiation, the lower limit of the 
planning CT scan will go down to the pelvis, 
since the inferior border of the lower spinal fi eld 
usually extends at least to the bottom of the S2 
vertebral body.  

   Image Co-registration 

 In order for the radiation oncologist to delineate 
precisely the tumor, the planning CT scan will 
almost always be co-registered with diagnostic 
images, such as the pre- and/or postoperative 
MRI. In some radiation facilities, some of these 
images will be produced using a dedicated treat-
ment planning MRI. The appropriate MRI 
sequences will depend on the clinical situation. 
Often a combination of sequences will be neces-
sary; for example, axial T1 post-gadolinium and 
T2/FLAIR sequences together enable visualiza-
tion of residual enhancing and non-enhancing 
tumor. Co-registration with metabolic/functional 
images, such as FDG-PET or MR spectroscopy 
and even tractography, is increasingly being stud-
ied. Applicability to CNS tumors is currently 
 limited but of interest for targeting of metaboli-
cally active tumor, as well as for selective avoid-
ance of critical pathways.  

   Contouring Target Volumes 
and Organs-at-Risk 

 Defi nition of target volumes and organs-at-risk is 
a critical part of the planning process. The fi rst 
step is usually to delineate the  gross tumor volume  
(GTV), which corresponds to macroscopic tumor. 
The  clinical target volume  (CTV) is then created 
to encompass the GTV and any areas at risk for 
potential microscopic tumor spread. While for 
certain tumors (e.g., ependymoma and cranio-
pharyngioma) this area of suspected tumor 
infi ltration may be tightly confi ned around the 
GTV, tumors with higher infi ltrative potential 
such as high-grade astrocytoma require larger 
margins. Both GTV and CTV are anatomically 
defi ned volumes and independent of the treatment 
technique or modality used (e.g., photon or proton 
therapy). Uncertainties regarding the patient posi-
tioning and alignment of beams at each radiation 
treatment, and the possible changes in the size, 
shape, and position of the CTV within the patient, 
respectively the  setup margin  and the  internal 
margin , are then taken into account to create the 
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 planning target volume  (PTV). With modern 
radiotherapy using rigid immobilization and daily 
pretreatment image verifi cation, a 2–5 mm mar-
gin from the CTV to the PTV is usually suffi cient. 
The PTV is the geometrical volume to which the 
absorbed dose is prescribed. 

 Although all nontarget normal tissues can be 
considered as  organs - at - risk  (OAR), the concept 
in practice depends on the location of the CTV 
and the dose of radiation that will be given. The 
optic structures (optic nerves and chiasma), 
brainstem, and spinal cord are typically consid-
ered the main OARs when treating CNS tumors. 
Similar to the notion of PTV, a margin account-
ing for uncertainties and variations in the posi-
tion of OAR can be created and is referred to as 
the  planning organ - at - risk volume  (PRV). This 
is most relevant to serial structures, such as the 
spinal cord. Recognizing the risks of late effects 
of radiation therapy and with the possibility 
now of more precise radiation delivery and 
even selective avoidance, increasing importance 
is now being given to other normal tissues such 
as the pituitary, hypothalamus, hippocampi, tem-
poral lobes, supratentorial brain, and cochleae. 
Contouring these normal structures and evaluat-
ing and recording the dose delivered to them is 
helpful in planning appropriate follow-up (e.g., 
tests of neuroendocrine function depending on 
the dose to the pituitary and hypothalamus).   

   Techniques 

   3D-CRT 

  Three - dimensional conformal radiotherapy  (3D- 
CRT) refers to the incorporation of 3D anatomic 
information acquired at CT simulation into plan-
ning and dose calculation in order to conform the 
dose as tightly as possible to the planning target 
volume with minimization of dose to OARs.  

   IMRT 

 In  intensity - modulated radiation therapy  (IMRT), 
the dose is conformed to the target by the use of 

beams with nonuniform dose fl uences. Optimi-
zation of the plan is generally performed through 
“inverse planning,” where the goals for target 
coverage and dose constraints on OARs are stated 
and used in planning, with the process continuing 
until minimization of the cost function.  

   Radiosurgery 

  Radiosurgery  (RS) has a long history dating back 
to the 1940s at which time the term referred to a 
single large dose of radiation given with ablative 
intent. It took four decades for RS to become 
widely available with the use of modifi ed linacs, 
and until the 1980s, the differences between radio-
surgery and conventional radiation therapy were 
striking. In the years since, the improved dosime-
try achieved using standard linacs and dedicated 
radiosurgery accelerators has blurred the distinc-
tion between conventional and stereotactic radia-
tion and freed clinicians from the previous choice 
between a precise single fraction treatment and 
nonselective fractionated treatments. In addition, 
the image-guidance systems now available have 
completely eliminated the need for surgical frame 
placement and erased the last remaining difference 
between single fraction and fractionated delivery 
techniques. Currently, the working defi nition of 
RS is the precise application of radiation to a small 
intracranial target performed in a single or a lim-
ited number of sessions, up to a maximum of fi ve 
(American Association of Neurological Surgeons/
Congress of Neurological Surgeons) [ 4 ]. 

 The devices currently used to deliver RS 
include dedicated and non-dedicated radiosur-
gery units. The prototypical dedicated radiosurgery 
device is the Leksell Gamma Knife ® . The unit 
has gone through multiple revisions, but the 
basic principle has remained constant: multiple 
cobalt-60 sources (typically 192 or 201) are 
focused to a single point in space. Small circular 
collimators for each cobalt source are used to 
produce 4–18 mm spheres of radiation (called 
“shots”). While nonspherical shots can be pro-
duced on newer Perfexion™ units, the concept 
is still to pack shots into the target volume to 
produce a conformal dose distribution with a 
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steep falloff. Although newer units hold the 
promise of noninvasive immobilization and 
image guidance, an invasive frame is currently 
necessary for immobilization and localization, 
almost always requiring general anesthesia in 
children and making the technique unsuitable for 
very young children with immature skulls. 

 The CyberKnife ®  mates a 6 MV x-band linac 
to a robotic arm. A purely image-guided device, 
the CyberKnife ® , relies on stereoscopic planar 
imaging to target multiple noncoplanar, non- 
isocentric beams at targets inside or outside the 
head. The CyberKnife ®  is an inherently inverse- 
planned modality that uses beams collimated 
either with fi xed conical collimators, a variable 
quasi-circular collimator, or, on newer units, a 
small multileaf collimator. 

 Since the mid-1980s, conventional isocentric 
linacs have been used for the delivery of radiosur-
gery requiring modifi cations to the units. Early 
modifi cations aimed at improving the mechanical 
accuracy of the couch and gantry used mechani-
cal subsystems that supported the patient’s head 
and sometimes the conical collimators. Current 
systems rely on the improved mechanics of mod-
ern linacs. With the increased use of stereotactic 
radiation, various modifi cations of gantry-based 
linacs have been incorporated into dedicated 
devices. Depending on the manufacturer and ver-
sion of the product, the differences between these 
devices and modifi ed linacs can be substantial or 
mainly cosmetic. What currently characterizes a 
stereotactic linac is the availability of features 
such as high output photon beams with reduced 
beam fl attening, integrated image guidance, mul-
tileaf collimators with small leaf size, add-on 
conical collimators, a precise mechanical isocen-
ter, and radiosurgery planning software. 

 Although cranial RS is most commonly used 
in oncological applications, the occasional child 
will be treated for a vascular or functional condi-
tion (e.g., to obliterate an arteriovenous malfor-
mation or reduce seizures from a hypothalamic 
hamartoma). In oncology, RS has been applied to 
a number of benign and malignant intracranial 
tumors (Table  18.1 ). In certain cases, RS is meant 
to exploit the biology of a large single fraction 
(Fig.  18.1 ), and in others the use of a single frac-

tion is a convenient way to provide high-dose 
radiation in a timely manner for patients in a pal-
liative setting (e.g., recurrence or metastases).

    Evidence to support the use of RS in the 
pediatric population is limited [ 5 ,  6 ], and no com-
parative trials can be expected in the small hetero-
geneous patient population of children with small, 
well-defi ned tumors amenable to radiosurgery. 
Although published results are generally favor-
able, RS carries a small risk of symptomatic 
radiation necrosis. The anti-VEGF antibody beva-
cizumab may be a new option for selected cases 
of necrosis refractory to steroids [ 7 ].  

   Special Techniques 

   Craniospinal Irradiation 
 One of the most complex and time- and resource- 
consuming techniques performed in radiotherapy 
departments, craniospinal irradiation (CSI), is 

   Table 18.1    Oncological applications of radiosurgery 
(RS) for pediatric patients with CNS tumors will typically 
fi t one of the following three paradigms   

 1. RS alone to exploit the biology of large single doses of 
radiation in low-grade tumors 

 2. RS as an adjunct to more conventionally fractionated 
radiation to escalate tumor dose 

 3. RS to treat recurrent tumors after prior radiation 

  Fig. 18.1    Radiosurgery boost after conventional 
intensity- modulated radiotherapy for an ependymoma. 
Note the dose avoidance of the brainstem. The 1,000, 800, 
and 500 cGy isodose lines are shown       
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made easier through the use of CT simulation 
combined with modern treatment planning and 
delivery. 

   Patient Positioning and Immobilization 
 CSI has traditionally been delivered to patients in 
the prone position, but most modern techniques 
are designed with treatment in the supine posi-
tion. The supine position is more comfortable 
and, if anesthesia is required, safer because of 
better airway control (Fig.  18.2 ). Immobilization 
is essential but technique specifi c. While use of 
a thermoplastic mask is routine, full-body 
immobilization devices are variably used now, 
with emphasis shifting from immobilization to 
daily volumetric image guidance (e.g., using 
Tomotherapy ® ).

      Target Volume Defi nition 
 The CTV for CSI consists of the whole brain 
and spinal cord and the overlying meninges. 
Careful target volume defi nition is critical, both 
to avoid recurrence in underdosed areas and to 
reduce the risk of late effects. For the brain, 
thin-slice CT simulation is essential to ensure 
adequate coverage of the CTV in the subfrontal 
region. Co-registration of a postoperative 
T2-weighted MRI to the planning CT is helpful 
in ensuring coverage of CSF along lower cranial 
nerve roots and in delineating the lateral aspect 
of CTV for the spine fi eld that includes the 

extension of the meninges along the nerve roots 
to the lateral aspects of the spinal ganglia. A 
T1-weighted sequence usually better identifi es 
the caudal limit of the target volume which 
could be higher or lower than the traditional 
lower border for the spine fi eld of the bottom of 
the S2 foramina.  

   Treatment Planning and Delivery 
 With traditional 2D CSI planning technique 
based on bony anatomy, large volumes of normal 
nontarget tissues are exposed to radiation. The 
move to CT simulation and 3D planning has 
reduced the fi eld size in most patients. The use of 
IMRT results in further reductions of dose to 
structures directly anterior to the spine at the 
expense of increased low-dose exposure [ 8 ]. 
Further improvements to both can be achieved 
using daily image guidance that permits the use 
of smaller PTV margins. 

 There are many issues that need to be 
addressed in designing a CSI technique, most 
especially fi eld matching in the cervical region 
and dose homogeneity throughout the target vol-
ume. Using modern tools for treatment planning 
and delivery, it is possible to greatly simplify the 
technique and substantially reduce planning and 
delivery times (Fig.  18.3a ) [ 9 ]. In general, when 
posterior beams are used, 6 MV photons provide 
satisfactory target coverage. A variation of dose 
along the spinal axis of greater than 10 % will 
require the use of dose compensation that can be 
achieved using multileaf collimation. Helical 
tomotherapy techniques further simplify plan-
ning and treatment by avoiding the need for junc-
tions and improving conformality to the target 
(Fig.  18.3b ) [ 10 ].

       Proton Therapy 
 Protons interact with matter differently from the 
high-energy X-rays routinely used in radiother-
apy. A proton beam deposits a large proportion of 
its energy over a range of a few millimeters in the 
so-called Bragg peak with no exit dose. Although 
the entrance dose is increased when the Bragg 
peak is spread out to cover the target volume, the 
integral dose is still substantially reduced in 
comparison with photon beams (typically by a 

  Fig. 18.2    A 3-year-old patient being treated under anes-
thesia for craniospinal irradiation. Note the thermoplastic 
immobilization device fi xed to the treatment couch       
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factor of 1.5–3). In pediatric radiotherapy, it is 
this reduction in integral dose as well as sparing 
of OARs from low and intermediate radiation 
doses that motivates the use of protons. The dose 
to OARs can be reduced quite dramatically, the 
most striking example being that of craniospinal 
radiation where exit dose to the thyroid, breasts, 
heart, and liver can be completely eliminated. 
In a Swedish planning study of craniospinal radi-
ation, the lifetime risk of secondary cancer was 
estimated at 30 % for intensity-modulated pho-
tons as compared with only 4 % for intensity- 
modulated protons [ 11 ]. In a planning study of 

optic glioma, craniopharyngioma, and medullo-
blastoma, a dose-cognitive effect model pre-
dicted higher IQ scores and/or academic reading 
scores following proton treatment [ 12 ]. In other 
situations, long-term benefi ts may be expected 
from dose sparing of OARs such as the pituitary 
gland and hypothalamus, the optic apparatus, and 
cochleae. 

 Although protons have been used to treat can-
cer since 1954, the availability of the modality 
has been very limited and few children have been 
treated. As an example, a 2004 report from the 
Loma Linda University Medical Center reported 

  Fig. 18.3    ( a ): In a 3D CSI technique, lateral opposed 
fi elds are used to treat the brain and a direct posterior fi eld 
is used to cover the spinal axis. The fi eld junction over the 
cervical cord usually is moved weekly (“feathered”) to 
avoid over- or underdosage. The supine position is more 
comfortable for the patient and safer if sedation or anes-
thesia is required. In the technique shown, fi xed fi eld 

parameters are used which greatly facilitates treatment 
planning and delivery (Parker IJROBP 2006). ( b ): An 
example of an IMRT technique using TomoTherapy ® . The 
absence of junctions is a major advantage of this tech-
nique. Note the excellent conformality to the target vol-
ume and signifi cant high-dose sparing of structures 
anterior to the target (Parker IJROBP 2010)       
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on the fi rst three patients treated with proton 
craniospinal radiation (from 2001 to 2003) [ 13 ]. 
With such small and relatively recent series, few 
clinical data are available to support the benefi ts 
predicted by dose models. A comparison of 
patients of all ages treated in Boston from 1974 
with matched photon patients from the SEER 
database has been published in abstract form 
[ 14 ]. At a median follow-up of more than 6 years, 
the crude rate of second malignancies was 6.4 % 
for proton patients compared with 12.8 % for 
photon patients. Of the 503 proton patients in this 
study, only 15 were children and none had devel-
oped secondary malignancies. As new facilities 
become operational and better data are collected, 
we are beginning to see prospective reports show-
ing reduced acute toxicity in pediatric CNS 
patients, notably health-related quality of life and 
ototoxicity [ 15 ,  16 ]. However, these reports suf-
fer from the lack of an unbiased comparable 
photon- treated group, and accurate estimates of 
late toxicity and cancer induction will require 
much longer follow-up. 

 Although very attractive, the implementation 
of proton therapy does have caveats. The relative 
biological effectiveness of protons is incom-
pletely characterized and varies, for example, by 
cell line. The proton dose distributions will likely 
be less forgiving to contouring errors, positioning 
variations and intra-treatment variations in 
patient contours/density. The unique dosimetry 
also poses new clinical questions such as the 
effect of sharp gradients on bone growth. Despite 
the lack of clinical evidence, the ASTRO 
Emerging Technology Committee’s 2012 review 
of proton beam therapy noted that “the rationale 
for using PBT in posterior fossa tumors, optic 
pathway tumors, and brainstem lesions is com-
pelling” and that “future clinical studies report-
ing on the outcome of patients treated with 
protons will decide how widespread protons 
become for pediatric CNS tumors” [ 17 ]. In 
 practice, it is expected that the percentage of 
pediatric CNS tumors treated with proton therapy 
will increase yearly as new facilities come on 
line, confi dence with the technology grows, and 
more clinical data become available.    

   Re-irradiation 

 Re-irradiation may be an option for some children 
with CNS tumors although the literature is scarce. 
This is partly explained by the fact that doses 
received by OARs during the fi rst course of radio-
therapy are typically high, approaching accepted 
tolerance doses. As well, pediatric oncologists 
may not be familiar with re- irradiation as a pos-
sible treatment option, with chemotherapy being 
the therapeutic strategy most often used at time of 
relapse. Most of the evidence thus comes from 
single institution experiences. 

 The largest series is that of Merchant et al. 
who in 2008 reported a retrospective series of 38 
pediatric patients who underwent re-irradiation 
for recurrent ependymoma, using a variety of 
techniques including radiosurgery, focal fraction-
ated radiation, and craniospinal irradiation, 
depending on the time period and the location 
and extent of disease at recurrence [ 18 ]. The 
median time to failure after the fi rst course of 
radiotherapy was 19 months. Six patients treated 
with RS did poorly, four dying of disease and one 
of radiation necrosis. In contrast, disease control 
was high for patients with local relapse re- 
irradiated using focal fractionated RT and for 
patients re-irradiated using CSI. Most notably, 
4-year event-free survival was 53 % ± 20 % 
among 12 patients with metastatic failure treated 
with CSI. Despite total combined doses as high 
as 120 Gy, toxicity was limited to two patients 
with symptomatic radiation necrosis and one 
with a secondary malignancy. 

 More recently, the group from The Hospital 
for Sick Children/Princess Margaret Hospital 
similarly reviewed their experience with re- 
irradiation for pediatric ependymoma [ 19 ]. 
Eighteen patients received full-dose (≥54 Gy 
and/or craniospinal) re-irradiation at time of 
relapse. Overall survival (OS) was signifi cantly 
better for re-irradiated children (3-year OS 81 % 
vs. 7 %). As in the Merchant study, re-irradiation 
was also associated with a longer time to second 
progression in comparison to time to fi rst pro-
gression, raising the possibility that re-irradiation 
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might change the natural history of recurrent 
pediatric ependymoma. 

 Despite limited, largely anecdotal evidence, 
re-irradiation may also be considered in other 
situations, for example, curative intent re- 
treatment for patients with radiosensitive tumors 
such as germinoma where initial radiation may 
have delivered only low or moderate doses. It can 
also be considered for palliation in other patients 
such as those with progressive diffuse intrinsic 
pontine gliomas who may obtain a useful symp-
tomatic reprieve. Factors that need to be consid-
ered prior to re-treatment include the general 
condition of the patient, the interval from the fi rst 
treatment, and the location and extent of the 
recurrent disease.  

   Acute Side Effects of Radiation 
Therapy 

 Postoperative complications, pretreatment general 
status, and treatment approach (e.g., induction 
chemotherapy and/or concurrent chemotherapy), 
as well as requirements for daily sedation, fast-
ing, poor nutritional status, and medication used 
for symptom control can all contribute to the gen-
eral status of the patient during radiation therapy. 

 Acute side effects due to radiation itself are 
observed in most children (Table  18.2 ), albeit 
with signifi cant variability. In general, the larger 
the volume treated (i.e., partial brain, whole 
brain, or craniospinal), the greater the likelihood 
of acute side effects. While the majority of acute 
symptoms are self-limiting, the use of anti- nausea 
medication (e.g., 5-HT3 antagonists) or steroids 
(e.g., dexamethasone) might be required for the 
child presenting more severe nausea, vomiting, 
or headache as a consequence of radiation- 
induced cerebral edema. Premedication with an 
oral or intravenous 5-HT3 antagonist 30–60 min 
before each RT fraction is commonly adminis-
tered prophylactically for radiation therapy with 
a high emetogenic potential, such as CSI. Steroids 
might also be required for patients presenting 
with a signifi cant amount of residual tumor, or 
for children treated for brainstem glioma, situa-
tions where neurologic symptoms may worsen 

early in the RT course. While dexamethasone is 
an effective drug used during radiation therapy 
for CNS malignancies, tapering should be per-
formed as soon as possible because of the mor-
bidity associated with its long-term or high-dose 
use, including weight gain, myopathy, insomnia, 
hyperglycemia, susceptibility to infection, etc. 
When long-term use of steroids is expected, a 
gastric antacid is usually prescribed in order to 
avoid gastrointestinal associated toxicity.

   Hematological toxicity with requirement for 
blood transfusions is usually not encountered 
with radiation to the brain only if no concurrent 
chemotherapy is given, but can be seen during the 
course of craniospinal irradiation where a signifi -
cant portion of the bone marrow is irradiated in 
the vertebral bodies, and so blood counts should 
be monitored at least weekly during CSI. 
Treatment interruptions should be avoided if at 
all possible in order to not jeopardize treatment. 

 The somnolence syndrome is an early-
delayed effect of radiation therapy. Best 
described and studied in children requiring 
whole-brain irradiation for the prevention of 
meningeal relapse in acute lymphoblastic leuke-
mia, it consists of a variable degree of drowsiness, 
associated with low-grade fever and occasionally 
symptoms of increased intracranial pressure such 
as nausea and headache. It commonly appears 

   Table 18.2    Acute side effects that might be experienced 
by the child during radiation therapy   

 Skin  Irritation varying from 
erythema to hyperpigmentation, 
dry or moist desquamation 

 Hair loss  Limited to the entry or exit of 
radiation beams 

 CNS  Headache, nausea, vomiting 
 Ear  External otitis or serous otitis 

media 
 Parotid gland  Acute parotiditis 
 Eye  Noninfectious conjunctivitis 
 Hematological  Leucopenia, thrombocytopenia, 

anemia 
 Gastrointestinal  Nausea, vomiting, poor 

appetite, esophagitis, diarrhea 
 Constitutional  Weight loss, fatigue, anxiety, 

sleep disturbance, diffi culty 
with concentration 
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about 1 month after completion of radiation therapy 
and lasts about 10 days. This is thought to result 
from transient demyelination of nerve fi bers, as 
the turnover of myelin of 6 weeks would corre-
spond to the time of onset and resolution of 
symptoms. Somnolence syndrome after partial 
brain irradiation has been reported [ 20 ]. Whether 
this is secondary to a high dose of radiation to a 
specifi c region of the brain such as the reticular 
activating system in the midbrain or to the 
whole-brain dose resulting from the multiple 
beams used to treat a focal lesion is unclear. 

 Late effects of radiation therapy and com-
bined modality treatment are discussed in the 
“Long- Term Sequelae” and “Neurocognitive 
Outcome” chapters.  

   Future Directions 

 Important progress has taken place in radiother-
apy over the past two decades. Better target vol-
ume defi nition and improved precision of 
treatment with sparing of nontarget tissues have 
been important in the treatment of children with 
CNS tumors. Radiotherapy practice has evolved 
through prospective studies of partnerships such 
as the Children’s Oncology Group. These trials 
have often involved questions concerning radia-
tion dose or volume and several have been 
practice- changing. The more widespread avail-
ability of new technologies and new modalities 
such as protons as well as modulators of radia-
tion effect are exciting avenues for the future, 
offering even greater potential for differential 
effects on tumor and normal structures and as a 
result the positive effects of radiotherapy on 
tumor control with fewer long-term adverse 
effects than in the past.     
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           Introduction 

 Chemotherapy is effective in the treatment of 
many childhood malignancies, and brain tumors 
are no exception. A variety of chemotherapeutic 
agents have proven to be effective for most types 
of brain tumors, and the role of chemotherapy 
varies from delaying the timing of radiation 
 therapy, stabilizing tumors, reducing radiation 
doses, or even avoiding radiation therapy alto-
gether. Chemotherapy has been shown to improve 
survival for many pediatric brain tumors includ-
ing medulloblastoma, germ cell tumor, astrocy-
toma, and others. 

 This section will review the many chemother-
apeutic agents that are effective in treating pedi-
atric brain tumors, as well as various methods of 
delivery of chemotherapy to penetrate the central 
nervous system (CNS).  

   Chemotherapy Agents 

   Alkylating Agents 

 Alkylating agents are a group of compounds that 
primarily function by substituting alkyl groups 
for hydrogen ions. The resulting carbonium ions 
react with DNA, RNA, and proteins of suscepti-
ble molecules, thereby causing abnormalities and 
interfering with normal cell function. 

 Alkylating agents are cell-cycle nonspecifi c. 
They are classifi ed according to their chemical 
structure and bonding mechanism. The most com-
monly used agents for pediatric CNS tumors 
include nitrosoureas, platin compounds, and nitro-
gen mustards. Procarbazine and temozolomide are 
drug derivatives that function as alkylating agents. 

   Nitrosoureas 
 Lomustine (CCNU) and carmustine (BCNU) and 
their metabolites interfere with DNA, RNA, 
and protein synthesis through alkylation and car-
bamylation. These agents are also able to form 
cross-links with DNA and subsequently cause 
DNA damage. Lomustine is taken orally with 
good oral bioavailability while carmustine is 
administered intravenously. Both agents readily 
cross the blood–brain barrier. 

 The main dose limiting toxicity of nitrosoureas 
is myelosuppression. Pulmonary fi brosis can also 
develop with higher doses and is dependent on 
cumulative dosing. Renal toxicity and renal fail-
ure are rare and are associated with prolonged use 
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and/or high cumulative doses. Transient elevation 
of liver function tests have been reported with car-
mustine and hepatotoxicity may be seen with 
higher doses but is generally reversible. 

 Lomustine has long been used as part of 
 combination chemotherapy for medulloblastoma. 
It is also often incorporated into chemotherapy 
regimens targeted at lower grade gliomas (LGGs). 
Based on encouraging results from adult trials, 
lomustine was recently trialed in a phase II study 
for high grade gliomas (HGGs) through the 
Children’s Oncology Group (COG). Compared 
to lomustine, carmustine is not as commonly uti-
lized due to its inferior toxicity profi le. However, 
carmustine has been used as part of myeloabla-
tive  chemotherapy for stem cell rescue in recur-
rent and/or progressive brain tumors.  

   Platin Compounds (Heavy Metals) 
 Platinum agents, namely cisplatin and carbopla-
tin, inhibit DNA replication by binding to DNA 
and forming intra- and inter-strand cross-links 
that result in DNA breakage. Myelosuppression 
is dose limiting and these agents commonly 
cause nausea and vomiting—both acute and 
delayed. Platinums can cause nephrotoxicity, 
ototoxicity, and neurotoxicity with peripheral 
neuropathy. However, as carboplatin is an analog 
of cisplatin with a different structural confi gura-
tion, these toxicities are less pronounced with its 
use. Caution should still be taken when carbopla-
tin is used in combination with other nephrotoxic 
drugs. Furthermore, hypersensitivity reactions to 
carboplatin have been documented. 

 Cisplatin has been identifi ed as one of the 
most active single agents for medulloblastoma 
and it is particularly effective when used in com-
bination chemotherapy. It has shown positive 
results when added to adjuvant chemotherapy for 
medulloblastomas. Using carboplatin as a radio-
sensitizing agent during radiation for high risk 
medulloblastomas/PNET has shown encouraging 
results [ 1 ]. In high doses, carboplatin is used as 
part of myeloablative chemotherapy with stem 
cell rescue for recurrent CNS tumors. Carboplatin 
is also becoming increasingly utilized as part of 
combination chemotherapy for LGGs.  

   Nitrogen Mustards 
 Cyclophosphamide and ifosfamide are inactive in 
their parent form and require hepatic activation 
via the P450 pathway. The active metabolites 
form cross-links with DNA of susceptible mole-
cules to inhibit DNA replication. The primary 
toxicity of nitrogen mustards is myelosupp-
ression and hemorrhagic cystitis. SIADH and 
infertility have been associated with nitrogen 
mustards. Ifosfamide is also associated with 
 neurotoxicity including encephalopathy, halluci-
nations, somnolence, and seizures. In general, 
ifosfamide encephalopathy is reversible. 

 In recent years, using cyclophosphamide- 
based regimens for high risk medulloblastoma has 
resulted in signifi cant improvements in outcome. 
High-dose cyclophosphamide has also been uti-
lized in conjunction with stem cell rescue for 
newly diagnosed medulloblastoma [ 2 ] and recur-
rent CNS tumors. Ifosfamide has been incorpo-
rated into multiagent chemotherapy regimens 
targeted at HGGs and pontine gliomas [ 3 ]. Its role 
has been most prominent in treating recurrent and/
or progressive brain tumors.  

   Procarbazine 
 Taken orally, procarbazine is a derivative of 
hydrazine and functions as a cell-cycle nonspe-
cifi c, alkylating agent. Although its exact mecha-
nism of action is unknown, it likely acts by 
inhibiting DNA, RNA, and protein synthesis as 
well as producing free radicals that cause direct 
DNA damage. Procarbazine is a weak MAO 
inhibitor and caution should be taken for patients 
who may be concurrently using drugs affected by 
MAOI. 

 Common toxicities include myelosuppres-
sion, fl u-like symptoms, and neurological effects 
such as headache, anxiety, and insomnia. Nausea 
and vomiting is frequently experienced. Hyper-
tensive crisis secondary to MAO inhibition 
is rare. Secondary malignancies, azoospermia, 
and sterility have also been associated with 
procarbazine. 

 Procarbazine has been previously incorpo-
rated into multiagent regimens for LGGs and 
medulloblastoma. Such combinations include 
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the TPCV regimen consisting of thioguanine, 
 procarbazine, lomustine, and vincristine as well 
as the eight-in-one-day regimen (vincristine, 
methylprednisolone, cisplatin, lomustine, hydroxy-
urea, procarbazine, cytarabine, and cyclophospha-
mide). It has also been studied as a single agent 
and as part of combination chemotherapy for 
HGGs. However, it has not shown signifi cant sur-
vival benefi ts in pediatric HGGs [ 4 ].  

   Temozolomide 
 Temozolomide is an imidazotetrazine derivative 
of dacarbazine and functions as an alkylating 
agent. The parent form of the drug requires chem-
ical conversion to its active form 5-(3-methyl-
1-triazeno)imidazole-4- carbox amide (MTIC). It 
exhibits antineoplastic activity via methylation of 
DNA. The drug is typically taken orally with 
excellent bioavailability, approaching 100 %, and 
has good penetration of the blood–brain barrier. 
Overall, temozolomide is well tolerated. The most 
commonly seen toxicities are leucopenia, throm-
bocytopenia, and gastrointestinal side effects 
including nausea, vomiting, constipation, and 
diarrhea. The dose limiting  toxicity is 
myelosuppression. 

 Temozolomide is typically dosed from 150 to 
200 mg/m 2 /day × 5 days of a 28-day treatment 
cycle. Starting doses generally begin at 150 mg/
m 2 /day and may be increased to 200 mg/m 2 /day 
in the absence of grade 3/4 toxicities. When used 
concurrently with radiation, lower doses of 
90 mg/m 2 /day have been utilized [ 5 ]. 

 In recent years, temozolomide has been widely 
studied for the treatment of HGGs. In adults, the 
addition of temozolomide to radiation therapy for 
newly diagnosed glioblastomas has demonstrated 
benefi ts. However, the results have not been as 
favorable in pediatrics. In a single- arm, non- 
randomized phase II study, Cohen and colleagues 
did not fi nd a signifi cant improvement in out-
come when adding temozolomide to radiation 
therapy and as a single adjuvant therapy follow-
ing radiation for newly diagnosed high grade 
glioma or diffuse intrinsic pontine glioma (DIPG) 
[ 5 ,  6 ]. Currently, the role of temozolomide in 
pediatric HGGs has yet to be determined. 

 Temozolomide is also being increasingly  utilized 
for recurrent and/or progressive HGGs and LGGs. 
Among these cases, disease stability or partial 
response to temozolomide has been reported [ 7 ,  8 ]. 
Of note, patients with prior exposure to alkylators 
appeared to demonstrate  suboptimal response that 
may indicate drug resistance to temozolomide [ 7 ]. 
An underexpression of the 0 6 -methylguanine-
DNA- methyltransferase (MGMT) repair gene, the 
main mechanism of temozolomide resistance, 
appears to be associated with an improved outcome 
[ 5 ,  9 ]. Future research is ongoing to investigate the 
role of temozolomide in combination regimens 
with other chemotherapy agents.   

   Topoisomerase Inhibitors 

   Etoposide 
 Etoposide is an epipodophyllotoxin that is cell- cycle 
specifi c and functions by stabilizing the topoisomer-
ase II-DNA complex. Through this interaction, it 
prevents DNA unwinding and  consequently induces 
arrest in the G2 phase. Etoposide also exhibits anti-
neoplastic activity by inhibiting microtubular 
assembly through tubulin binding. It can be given 
both orally and intravenously. Due to its large 
molecular size, it is not effective at crossing the 
blood–brain barrier. Major toxicities associated with 
etoposide include myelosuppression, hypotension, 
nausea, and vomiting. Although hypersensitivity 
reactions have also been seen with its use, these 
reactions are not as common. 

 Etoposide is typically a standard component 
of regimens used for treating high-grade tumors, 
including medulloblastomas, ependymomas, 
supratentorial PNET, and HGGs [ 9 ]. It is also 
given in high doses for myeloablative chemother-
apy with autologous stem cell rescue for recur-
rent CNS tumors. Given orally, etoposide is well 
absorbed and well tolerated and has demonstrated 
activity in disseminated, recurrent medullo-
blastoma [ 10 ] and recurrent ependymoma [ 11 ]. 
Etoposide was also given orally concurrent with 
and following radiation for diffuse intrinsic brain 
stem glioma, but results showed no improvement 
in survival [ 12 ].   
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   Plant Alkaloids 

 Vinca alkaloids, namely vincristine and vinblas-
tine, are derived from the periwinkle plant. 
Vinorelbine is a semisynthetic derivative of vinca 
alkaloids. These agents are cell-cycle specifi c 
and function by binding to tubulin in S and M 
phases, thereby preventing polymerization and 
causing metaphase arrest and cell death. Since 
plant alkaloids are metabolized by CYP P450 
enzymes in the liver, caution should be taken 
when using drugs that are metabolized via the 
same pathway. This may include antiepileptic 
drugs frequently prescribed for neuro-oncology 
patients. 

 Vinca alkaloids commonly cause gastrointes-
tinal side effects and peripheral neuropathy. 
Rarely, they have been associated with SIADH. 
Myelosuppression is more prominent with the 
use of vinblastine and vinorelbine. In addition, 
transient elevations of liver function tests may be 
seen with vinorelbine. 

 Vincristine has been used extensively in 
 combination with other chemotherapy agents for 
LGGs, HGGs, and medulloblastomas. It remains 
a key component of standardized treatment of 
medulloblastoma and is used in conjunction with 
radiation therapy as well as a part of adjuvant che-
motherapy following radiotherapy [ 9 ]. Recently, 
Bouffet and colleagues reported on the use of 
single-agent vinblastine for refractory or recur-
rent LGGs. In this study, vinblastine demon-
strated clinical activity and there was an overall 
5-year EFS of 42 % [ 13 ]. Current research is 
ongoing to better defi ne the role of vinca alka-
loids for LGGs.  

   Antimetabolites 

 Methotrexate is a folic acid analog that binds revers-
ibly to dihydrofolate reductase, which converts 
folic acid to tetrahydrofolic acid. This effectively 
reduces the pool of reduced folates that is necessary 
for purine and thymidylate synthesis and, in turn, 
inhibits DNA and RNA synthesis. Methotrexate is 
specifi c to the S-phase of the cell cycle. Signifi cant 
toxicities include myelosuppression and mucositis. 

Neurotoxicity becomes more common in high-dose 
therapy, intrathecal or Ommaya administration. 
Skin reactions can occur but are uncommon. 

 Use of high-dose methotrexate prior to radio-
therapy for HGGs and DIPG in a phase II trial 
has been reported [ 14 ]. It has also been given by 
intravenous and intraventricular administration 
as part of combination chemotherapy for local-
ized medulloblastomas [ 9 ,  15 ] and has shown 
promising results when added to induction ther-
apy for high risk or disseminated medulloblasto-
mas [ 16 ]. The Children’s Oncology Group is 
currently investigating into the role of methotrex-
ate for the treatment of PNET and high risk 
medulloblastomas in a phase III trial.  

   Recombinant Humanized 
Monoclonal Antibody 

   Bevacizumab 
 Bevacizumab is a recombinant humanized mono-
clonal antibody that selectively binds to human 
vascular endothelial growth factor (VEGF). This 
prevents VEGF from binding to its receptors on 
endothelial cell surfaces, thereby reducing blood 
vessel formation in tumors and subsequent tumor 
growth. 

 Commonly reported adverse effects include 
myelosuppression, fatigue, diarrhea, stomatitis, 
asthenia, anorexia, and abdominal pain. Hyper-
tension is also common but can be controlled with 
oral antihypertensives. Hypertensive crisis or 
hypertensive encephalopathy is rare. Signifi cant 
but uncommon toxicities include gastrointestinal 
perforation, hemorrhage, deep vein thrombosis, 
and arterial thromboembolism. Infusion-related 
and hypersensitivity reactions can occur and man-
ifest as anaphylactic-like symptoms. Bevacizumab 
has been associated with fi stulae, congestive heart 
failure, and infections and can cause impaired 
wound healing. Proteinuria has been reported 
with ranging severities and may be dose depen-
dent. Urinalysis is recommended at baseline and 
throughout treatment. 

 Bevacizumab has shown promising results 
when used in combination with irinotecan for 
children with multiply recurrent LGGs [ 17 ]. 
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Children with recurrent LGGs who received 
bevacizumab- based therapy demonstrated either 
rapid clinical response or disease stability while 
on treatment [ 18 ]. Unfortunately, the Pediatric 
Brain Tumor Consortium found that bevaci-
zumab showed minimal effi cacy when utilized 
for recurrent ependymoma [ 19 ], malignant glioma, 
and diffuse brainstem glioma [ 20 ]. Currently, the 
Children’s Oncology Group is investigating the 
role of bevacizumab for newly diagnosed HGGs, 
recurrent and refractory medulloblastomas, and 
PNET (Table  19.1 ).

       Blood–Brain Barrier 

 The blood–brain barrier is a dynamic interface 
separating the brain from the circulatory system. 
The blood–brain barrier is formed by specialized 
endothelial cells and regulates the transport of 
essential molecules from the circulation to the 
brain, while also protecting the brain from harm-
ful chemicals. This barrier also limits the ability 
of many systemically administered chemother-
apy agents to penetrate into the central nervous 
system. In general, small molecules and those 
that are lipophilic are more likely to cross the 
blood–brain barrier than those that are large 
and lipophobic. There are mechanisms such as 
blood–brain barrier disruption, intra-arterial che-
motherapy injection, intrathecal chemotherapy 
admi nistration, or intratumoral chemotherapy admi-
n istration that have been utilized to overcome the 
blood–brain barrier. 

 Blood–brain barrier disruption has been uti-
lized in several pediatric brain tumor studies. 
Recently, osmotic disruption using mannitol 
infusion followed by intra-arterial carboplatin 
or methotrexate was used to treat adult and 
pediatric embryonal and germ cell tumors [ 21 ]. 
This preliminary study showed promising sur-
vival outcome. Another study disrupted the 
blood–brain barrier using intra-arterial mannitol 
injection followed by intracarotid chemother-
apy and was effective in treating a large number 
of children with a variety of brain tumors 
including germ cell tumors and PNETs [ 22 ]. 
Other methods of blood–brain barrier disruption 

have been attempted and some have been shown 
to provide effective therapy for a variety of adult 
tumors.  

   Intrathecal Chemotherapy 

 Intrathecal administration of chemotherapy is 
another method of bypassing the blood–brain 
barrier to deliver chemotherapy within the central 
nervous system. Many agents have been investi-
gated for a variety of brain tumors. Intrathecal 
liposomal cytarabine has been used with success 
in children with ependymoma, primitive neuro-
ectodermal tumor, medulloblastoma, and atypical 
teratoid rhabdoid tumor [ 23 ]. As well, intrathecal 
mafosfamide and etoposide have been used suc-
cessfully in children with similar tumor types 
[ 24 ]. Finally, there is extensive information on 
the use of intrathecal chemotherapy in medullo-
blastoma and directions for future agents war-
ranting study have been established [ 25 ].  

   Intra-Ommaya Therapy 

 Ommaya reservoirs have been directly placed 
into the lateral ventricle to prevent repeated 
 lumbar punctures for intrathecal chemotherapy. 
These provide easy access to the intrathecal space 
and eliminate the need for conscious sedation for 
lumbar punctures to be performed. Ommaya res-
ervoirs have also been placed into the cysts of 
craniopharyngiomas in order to deliver chemo-
therapy agents intratumorally [ 26 ,  27 ]. The two 
agents that have previously been successfully 
 utilized using this method of drug delivery are 
bleomycin [ 27 ] and alpha interferon [ 26 ]. 

   Bleomycin 
 Bleomycin has been used successfully in the 
treatment of cystic craniopharyngioma. It is 
given via an Ommaya reservoir surgically 
implanted into the cyst. A review of 24 patients 
utilized a dose of at least 3 mg of bleomycin 
every other day with a dose of 5 mg in giant cra-
niopharyngiomas [ 27 ]. This was repeated for a 
total dose of 30–150 mg. This therapy was found 

19 Chemotherapy
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to effectively treat the tumor in 70 % of cases. 
Documented side effects secondary to this intra- 
Ommaya bleomycin include blindness [ 27 ] and 
vasculopathy [ 28 ]. Documented side effects are 
attributed to leakage of the bleomycin out of the 
cyst. Other side effects include headache and 
vomiting [ 27 ].  

   Alpha Interferon 
 Alpha interferon has also been used successfully 
to treat cystic craniopharyngioma. It also is given 
via an intracystic Ommaya reservoir. The dose 
used in a recent review was 3,000,000 units three 
times per week for a total of 36,000,000 units 
[ 26 ]. This review of 19 patients revealed that 
patients received 1–4 cycles of the interferon and 
the tumor reduction was 60–98 %. Documented 
side effects were headache, fever, depression, 
eyelid erythema, and chronic fatigue syndrome. 
Overall this therapy was very well tolerated, and 
continues to be used effectively.    

   Conclusion 

 There are many chemotherapy agents that have 
been effectively utilized in the therapy of pediatric 
brain tumors. Effective agents include many 
 alkylating agents, vinca alkaloids, topoisomerase 
inhibitors, antimetabolites, and angiogenesis inhibi-
tors. Chemotherapy for brain tumors can be given 
by various routes, including orally, intravenously, 
intrathecally, and via an Ommaya reservoir. Novel 
modes of delivery include via novel strategies 
for blood–brain barrier disruption. There are many 
clinical trials ongoing, examining novel agents for 
therapy for this patient population.     
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           Introduction 

 Although signifi cant improvements in survival 
have been achieved during recent decades, results 
of treatment in paediatric brain tumours are still 
unsatisfactory. For some tumours, such as dif-
fuse intrinsic pontine gliomas (DIPG), the 5-year 
survival rate is less than 5 % and no progress in 
improving this outcome has been achieved in 
the past 20 years despite numerous clinical tri-
als. Another concern is the long-term sequelae 
of treatments (surgery, radiation and chemo-
therapy) that clearly save life, but carry their 
own burden on quality of life. Advancement in 
molecular biology has provided new insight into 
abnormal cellular functions and many  pathways 
have been identifi ed that could potentially be 

targeted with novel agents. Targeted inhibition 
in oncology was fi rst successfully applied in 
chronic myeloid leukaemia (CML), a condition 
driven by the BCR-ABL1 gene fusion [ 1 ]. While 
cytotoxic chemotherapy was associated with less 
than 15 % complete cytogenetic response, selec-
tive inhibition of the ABL1 tyrosine kinase by 
imatinib alone was found to result in over 75 % 
complete cytogenetic response. 

 The last decade has witnessed an explosion of 
new compounds for the treatment of cancer, 
using molecules aimed at targeting pathways 
specifi c for cancer cells. When the fi rst com-
pounds became available, the molecular patho-
genesis of most childhood brain tumours was 
still poorly understood. For instance, in addition 
to BCR- ABL, imatinib also inhibits the c-KIT 
and PDGFR tyrosine kinases, and preclinical 
work had shown that inhibition of PDGF/PDGFR 
negatively affected glioma cell proliferation. 
Therefore the fi rst clinical studies in paediatric 
neuro-oncology logically tested imatinib. The 
results of these early studies proved disappoint-
ing, despite evidence showing that PDGFR was 
expressed in several paediatric brain tumours. 
With increasing knowledge of the molecular 
pathogenesis of CNS tumour in childhood, a 
number of agents have now been tested, thereby 
contributing to our evolving understanding of 
targeted therapies in this context. This chapter 
reviews current developments in such targeted 
therapy for childhood brain tumours.  
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   Key Signalling Pathways 
in Paediatric CNS Tumours 

 Signalling pathways known to be upregulated in 
paediatric CNS tumours include PI3K (phos-
phoinositide 3-kinase), AKT, RAS/MEK, Notch, 
Sonic Hedgehog and Wnt, amongst others. The 
tumour cells use these pathways to perpetuate 
proliferation and survival and evade apoptosis. 
Although many of these pathways are also used 
by normal (non-malignant) cells, it is the reliance 
of the tumour cells on these pathways for survival 
that makes them potential targets for cancer treat-
ment. The specifi c description of these pathways 
is beyond the scope of this review, and most 
information that relates to current knowledge of 
molecular pathogenesis and signalling pathways 
is available in disease-specifi c chapters.  

   Phase I and II Studies 

 The Children Oncology Group (COG), the 
Pediatric Brain Tumor Consortium (PBTC) and 
the Innovative Therapies for Children with Cancer 
(ITCC) Consortium have conducted and published 
several phase I and II studies of molecularly tar-
geted agents that have enrolled paediatric brain 
tumour patients. Results of these studies are 
detailed in Table  20.1  (and reviewed in [ 2 ]). A 
phase I study of the farnesyl transferase inhibitor 
lonafarnib enrolled 53 patients with various brain 
tumour diagnoses and observed one partial 
response and nine cases of stable disease. One 
patient with recurrent high-grade glioma experi-
enced a complete response in a phase I study of the 
selective Integrin αvβ3 and αvβ 5 antagonist cilen-
gitide [ 3 ]. Two low-grade glioma patients showed 
partial response in a phase I study of lenalidomide, 
an anti-angiogenic agent [ 4 ]. Despite occasional 
observations of stable disease, no response was 
seen in the phase I or II studies of gefi tinib, evero-
limus, temsirolimus, lapatinib, imatinib, cloreta-
zine, tipifarnib, MK0752 and semaxanib that 
enrolled a total of 314 patients [ 2 ,  5 – 7 ]. Overall, 
minimal effi cacy has been demonstrated for these 
single agents tested in the context of phase I or II 

studies. The exception seems to be rapamycin, an 
mTOR inhibitor, and Sonic Hedgehog (SHH) 
inhibitors which have shown evidence of activity 
in tuberous sclerosis patients with subependymal 
giant cell astrocytomas and SHH-driven medul-
loblastoma, respectively (see below). Outside 
these specifi c contexts, there is currently no 
proven role for molecular targeted therapy as 
monotherapy in paediatric neuro-oncology.

      Trials of Targeted Therapy 
in Specifi c Tumour Types 

   Medulloblastoma 

 The last decade has witnessed major progress in 
understanding the biology behind the clinical and 
histologic differences seen in medulloblastoma. 
Results of several transcriptional profi ling studies 
from various cooperative groups have demon-
strated that medulloblastoma consists of at least 
four different biological subgroups with diver-
gent clinical and biological presentations and 
behaviour. The 4 groups, Wnt (Group 1), Sonic 
Hedgehog (SHH; Group 2), Group 3 and Group 4, 
differ in their demographics, histology, DNA 
copy-number aberrations and clinical outcome [ 8 ]. 
The identifi cation of these molecular subgroups 
has triggered great interest in the identifi cation of 
targeted therapies for each specifi c subgroup. So 
far, these studies have identifi ed the SHH and 
Wnt pathways as potential molecular targets in 
medulloblastoma. The molecular pathogenesis of 
groups 3 and 4 medulloblastoma is still poorly 
understood and efforts are ongoing to develop 
accurate mouse models. 

 So far, most efforts to support translational 
developments have focused on the development 
and evaluation of SHH inhibitors. Tumours in the 
SHH group are associated with mutations in 
genes PTCH, SMO or SUFU. Aberrant activation 
of the SHH signalling pathway causes increased 
cell proliferation and is linked to the develop-
ment of several types of cancer, in particular 
medulloblastoma, where activating or inactivat-
ing mutations in genes that regulate the SHH 
pathway have been identifi ed in approximately 
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30 % of tumours. From early murine work, treat-
ment of medulloblastoma in Ptc1(±) p53(−/−) 
mice with the SMO inhibitor HHAntag showed 
promising results. Following a high-throughput 
development cell-based screen for novel com-
pounds capable of blocking SHH-activated gene 
transcription, several compounds were identifi ed 
with potent activity. GDC-0449 (Vismodegib, 
Genentech) was the fi rst-in-class small-molecule 
antagonist of the SHH receptor tested in medul-
loblastoma patients [ 9 ]. Another compound, 
LDE225 (Erismodegib, Novartis), was subse-
quently tested in clinical trials. Both drugs have 
shown activity in recurrent paediatric and adult 
medulloblastoma. A phase II trial of GDC-0449 
is ongoing in children with recurrent or refractory 
medulloblastomas with evidence of activation of 
the Hedgehog signalling pathway. Likewise, a 
phase III trial of LDE225 has also recently 
opened for patients with SHH-pathway- activated 
medulloblastoma. The primary objective of 
the latter study is to compare the effi cacy of 
LDE225 versus temozolomide in patients who 
have relapsed after prior standard-of-care therapy, 
including craniospinal radiotherapy with no prior 
temozolomide. This trial will also have two non-
randomised, uncontrolled arms, one for paediatric 
patients aged less than 6 years who have not 
received radiotherapy as part of their initial treat-
ment and one for adult and paediatric patients who 
have received prior craniospinal radiation with 
temozolomide as part of their primary therapy.   

   High-Grade Gliomas 

 Historically paediatric high-grade gliomas 
(HGGs) were thought to be similar to adults. 
However, there is increasing evidence that child-
hood HGGs have important differences when 
compared to their adult counterparts. PTEN muta-
tion, EGFR amplifi cation and EGFRvIII muta-
tions are relatively rare in paediatric HGGs; they 
frequently show chromosome 1q gain and focal 
amplifi cation of PDGFRA. In contrast, adult 
tumours frequently show focal amplifi cation of 
EGFR and gain of chromosomes 7 and loss of 
10q [ 10 ]. Unlike adult glioblastomas, paediatric 
HGGs also lack IDH1 mutations. While data on 

this lack of EGFR amplifi cation have gradually 
become evident, several trials have investigated 
EGFR inhibitors in paediatric HGGs. A phase 
I trial of erlotinib given concurrently with radia-
tion enrolled 23 newly diagnosed high- grade gli-
oma patients, including 20 cases below the age of 
18 years. No objective radiologic responses to 
therapy were observed in patients with measur-
able disease and no correlation was found 
between markers of PI3K/AKT pathway activa-
tion and response to erlotinib [ 11 ]. Based on 
encouraging responses observed in a phase I trial 
of cilengitide [ 3 ], a phase II study was designed 
for paediatric patients with recurrent and pro-
gressive HGGs. The results of this study are 
pending. Bevacizumab, a VEGF monoclonal 
antibody inhibitor, has been used in combination 
with irinotecan in a PBTC HGG study. No sus-
tained objective responses were observed in 16 
evaluable patients, although eight patients 
demonstrated sustained stable disease for a 
period of 12 weeks or longer [ 12 ]. An interna-
tional, phase II open-label, randomised study of 
bevacizumab in children with newly diagnosed 
supratentorial, infratentorial or peduncular high 
grade gliomas is now recruiting patients. 

   Diffuse Intrinsic Pontine 
Glioma (DIPG) 

 Despite multiple clinical trials of chemotherapy 
schedules (before and/or during and/or after 
radiation; low dose metronomic; intensive or 
high- dose chemotherapy with autologous stem 
cell rescue) and radiation techniques (hypo-, normo- 
or hyperfractionation), the outcome of this 
tumour is still devastating and no improvement 
in survival has been achieved over the last three 
decades. Post-mortem tissue collection was initi-
ated in Canada, the USA and the Netherlands to 
address the lack of tumour material for research 
and to allow identifi cation of new targets. These 
studies have shown a distinct genetic and meth-
ylation profi le of DIPG as compared with other 
paediatric and adult high-grade gliomas. At the 
gene expression level, DIPG are mainly charac-
terised by frequent amplifi cation of the PDGF 
receptor, PDGFR. Other amplifi cations have 
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been described involving the hepatocyte growth 
factor receptor MET, IGF receptor 1 (IGF1R), 
EGF receptors (EGFR, ERBB4 and EGFRv3), 
poly-ADP- ribose polymerase (PARP), VEGFA 
and associated downstream pathways includ-
ing the PI3KAkt-phosphomammalian target of 
rapamycin (mTOR). In this context, several trials 
of small-molecule inhibitors have been con-
ducted in recent years (reviewed in [ 2 ]). 

 Because of the role of PDGF in gliomagenesis 
and the frequent overexpression of PDGFR alpha 
in paediatric anaplastic astrocytoma, imatinib 
was the fi rst agent incorporated into DIPG trials. 
A phase I/II study conducted by the Pediatric 
Brain Tumor Consortium enrolled 35 patients 
[ 2 ]. In this trial, the initial design was to adminis-
ter imatinib in conjunction with radiation therapy. 
However, because of concerns regarding the 
incidence of intra-tumoural haemorrhage during 
irradiation, the protocol was amended to exclude 
patients with evidence of haemorrhage on MRI 
scan prior to irradiation, and imatinib treatment 
was started two weeks after completion of radio-
therapy, provided that there was no evidence of 
intralesional blood on the post-irradiation MRI 
scan. This trial reported a 1-year event-free and 
overall survival rate of 24.3 % and 45.5 %, 
respectively, a result similar to that observed in 
previous DIPG studies of radiation with or with-
out chemotherapy. This dampened enthusiasm 
for the development of further studies. 

 Although gene amplifi cation of EGFR is 
uncommon in DIPG, overexpression of EGFR is 
nevertheless often detected. Two trials of EGFR 
inhibitors were conducted: one using gefi tinib 
during and after radiation, and a trial of erlotinib 
that mandated histological confi rmation of malig-
nant brainstem gliomas [ 13 ,  14 ]. Both studies 
reported mild and reversible toxicity. Event-free 
and overall survival in these trials were consistent 
with the results of previous studies. However, 
intriguingly, anecdotal cases of long-term survi-
vors were reported. For instance in the gefi tinib 
study, three patients out of 43 cases remained 
progression free with 36 months of follow-up. 

 In addition to EGFR directed tyrosine kinase 
inhibitors, monoclonal antibodies that block 
EGFR have also been used in clinical trials. Bode 
et al. reported in 2006 the results of a phase II 

study of nimotuzumab, a monoclonal antibody 
that binds to and inhibits EGFR [ 36 ]. At the end 
of a 6-week induction period, one partial response 
and nine cases of stable disease were observed 
out of 21 DIPG patients. At the end of the con-
solidation phase (week 21), the trial reported 
three partial responses. Unfortunately, the prom-
ising results of this experience were not con-
fi rmed in a subsequent study of nimotuzumab 
combined with radiation in newly diagnosed 
DIPG patients [ 15 ]. 

 With respect to other agents, the PBTC con-
ducted a phase I followed by a phase II trial of 
tipifarnib, a farnesyl transferase inhibitor that had 
shown promising anti-neoplastic activity in a pre-
clinical model with the ability to reverse radiation 
resistance in human glioma cells. In the initial 
phase I study, 17 DIPG patients were enrolled 
and no unexpected toxicity was observed; in par-
ticular there was no observation of intra-tumoural 
haemorrhage [ 2 ]. The subsequent phase II study 
enrolled 40 eligible DIPG patients and reported 
a median progression-free survival of 6.8 months 
and a median overall survival of 8.3 months [ 34 ]. 
Similarly, Broniscer reported the results of a 
phase I study of vandetanib administered during 
and after radiotherapy [ 35 ]. This small- molecule 
inhibitor of VEGFR2 and EGFR had shown 
activity against high-grade glioma cell lines and 
an orthotopic xenograft. Twenty-one DIPG 
patients were enrolled in this study that reported 
survival rates similar to other trials (Table  20.2 ).

   The negative results of these initial trials of 
targeted therapy in DIPG did not alter the enthu-
siasm to test other compounds. The limited pen-
etration of drugs through the intact blood–brain 
barrier was one of the explanations for the lack of 
success of early trials, while the use of isolated 
single agents was another limitation of these 
unsuccessful experiences. Recently the results of 
the fi rst trial using a rational combination of 
small-molecule inhibitors targeting key pathways 
in DIPG were reported. In this trial, a combina-
tion of vandetanib and dasatinib was used con-
currently with radiation. This study pointed out 
that the CSF exposure of vandetanib and dasat-
inib in the treated population was modest. 
However, the 1-year overall survival rate of 52 % 
compared favourably with those seen in previous 
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studies [ 16 ]. This experience and anecdotal 
reports of long-term survivors in other trials of 
targeted therapies suggest that biopsies and 
molecular testing of paediatric DIPG are critical 
to the rational utilisation of targeted agents.   

   Ependymomas 

 As there is no convincing role for chemotherapy 
in the treatment of ependymoma using conven-
tional agents, the need for targeted treatment is 
even more crucial in this disease than in other 
paediatric brain tumours. Analysis of paediatric 
ependymoma specimens has reported a high 
expression of members of the receptor tyrosine 
kinase family, such as ERBB2, ERBB4 and EGFR 
in over 75 % of specimens studied [ 17 ]. Gilbertson 
et al. showed that activation of ERBB receptor 
signalling in cultured ependymoma cells resulted 
in AKT phosphorylation and cellular prolifera-
tion, demonstrating the importance of this pathway 
in ependymomas. In addition, cellular prolifera-
tion was blocked in a  dose- dependent manner 
using an ERBB2 inhibitor [ 17 ]. 

 As with ERBB2 and ERBB4, overexpression 
of EGFR is also common in intracranial ependy-
moma. In an evaluation of immunohistochemical 
markers from a large cohort of patients with 
ependymoma, Korshunov and colleagues reported 
that 43 % stained for EGFR. High-grade tumours 
were more likely to be EGFR positive (61 %) 
compared with 25 % of low-grade tumours [ 18 ]. 

 Two trials of ERBB/EGFR inhibitors were 
recently conducted in patients with recurrent 
ependymoma. The fi rst trial was a randomised 
study of erlotinib, the oral EGFR inhibitor with 
co-inhibitory activity against ERBB2, versus oral 
etoposide. The second trial was a single-arm 
phase II study of the combination of lapatinib and 
bevacizumab. Unfortunately, neither of the two 
trials met their primary effi cacy end point. 

 Transcriptional profi ling of large cohorts of 
ependymoma has recently pointed out the hetero-
geneity and complexity of this tumour, identify-
ing several molecular subgroups [ 19 ,  20 ]. Efforts 
are ongoing to identify potential targets for these 
specifi c subgroups.  

   Subependymal Giant Cell 
Astrocytoma 

 Tuberous sclerosis complex (TSC) is an autoso-
mal dominant genetic disorder characterised by 
the development of benign tumours in multiple 
organ systems, including the brain, skin, kidney, 
lung, heart and retina. Most patients with TSC 
present with mutations in either of two identifi ed 
tuberous sclerosis genes—TSC1 (hamartin) or 
TSC2 (tuberin). These genes encode proteins that 
form the hamartin-tuberin tumour suppressor 
complex, which limits the activation of the 
mammalian target of rapamycin (mTOR) complex 
1. This protein kinase regulates protein synthesis, 
cell growth and proliferation such that when 

   Table 20.2    Results of molecularly targeted therapies in paediatric brain tumours with diffuse intrinsic pontine 
gliomas   

 Drug  Trial 
 Number 
of patients  1 year EFS  1 year OS 

 Median 
EFS 

 Median 
OS 

 Patients 
alive >2 
years  References 

 Imatinib  Phase I/II  35  24.3 ± 7.1 %  45.5 ± 8.7 %,  2  [ 2 ] 
 Tipifarnib  Phase I  17  9.4 ± 6.3 %  36.4 ± 16.7 %  NA  [ 2 ] 
 Tipifarnib  Phase II  40  12.9 % ± 4.9 %  34.3 ± 7.4 %  5.9  8.9  1  [ 34 ] 
 Gefi tinib  Phase II  44  20.9 + 5.6 %  56.4 + 7.6 %  7.4  3 (at 3 

years) 
 [ 14 ] 

 Erlotinib  Phase I  21  8  12  NA  [ 13 ] 
 Vandetanib  Phase I  21  21.4 % ± 11 %  37.5 % ± 10.5 %  3  [ 35 ] 
 Vandetanib 
and dasatinib 

 Phase I  25  52 ± 10 %  2  [ 16 ] 

   EFS  event-free survival,  OS  overall survival,  Ref  reference  
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the TSC genes are defi cient, mTOR complex 1 
is constitutively upregulated, leading to abnor-
mal cellular growth, proliferation and protein 
synthesis. 

 Up to 15 % of TSC patients develop subepen-
dymal giant cell astrocytomas (SEGAs). SEGAs 
are low-grade astrocytomas that are usually 
located in the lateral ventricles near the foramen 
of Monro, causing obstructive hydrocephalus. 
They do not respond to low-grade glioma che-
motherapy or radiation and require surgical 
resection when they show evidence of symptom-
atic growth. 

 Inhibition of the mTOR pathway initially 
focused on the use of sirolimus (rapamycin), a 
drug the USA’s Food and Drug Administration 
Agency (FDA) approved in 1999 because of its 
immunosuppressant properties to prevent rejec-
tion in organ transplantation. The fi rst report of 
successful use of mTOR inhibitor in TSC- 
associated SEGA described fi ve individuals who 
all exhibited regression of their lesions [ 21 ]. 
This experience triggered signifi cant interest, 
not only in the fi eld of TSC, but also in other 
conditions in which the PI3K/AKT/mTOR path-
way is upregulated. 

 An open label study of another mTOR inhibi-
tor, everolimus, enrolled 28 SEGA patients, 
including 22 cases below 18 years of age, with evi-
dence of tumour progression. Out of 27 evaluable 
patients, 21 demonstrated a reduction of tumour 
volume by at least 30 % on central review, includ-
ing nine patients who had a reduction of 50 % or 
more. This trial also reported signifi cant reduc-
tion in the degree of hydrocephalus and parenchy-
mal dysplasia observed [ 22 ]. Subsequent to this 
trial, a larger double-blind, placebo- controlled 
randomised study was conducted, comparing 
oral everolimus and placebo. One hundred and 
seventeen patients were enrolled (78 in the evero-
limus stratum and 39 in the placebo). Twenty-
seven patients in the everolimus arm demonstrated 
a reduction in the total volume of the target 
SEGA of 50 % or more versus none in the pla-
cebo arm [ 23 ]. 

 All these studies also showed that regrowth of 
SEGA after discontinuation of treatment is frequent. 
However, resistance of SEGA to mTOR inhibitors 

has not been reported, and patients who show 
evidence of progression following discontinua-
tion of treatment can be treated successfully with 
the same agent. Interestingly, the use of mTOR 
inhibitor in TSC patients has also demonstrated 
reductions in co-morbid skin lesions and kidney 
tumours. Several trials are ongoing to investigate 
the effect of mTOR inhibitors in epilepsy and 
neurocognitive impairments associated with 
tuberous sclerosis complex. 

 Currently, the activity and benefi t of mTOR 
inhibitors have only been demonstrated in TSC- 
associated SEGA; evidence of activity in other 
paediatric CNS tumours is still lacking. In a phase 
I study of everolimus in 20 patients with various 
recurrent CNS tumours, no objective response 
was observed [ 24 ]. Similarly, no response was 
seen in a phase II study of temsirolimus that 
enrolled 17 paediatric high-grade glioma patients. 
However, seven patients (including fi ve with 
recurrent/progressive DIPG) demonstrated stable 
disease for a period of 12 weeks [ 25 ]. Based on 
evidence that neurofi bromatosis type 1 associated 
tumours demonstrate increased mTOR activity, 
trials of mTOR inhibitors are currently ongoing 
for NF1 patients with recurrent and refractory 
low-grade gliomas.  

   Low-Grade Gliomas 

 Low-grade gliomas (LGGs) constitute the largest 
group of brain tumours in the paediatric popula-
tion. However, this group is heterogeneous and 
include various tumour types, although pilocytic 
astrocytomas account for the largest subgroup. 
Recent studies have suggested large biological 
differences amongst these tumours, including 
alterations in different signalling pathways. The 
most common alterations so far identifi ed involve 
aberrations in BRAF that have been identifi ed in 
both adult and paediatric LGGs. Pilocytic astro-
cytomas commonly demonstrate a duplication in 
chromosome 7q34 which includes BRAF, a 
downstream gene in the RAS-MAPK pathway. 
This gain is typically the result of a tandem dupli-
cation between BRAF and KIAA1549, produc-
ing a novel fusion oncogene. There is evidence 
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that this fusion confers a less aggressive clinical 
phenotype and is therefore associated with better 
outcome [ 26 ]. Whether this fusion represents a 
potential target is still unclear. In a phase II 
study of sorafenib (a multi-kinase inhibitor tar-
geting BRAF, VEGFR, PDGFR and c-kit) in 
children with recurrent/refractory low-grade gli-
omas, Karajanis et al. reported a high rate of 
early progression that may indicate a potential 
growth- stimulating effect, possibly via paradoxi-
cal ERK activation [ 27 ]. Although less com-
mon, mutations of BRAF are also observed in 
paediatric LGGs. In a study analysing the pres-
ence of BRAFV600E mutations in 1,320 CNS 
tumours, this mutation was identifi ed in approxi-
mately 9 % of pilocytic astrocytomas. The fre-
quency of this mutation was higher in some 
subtypes of LGGs, especially ganglioglioma 
(18 %) and pleomorphic xanthoastrocytomas 
(66 %). A recent report on a successful manage-
ment of a patient with ganglioglioma harbouring 
this mutation illustrates the importance of early 
identifi cation of patients likely to benefi t from 
BRAF inhibitors [ 28 ]. 

 Other inhibitors of the Ras/Raf/MAP kinase 
signalling cascade are in LGG clinical trials. 
A phase I study of AZD6244, a small-molecule 
inhibitor of the MAP kinase MEK1 and 2, is 
ongoing, in children with recurrent or refractory 
lesions. Finally, interesting results were reported 
with the use of bevacizumab in patients with 
recurrent LGGs [ 29 ]. Clinical trials are ongoing 
to confi rm these promising data.  

   Future Directions 

 With the exception of TSC, single targeted agents 
have yet to demonstrate clinical benefi t in paedi-
atric brain tumour patients. It is clear from clini-
cal experience and laboratory studies that 
targeting a single pathway is unlikely to be suc-
cessful, because tumour cells engage other mech-
anisms to escape the effects of treatment. Thus, 
most targeted agents will only be successful when 
combined with other agents, either chemothera-
peutic drugs or other small-molecule inhibitors. 
The other challenge in treating brain tumours is 

the CNS penetration of the drugs. We still have 
limited information on the blood–brain barrier 
penetration of most small-molecule inhibitors 
and when this information is available, there is 
evidence that the CSF exposure of small mole-
cules is modest. More work needs to be done to 
appreciate whether the limited activity observed 
so far with small-molecule inhibitors is due to the 
drugs themselves or to the poor CNS penetration 
that affects anti-tumour activity. 

 Overall, we are still in the infancy of a new 
and exciting era that is aiming at targeting spe-
cifi c pathways or mutations rather than using a 
“one drug/one protocol fi ts all” approach. It is 
clear that such a methodology adds to the 
complexity of patient management in paediatric 
neuro-oncology. However, we can hope that this 
approach will at last alter the dismal outcome of 
conditions such as DIPG or high-grade gliomas. 
Whether targeted therapies will also transform 
the management of highly curable conditions 
such as low-grade gliomas or even medulloblas-
toma is still unclear.     
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           Introduction 

 Treatment of CNS tumors relies on the expertise 
of neurosurgeons to obtain as complete as possi-
ble a resection of the tumors to facilitate best out-
comes. Radiation treatment (RT) despite its 
long-term effects on cognition and growth remains 
an additional modality. Increasing recognition of 
side effects from radiation has directed the devel-
opment and enhancement of chemotherapy 
regimens for responsive tumors. The use of che-
motherapy for a variety of brain tumors may 
permit delay of RT and decrease long-term side 
effects. Within specifi c entities, it may even allow 
omission of RT. As can be seen in previous chap-
ters, the use of chemotherapy has had a signifi cant 
impact on how brain tumors are treated today. 

 Sensitivity to chemotherapeutic agents and 
their demonstrated benefi ts has lead to consid-
eration of higher doses of such agents with the 
use of stem cell support (HDCST) to maintain 

dose intensity in order to improve outcomes. 
This chapter discusses the use of HDSCT for 
brain tumors.  

   Chemotherapy Regimens 

 In the mid 1980s, Finlay’s [ 1 ] group advanced a 
series of regimens for the treatment of brain 
tumors. Finlay used thiotepa, a lipophilic agent 
that has excellent penetration into the CSF and 
achieves concentrations equivalent to that in 
plasma [ 2 ]. Myelosuppression, particularly with 
thrombocytopenia, is generally seen at lower 
doses, while mucositis, neurologic toxicities, and 
skin hyperpigmentation are seen at higher doses. 
Thiotepa in combination with other agents still 
forms the backbone of many successful regimens 
for brain tumors. Initial toxic mortality (TRM) 
with 900 mg/m 2  of thiotepa and 1,500 mg/m 2  of 
etoposide was unacceptable at 16 % [ 1 ]. Since 
that initial experience, better patient selection, 
an improved delivery, and dose adjustments of 
medications, e.g., use of Calvert correction to 
dose carboplatin [ 3 ], combination with other 
agents, e.g., busulfan, carmustine, etc., have 
decreased TRM [ 4 ,  5 ]. Treatment-related toxic-
ity, however, remains an ongoing concern with 
older individuals. Response rates as high as 50 %, 
with a progression- free survival (PFS), have been 
seen in patients with high-grade astrocytoma. 
Similarly patients with recurrent medulloblastoma 
treated with thiotepa 300 mg/m 2 /day, carboplatin 
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500 mg/m 2 /day, and etoposide 250 mg/m 2 /day, 
each for 3 days, showed a 35 % (8 of 23 patients) 
PFS at a median of 35 months after stem cell 
rescue (range, 10–63 months). Thiotepa has been 
combined with other drugs such as busulfan [ 6 , 
 7 ] and cyclophosphamide [ 8 ,  9 ] to obtain reason-
able survival in recurrent brain tumors. 

 The children’s cancer group (CCG) study 
CCG99703 defi ned the maximum-tolerated dose 
(MTD) for thiotepa for the recently completed 
ACNS0333 study that treated infants with atypi-
cal teratoid rhabdoid tumors and the ACNS0334 
study that is treating patients with medulloblas-
toma. The thiotepa MTD was defi ned at 10 mg/
kg (300 mg/m 2 /day for children >36 months). 
Carboplatin was given based on the Calvert cor-
rection [ 3 ]. Three tandem transplants, given 
approximately 21–28 days apart, provide the 
dose intensity speculated to provide long-term 
survival benefi t. 

 The pediatric oncology group (POG) as well as 
scientists at Duke University investigated the use 
of melphalan in HDCST regimens and published 
their early experience. TRM was high (4 of 19 
children) in the POG experience [ 10 ]. This 
decreased when the accompanying cyclophospha-
mide was fractionated into multiple doses each 
day maintaining the same overall dose [ 11 ]. 
Melphalan has also been combined with busulfan 
and separately with carboplatin and etoposide. 
TRM was found to be lower in those experiences. 

 Very specifi cally for treatment of medullo-
blastoma, the scientists at St. Jude have advanced 
a new treatment approach that is discussed in the 
following section. Suffi ce to say that HDCST has 
a possible niche in treatment of high-risk tumors 
in order to improve overall survival (OS) and 
event-free survival (EFS) [ 12 ].  

   Hematopoietic Stem Cell Transplant 
for Medulloblastoma 

   Natural History 

 The epidemiology of medulloblastoma and primi-
tive neuroectodermal tumors (PNET) is discussed 
in Chap.   12    . Improved surgical resections using 

advanced magnetic resonance imaging guidance, 
advancements in chemotherapy, more effective 
radiation therapy techniques, and better support-
ive care have substantially improved outcomes of 
children with medulloblastoma and PNET in the 
recent past [ 13 ]. In addition to age, amount of 
residual tumor after defi nitive resection, and 
presence of metastatic disease, there is new evi-
dence that identifi es histologic subtypes and 
molecular mechanisms that substantially impact 
outcome [ 14 ]. Given the signifi cant improvement 
in adjuvant modalities, the extent of surgery 
needs to be weighed against possible neurological 
damage from this modality. Radiation to the pos-
terior fossa with a boost to the tumor bed is an 
essential part of treatment but causes signifi cant 
long-term defi cits in younger children. The addi-
tion of chemotherapy to radiation has the advan-
tage of improved survival rates as well as allowing 
decreases or delays in radiation treatment [ 15 ]. 
The use of chemotherapy has permitted omission 
of radiation in a specifi c low- risk subgroup of 
patients [ 16 ,  17 ]. 

 Although 80 % of children with localized MB 
are likely to be cured with recent therapy combi-
nations albeit with defi cits, the cure rates for 
disseminated disease patients, those having 
supratentorial PNETs, and those with recurrent 
disease remain poor [ 18 ].  

   Use of High-Dose Chemotherapy 

 The experience with high-dose chemotherapy 
with stem cell rescue is derived mostly from 
patients with recurrent or high-risk medulloblas-
toma. Patients with recurrent MB/PNET treated 
with conventional treatments have a cure rate of 
less than 5 % [ 18 ]. High-dose chemotherapy 
with stem cell rescue in such patients might be a 
viable option as shown by the early work of 
Finlay et al. [ 1 ]. 

 The initial experience in patients with recur-
rent MB/PNET utilized various combinations 
that included agents such as thiotepa, busulfan, 
cyclophosphamide, platinum drugs, and etopo-
side to obtain event-free survivals of 20–50 %. 
All regimens were myeloablative in nature and 
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regimen-related toxicity was substantial. Patients, 
who had failure at only their primary site, 
were more likely to be survivors over the long 
term compared with those who had metastatic 
disease [ 10 ]. 

 Gajjar et al. have nicely reviewed the recent 
experience with HDCT in patients with recurrent 
disease. They report results on 231 patients with 
recurrent disease with 202 having received radia-
tion prior to relapse. Heterogeneity within the 
treated groups makes interpretation of results dif-
fi cult. Comparing patients who received HDCST 
with those who did not, there is a slight benefi t 
seen in EFS. Those receiving radiation in their 
previous treatment regimen fared poorly com-
pared to those who had not been radiated. Of 159 
patients who received HDCST, 35 disease-free 
survivors were reported (22 %). Of these 159 
HDCST recipients, 133 relapsed after having 
received RT in their previous treatment. Among 
the latter, disease-free survival was 17.3 % [ 18 ]. 

 Strother et al. [ 19 ] used HDCST with periph-
eral blood stem cell support following craniospi-
nal radiation in 53 patients with newly diagnosed 
medulloblastoma or sPNET. Chemotherapy con-
sisted of cyclophosphamide (4,000 mg/m 2 ), cis-
platin (75 mg/m 2 ), and vincristine for each cycle. 
High-risk patients received topotecan on a phase 
II window. The 2-year PFS for standard and high- 
risk patients were 93.6 % and 73.7 %, respec-
tively. Longer-term data from the same study 
includes a total of 134 patients (86 average risk, 
48 high risk) and was reported by Gajjar et al. 
[ 12 ]; there were no treatment-related deaths in 
the cohort. Five-year OS was 85 % (95 % CI 
75–94) in patients with average-risk status and 
70 % (95 % CI 54–84) in the high-risk group. 
The EFS for the average and high-risk groups 
were 83 % (CI 73–93) and 70 % (CI 55–85) 
( p  = 0.046), respectively. Disease histology had 
an impact on outcomes with classic histology 
showing an EFS of 84 % (CI 74–95), and ana-
plastic tumors had an EFS of 57 % (CI 33–80) 
 p  = 0.04. In the authors’ own experience, the OS 
and EFS for average-risk patients receiving this 
treatment at his institution have remained at 
100 % at 3 years.  

   Conclusions 

 The mainstay of treatment    for MB/PNET is sur-
gery with an attempt to obtain as complete as 
possible a resection followed by radiation and 
chemotherapy. Treatment of patients with high- 
risk disease and especially recurrent disease 
remains a challenge. The use of HDCST may add 
benefi t in such cases. However, its use in front-
line therapy of average-risk medulloblastoma, 
even with impressive results shown by Stother 
et al. and Gajjar et al., remains debatable and will 
be assessed in the follow-up study that will use 
the same regimen without stem cell rescue after 
chemotherapy cycles.   

   Hematopoietic Stem Cell Transplant 
for Ependymoma 

   Natural History 

 Ependymoma and its epidemiology are addressed 
in Chap.   8     of this textbook. The mainstays of 
therapy for ependymoma are surgery and radia-
tion therapy, and the response of this tumor to 
chemotherapy is questionable. Overall survival 
rates have been disappointing with 5-year overall 
survival and progression-free survival of 50–64 % 
and 23–45 %, respectively [ 20 ]. The extent of 
surgical resection is a critical prognostic factor, 
yet practically, children with infratentorial epen-
dymoma often have tumors that are diffi cult to 
resect due to their adherence to the brainstem and 
extension of tumor into the cerebellar pontine 
angle or down the cervical spine. The standard 
approach for the therapy of ependymoma is the 
use of RT to the tumor site. Recent advances in 
RT using conformal approaches are now consid-
ered standard treatment for children over the age 
of 12 months with 3-year progressive-free sur-
vival of approximately 70 % [ 21 ]. Short-term 
outcomes of cognitive function suggest that this 
treatment has acceptable results, but long-term 
results are still being evaluated. 

 Given the concerns of RT to very young chil-
dren, numerous trials have investigated the role 
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of chemotherapy for the treatment of ependymoma 
with mixed results [ 22 ]. A review by Bouffet 
et al. of all phase 2 studies in ependymoma 
showed disappointing results with only 11 % 
showing a response to single-agent chemother-
apy with less than 5 % showing complete 
responses, with the best results seen with cis-
platin [ 23 ]. However, the POG infant tumor trial 
had 48 children with ependymoma enrolled on it 
and nearly half of the 25 evaluable young chil-
dren showed a partial or complete response to 
two courses of vincristine and cyclophospha-
mide, with a 5-year progression-free survival of 
27 % [ 15 ,  18 ]. The use of HDCST in this tumor 
has thus been investigated.  

   Use of High-Dose Chemotherapy 

 A phase 2 study investigated autologous stem 
cell transplantation following conditioning with 
busulfan 150 mg/m 2 /day for 4 days followed by 
thiotepa 300 mg/m 2 /day for the next 3 days in 16 
children with refractory or relapsed ependy-
moma. Half of the subjects had previously 
received RT and all had measureable disease. 
None of the subjects had a radiologic response of 
over 50 % and only three subjects were survivors 
with all three getting gross total resections and 
local radiation. There was signifi cant toxicity of 
the skin and the gastrointestinal tract, and there 
was one treatment-related death [ 24 ]. 

 The “Head Start” protocols were designed to 
use intensive chemotherapy and autologous stem 
cell transplantation to replace or delay radiation 
therapy. Children younger than 3 were eligible 
for the Head Start 1 and 2 protocols, and the pro-
tocols also allowed older children to enroll 
provided that they had incompletely resected 
disease (age 3–6 on Head Start 1 and age 3–10 on 
Head Start 2). Those with neuraxis dissemination 
were allowed to enter the arm of the study con-
taining high-dose methotrexate on Head Start 2. 
Five cycles of induction therapy were given 
containing vincristine, cyclophosphamide, eto-
poside, and cisplatin. Those with disseminated 
disease enrolled on Head Start 2 also received 
high-dose methotrexate. Stem cells were collected 

after the fi rst or second cycles of induction 
chemotherapy. There were 29 children under the 
age of 10 years of age who were enrolled on this 
study. The estimated 5-year EFS and OS were 
12 % (±6 %) and 38 % (±10 %), respectively [ 25 ]. 
There was a TRM of 10.3 % on this protocol, 
mostly in the early phases of the study. 
Interestingly, four of the fi ve children with meta-
static disease are long- term survivors with the 
only death being one who died of toxicity. The 
radiation-free survival of those on this study was 
only 8 %, and of the 12 survivors, only 3 did not 
receive radiation. The authors concluded that 
HDCST using this protocol showed disappoint-
ing results [ 25 ]. 

 The Head Start 3 protocol investigated those 
under the age of 10 with newly diagnosed epen-
dymoma and 19 subjects were enrolled. Similar 
to the above trials, fi ve cycles of induction ther-
apy were delivered followed by a sixth cycle 
comprising HDCST. Children between 6 and 10 
or those with residual disease would receive 
RT. This study found different outcomes between 
those with supratentorial tumors and those with 
infratentorial tumors. The 3-year EFS and 3-year 
OS were a remarkable 86 % (±13 %) and 100 %, 
respectively, for the supratentorial group. This 
was in contrast with those with infratentorial dis-
ease who had a PFS and OS of 27 % (±13 %) and 
73 % (±13 %), respectively. All three subjects 
with residual disease with supratentorial tumors 
achieved a CR with chemotherapy, compared 
to only one of the six with infratentorial resi-
dual disease. The study concluded that intensive 
induction and consolidation chemotherapy 
should be explored further in trials for supraten-
torial ependymoma [ 26 ]. 

 The Australia and New Zealand collaborative 
group studied a heterogeneous group of children 
as part of their ANZCCSG BabyBrain99 study for 
infants with malignant brain tumors. Thirty- three 
children with malignant tumors under the age of 3 
were enrolled in the study that followed primary 
resection with 4 cycles of induction chemother-
apy. A second-look surgery could be offered at 
cycle 4 of treatment followed by consolidation 
therapy using carboplatin (AUC 12 mg/mL/min) 
over 4 days and melphalan 4.6 mg/kg on day 5 
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with autologous stem cell support. The children 
would then receive involved-fi eld irradiation 6 
weeks postrecovery. Twenty-two of the 33 chil-
dren received all the courses including the stem 
cell transplant. There were six subjects with epen-
dymoma included in the cohort, and they had the 
best outcomes of any of the tumor types with a 
5-year EFS of 67 % [ 27 ]. 

 A recent report from Korea investigated the 
feasibility and effectiveness of tandem HDCSTs 
in children under the age of 3 years. They enrolled 
fi ve patients who were given 6 cycles of induc-
tion chemotherapy followed by tandem trans-
plants [ 28 ]. RT was deferred in all children until 
after the age of 3 years, and all patients were alive 
at time of publication. The preparative regimen 
for the autologous transplant included carbopla-
tin 500 mg/m 2 /day for 3 days, followed by 3 days 
of thiotepa 300 mg/m 2 /day and etoposide 250 mg/
m 2 /day for the fi rst transplant, followed by a sec-
ond transplant with cyclophosphamide 1,500 mg/
m 2 /day for 4 days and melphalan 60 mg/m 2 /day 
for 3 days. They allowed a 12-week interval 
between the two transplants in order to prevent 
toxic deaths. One of the fi ve who had a supraten-
torial tumor was alive without recurrence at 62 
months and did not receive any radiation. Three 
of the fi ve subjects had measureable disease 
going into the fi rst transplant, and two of these 
three went into a complete remission following 
the tandem transplants. Overall four of the fi ve 
remained alive and disease free, although only 
the one with supratentorial lesion avoided radia-
tion. The investigators concluded that tandem 
transplants is feasible in young patients with ana-
plastic ependymoma, was well tolerated, and 
requires further investigation in a larger trial [ 28 ].  

   Conclusions 

 HDCST in children with supratentorial ependy-
moma shows promise and needs to be investi-
gated further in larger studies. This is not the case 
with those who have infratentorial tumors or 
recurrent disease. Surgery is still the standard 
approach with chemotherapy being utilized to 
facilitate a second-look surgery.   

   Hematopoietic Stem Cell Transplant 
for High-Grade Glioma 

   Natural History 

 Despite improvements in surgery, radiation, and 
chemotherapy, the prognosis for children diag-
nosed with malignant high-grade glioma (HGG) 
remains very poor with the majority developing 
disease progression soon after diagnosis and 
dying from their brain tumor. Compared to those 
with glioblastoma multiforme (GBM), those with 
anaplastic astrocytoma have a slightly better 
prognosis with better overall survival and longer 
time to progression, yet the majority will also die 
of disease progression [ 29 ]. Given the poor out-
comes with present standards, many studies have 
investigated the role for chemotherapy for HGG 
including the use of high-dose chemotherapy and 
autologous stem cell transplantation. Proponents 
of HDCST for malignant glioma suggest that 
high doses of chemotherapy are more likely to be 
effi cacious for a few different reasons including: 
to overcome the protective role of the blood brain 
barrier, to increase the dose-dependent killing of 
glioma cells, and to reduce the volume of residual 
disease in an effort to reduce the volume of radio-
therapy required for therapy [ 30 ].  

   Use of High-Dose Chemotherapy 

 Outcomes for patients with recurrent malignant 
astrocytomas are known to be poor, paving the 
way for trails with HDCST. With the use of 
single- agent carmustine, the results were quite 
disappointing [ 31 ]. The use of thiotepa and eto-
poside within protocols with or without the addi-
tion of carmustine in recurrent HGG showed 
better outcomes [ 32 ]. This COG reported their 
initial cohort of malignant astrocytomas treated 
with HDCST following disease recurrence and 
compared their results with historical conven-
tional approach [ 33 ]. Twenty-seven patients 
under the age of 21 years of age entered the trial, 
and three different preparative regimens were 
given including thiotepa 900 mg/m 2  over 3 days 
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with etoposide (750 or 1,500 mg/m 2  over 3 days) 
either alone or in combination with carmustine 
(600 mg/m 2  over 3 days) or carboplatin 
(1,500 mg/m 2  over 3 days or using Calvert for-
mula with an AUC of 7 mg/mL/min/day). TRM 
was high at 19 % while 17 of the 27 subjects 
developed disease progression. Five of the 27 
subjects are long-term survivors of this approach 
(only one of these needed RT), including 2 with 
GBM [ 33 ]. There were no survivors within the 
historical cohort, suggesting that dose intensity 
and HDCST may play a role in the treatment of 
malignant glioma. Overall patients treated with 
standard chemotherapy had a 23 % 1-year sur-
vival compared to a 41 % 1-year survival for 
those treated with HDCST. The largest long-term 
survival difference was when comparing chemo-
therapy only with those who underwent HDCST 
transplant where the 4-year estimates of survival 
were 0 % for chemotherapy alone and 46 % for 
autologous transplant [ 33 ]. 

 The phase 2 Children’s Cancer Group CCG- 
9922 study for centrally reviewed glioblastoma 
multiforme used myeloablative thiotepa, BCNU, 
and etoposide followed by focal irradiation for 
treatment of recurrent disease and had an 
excellent 2-year PFS of 46 %. The trial how-
ever was terminated early due to pulmonary 
toxicities [ 4 ]. 

 Given the positive survival benefi t temozolo-
mide, a phase 1 dose escalation study of this 
agent given with carboplatin and thiotepa resulted 
in a 30 % survival in a small cohort of 12 subjects 
at 32–48 months [ 34 ]. 

 There have been three recent Italian studies of 
high-dose chemotherapy that have been recently 
presented by the Italian Pediatric Hematology/
Oncology Association (AIEOP) at an interna-
tional conference in Milano [ 30 ]. The fi rst study 
was on eight cases of malignant glioma in chil-
dren under the age of 3 years at diagnosis treated 
with either high-dose chemotherapy using high- dose 
methotrexate, etoposide, cyclophos-phamide, 
and carboplatin followed by two myeloablative 
autologous transplants using carboplatin/etopo-
side for the fi rst and thiotepa/melphalan for the 
second. Radiation was given to those with pro-
gressive disease or those with disease residual at 

the completion of chemotherapy. Objective results 
were seen in fi ve of the six newly diagnosed 
infants and in one of the two previously treated 
infants. Three are alive and in remission without 
having been irradiated at a median follow-up of 
64 months. Two subjects died of TRM during the 
myeloablative cycles and three of progressive 
disease [ 35 ].  

   Conclusions 

 Although HDCST is not considered standard 
therapy for high-grade glioma, presently numer-
ous studies demonstrate survivorship using the 
HDCST approach. This needs further studies in 
larger studies. Identifi cation of those likely to 
benefi t from this approach needs assessment.   

   Hematopoietic Stem Cell Transplant 
for Brainstem Glioma 

   Natural History 

 A description of brainstem gliomas is available in 
Chaps.   10     and   11    . They are hard to treat tumors 
with dismal long-term outcomes. The mainstay 
of therapy is radiation with a palliative intent, and 
numerous trials of radiation techniques and adju-
vant chemotherapy have been performed without 
any survival benefi t being demonstrated [ 36 ]. 
Given the very poor outcomes for children with 
pontine glioma, novel treatments with high-dose 
chemotherapy have been designed to assess fea-
sibility and effi cacy.  

   Use of High-Dose Chemotherapy 

 There are limited studies that have investigated 
the use of HDCST in children with pontine gli-
oma. The majority of studies are small feasibility 
studies in either recurrent or newly diagnosed 
pontine glioma utilizing a variety of regimens. 
Unfortunately as seen in the outcomes of the 
studies outlined below, this approach has not 
been found to be very fruitful. 
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 Six newly diagnosed patients with pontine 
glioma were treated with cyclophosphamide and 
thiotepa followed by hyperfractionated RT and 
two of the six were alive seven and 24 months 
post therapy [ 8 ]. However, the one long-term sur-
vivor had an atypical contrast-enhancing lesion 
on imaging raising the possibility that this tumor 
was different biologically. The median survival 
in this small series was 12.5 months and one of 
the six died of toxicity. There were two docu-
mented tumor responses before the radiation with 
one partial response and one minor response. 

 Seven children with pontine glioma were 
included in a larger series of 22 subjects enrolled 
in trial of etoposide and thiotepa. There was one 
partial response in a child with a recurrent brain-
stem tumor [ 37 ]. Another study of high-risk brain 
tumors included a long-term survivor of a pon-
tine glioma [ 10 ]. Other reports of tumor responses 
to chemotherapy include a minor response to 
cyclophosphamide and melphalan [ 11 ], and a 
minor response to busulfan and thiotepa. 

 There were no long-term survivors in a CCG 
report describing 16 patients with newly diag-
nosed (6 patients) and recurrent (10 patients) dif-
fuse intrinsic brainstem glioma. TRM was high 
(2 of 16 patients), and median survival was 
11.4 months for newly diagnosed and 4.7 months 
for subjects with recurrent tumors [ 5 ]. 

 In 1990 Societe Francaise d’Oncologie 
Pediatrique (SFOP) opened a pilot study of 
HDCST for children with pontine glioma 
designed to investigate the feasibility of treating 
newly diagnosed children [ 38 ]. RT was given as 
per institutional standards. HDSCT was initi-
ated at about 40 to 60 days after the end of RT. 
The conditioning regimen consisted of oral 
busulfan × 4 days (150 mg/m 2  per day divided 
into 4 doses per day) followed by thiotepa 
300 mg/m 2  per day for 3 days. Although 35 chil-
dren were enrolled in the trial, only 24 children 
proceeded to HDCST with a median time of 54 
days post completion of RT. All 24 children died, 
with 3 mortalities due to toxicity and the other 21 
due to disease progression. The median survival 
time for the study group was 10 ± 3.6 months. 
The median time to clinical progression from 
bone marrow transplantation was 119 days. 

The authors conclude that the use of HDCST 
after radiation therapy is not indicated for chil-
dren with pontine glioma [ 38 ].  

   Conclusions 

 HDCST is not indicated for pontine gliomas 
given the lack of effi cacy and signifi cant toxicity 
associated with its use. Other novel approaches 
will need to be studied.   

   High-Dose Chemotherapy 
for Infants and Rare Brain 
Malignancies 

 Long-term effects of radiation are worst when 
the infant brain is exposed to high doses of radia-
tion. Delays in radiation while preserving out-
comes and EFS would be desired by treating 
neuro- oncologists. The CCG study CCG99703 
demonstrated that repetitive cycles of HDCST 
for children <3 years of age were feasible. The 
HDSCT backbone consisted of carboplatin and 
thiotepa. In the 92 children accrued on study, 
neutropenia, thrombocytopenia, and stomatitis 
were common, while reports of grade 3 and 4 
weight loss or gastrointestinal issues occurred in 
less than 2 % children. The use of total paren-
teral and enteral feeding occurred in 42 % and 
29 % of children, respectively. 

 In a recent study, 25 children <3 years of age 
with malignant brain tumors received tandem 
HDCST after six cycles of induction therapy. 
Sixteen patients survived to a median of 52 
months (range 18–96) giving a 5-year OS and 
EFS of 67.8 ± 9.4 % and 55.5 ± 10 %, respectively. 
Four of 16 patients are long-term survivors with-
out receiving an RT, while 2 received local RT, 3 
received craniospinal RT, and 7 received both. 
Late adverse effects included hypothyroidism 
(20 %), growth hormone defi ciency (30 %), renal 
tubular damage (40 %), and hearing impairment 
(50 %). Median value of full scale, verbal, and 
performance intelligence quotient at a median 
follow-up of 45 months was 75 (range 67–90), 83 
(range 61–112), and 71 (range 69–86), respectively. 
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The authors conclude that tandem HDCST has 
the ability to preserve reasonable outcomes in 
infants with malignant brain tumors with accept-
able levels of long-term toxicities [ 39 ]. 

 Atypical teratoid rhabdoid tumor is a rare 
embryonal tumor that occurs mostly in infancy 
and has a very dismal prognosis. It has a very 
unique molecular signature that has aided early 
diagnosis. Although surgery and chemotherapy 
are considered standard treatment, the use of 
HDCST has emerged as a treatment approach 
with reasonable outcomes based on reports in 
small cohorts of patients. Ginn et al. demon-
strated the effi cacy of this approach in 33 cases 
where 14 patients also received RT [ 40 ]. Twenty 
patients were alive at a median follow-up of over 
50 months. The conditioning regimen generally 
used consisted of carboplatin and thiotepa given 
over a 2-day period followed by a rest of 2 days 
and subsequent infusion of stem cells. Similarly 
the report by Lafay-Cousin et al. also shows a 
signifi cant survival benefi t in patients treated 
with the HDCST approach (OS at 2 years of 
47.9 ± 12.1 % versus 27.3 ± 9.5 % for the conven-
tional approach) [ 41 ]. The approach however still 
remains experimental. 

 Treatment of rare brain malignancies and 
germ cell tumors of the brains has been attempted 
with HDCST in resistant and recurrent cases. The 
treatment remains experimental and needs to be 
investigated in larger trials. Clearly for respon-
sive tumors, this therapy has proven to have ben-
efi t and may help delay or even omit use of 
radiation treatment and its side effects.     
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         Despite the many advances in treatments and 
improvements in survival, the diagnosis and 
treatment of a pediatric brain or spinal cord 
malignancy is accompanied by many challenges 
and stressors which can be overwhelming for 
the patient, caregivers, and the entire family. 
Supportive care describes the services and multi-
disciplinary care required to address the needs of 
the patient and family in order to meet the physi-
cal, informational, psychosocial, emotional, 
practical, and spiritual needs during all phases of 
their cancer care [ 1 ]. Although some of the sup-
portive care needs are common among families, 
the diagnosis and treatment of pediatric brain 
and spinal cord tumors is complex and every 
family is different, with needs that may be vari-
able throughout treatment. Therefore, it requires 
a collaborative and multidisciplinary health-care 

team to effectively assess and address the sup-
portive care needs in this population [ 1 – 4 ]. The 
supportive care requirements of these children 
and families can include the physical (physio-
therapy, occupational therapy, speech pathology, 
dietician, medical, pharmacy), education/infor-
mational (often met by nursing and medical team 
members), as well as psychosocial (social work, 
psychology, child life, psychiatry). This chapter 
will discuss the supportive care needs at diag-
nosis and during the treatment phase as long-
term follow- up is addressed in other chapters of 
this textbook. 

   Psychosocial and Informational 
Support 

   Family Assessment 

 The diagnosis of a child with a malignancy is a 
stressful life event, and if the family’s patterns of 
functioning, resources, or coping skills are inad-
equate, the family can move into a state of crisis 
making it more diffi cult to manage the challenges 
of the new diagnosis [ 2 – 5 ]. Parents experience 
intense emotional reactions and uncertainty in 
response to their child’s diagnosis including fear, 
powerlessness, denial, guilt, sadness, anger, and 
confusion, with many reporting some level of 
anxiety and depression [ 1 – 3 ]. It is important to 
reassure families that these intense emotional 
reactions are normal responses to the child’s 
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illness and that the team is there to support and 
not judge them [ 3 ]. During periods of stress, 
families depend on familiar patterns of family 
functioning, methods of coping, and problem-
solving [ 5 ]. It is helpful to complete an assess-
ment of the family, including family composition, 
history, strengths, vulnerabilities, and preexisting 
issues. The assessment should include psychoso-
cial and practical resources including employ-
ment, socioeconomic status, as well as an 
assessment of marital–parental and sibling rela-
tionships [ 2 – 5 ]. A written summary of the assess-
ment that describes the family and their strengths 
and vulnerabilities relevant to their child’s illness 
should be shared with the treatment team in order 
to provide support for the family [ 3 ]. 

    Parental–marital relationships are often chal-
lenged by the state of uncertainty and stress the 
diagnosis and treatment of cancer of their child 
imposed on the relationship [ 2 ,  4 ,  5 ]. For some par-
ents, who have supported each other through past 
crisis and have helped each other cope with the sig-
nifi cant emotions, they have found their relation-
ship strengthened. For others, this stress exacerbates 
previous marital problems which can impact the 
parent’s and the whole family’s ability to cope [ 2 , 
 5 ]. Single-parent households are common in 
today’s society and task overload is common for 
the single parent of an ill child. When parents are 
separated or divorced, special efforts are required 
by the health-care team to ensure both parents are 
kept informed [ 4 ]. The traditional defi nition of 
family has changed for many and so we must be 
respectful of the variations in family structure when 
performing family assessments. It is also important 
to learn about any specifi c beliefs, attitudes, or 
behaviors related to the families’ ethnic back-
ground that may infl uence the families’ coping or 
ideas about care. Misunderstanding often results 
when the health- care team does not fully consider 
sociocultural factors that may infl uence care [ 4 ].  

   Practical Resources 

 Economic impact adds signifi cantly to the fami-
ly’s distress [ 4 ]. Financial and employment 
security can become compromised as the family 

tries to meet the new demands of their child’s 
diagnosis and treatment [ 1 ,  6 ]. Family fi nancial 
resources are often depleted as mothers typically 
take responsibility for caring for their child in 
the hospital, relinquishing employment or house-
hold responsibilities. Fathers, even when taking 
time off in early treatment, ultimately return to 
work in order to maintain a family income [ 1 ,  5 , 
 6 ]. In a single-parent family, the challenge of 
caring for the child while maintaining an income 
is more diffi cult [ 5 ]. There are also added 
expenses associated with the diagnosis and treat-
ment that add fi nancial burdens on the family 
(i.e., parking, accommodation, child care) [ 4 ,  5 ]. 
Early assessment is essential in order to provide 
support to the family and lessen the economic 
stress on the family [ 4 ]. Additionally, parents 
may need assistance mobilizing social support 
for managing daily activities and routine house-
hold chores while they are adapting to the diag-
nosis and treatment demands. Family and 
household routines are often disrupted, and 
social workers and members of the health-care 
team can assist the family in identifying sources 
of practical support [ 1 ,  3 ,  5 ].  

   Informational Needs 

 Once a child is diagnosed, the families are pre-
sented with a great deal of information at a time 
when they are already feeling overwhelmed [ 1 , 
 4 ]. Family members may not be able to absorb 
and retain any of the initial information pre-
sented to them beyond the diagnosis [ 2 ]; there-
fore, good communication by the health-care 
team, repetition of information, opportunities to 
ask questions, and written materials are impor-
tant for assisting families in making sense of the 
information [ 1 – 4 ]. Gaining information about 
their child’s condition allows parents to feel 
some control over the situation and regain some 
peace of mind [ 1 ,  6 ]. The Internet is increasingly 
being used as a source of information, and 
families require members of the health-care team 
to clarify the information they may obtain [ 6 ]. 
Parents are also required to care for their child 
once discharged home, often responsible for new 
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technical tasks, which can be a source of burden 
and anxiety [ 3 ,  6 ]. Psychosocial providers can 
assist families to manage feelings of information 
overload and problem-solve to meet the treat-
ment demands [ 3 ].  

   Important Patient Considerations: 
Children and Adolescents 

 An important yet diffi cult task for parents is 
talking to their child about their diagnosis. 
Parents often require guidance from the team 
regarding how and when to talk to their children, 
to do so honestly and at an age-appropriate level, 
yet in a way that decreases anxiety and increases 
trust in the treatment team [ 4 ]. Even before a 
diagnosis is made, children may be experiencing 
distressing symptoms and emotions, having 
undergone numerous and sometimes painful 
tests, often in a strange environment and been 
separated from their peers and family due to ill-
ness [ 2 ,  3 ,  5 ]. Children’s reaction to the illness is 
partly determined by their developmental level, 
previous experiences, as well as their family’s 
reactions [ 3 ,  5 ]. Older children and adolescents 
can be variable in the amount of information they 
want and, while being able to understand more 
than younger children, may be overwhelmed 
and less engaged in treatment discussions [ 3 ]. 
Children of all ages can regress when scared. 
Adolescents may have very personal concerns 
about how their illness will affect them that may 
not be apparent to their family or medical team. 
Children with cancer may display increased 
sleep, loss of interest in activities, social with-
drawal, and other symptoms consistent with 
depressed mood, although research has not 
shown greater rates of clinical depression in chil-
dren with cancer [ 2 ]. The psychosocial team 
plays an important role to support the children 
and reassure the family that their children’s 
behaviors are not unusual [ 3 ]. 

 Normalizing activities as much as possible 
can be helpful in restoring a sense of safety and 
normalcy for children following diagnosis [ 3 ,  4 ]. 
Within the hospital, multidisciplinary team 
members, particularly child life specialists, can 

help to normalize daily activities and provide 
support for required medical procedures [ 3 ]. 
Once discharged from the hospital, parents often 
need encouragement to allow the child to live life 
as normal as possible. Parents have to overcome 
their own fears for their child, to allow them to 
return to pre-illness activities within the restric-
tions of the illness. Providing consistent disci-
pline, not overindulging or overprotecting the 
child, helps to avoid behavioral problems long 
term and supports the child’s sense of self-worth 
[ 3 ,  4 ]. Although parents may be fearful of injury 
or exposure to other children, play is important in 
mental and physical growth, as well as in helping 
children to cope with anxiety, fear, and frustra-
tion [ 4 ]. For older children and adolescents, the 
return to school is an important part on normal-
izing the child’s life in the face of illness [ 2 – 5 ], 
although today more and more children are also 
using email and social networking to stay in 
touch with one another [ 4 ]. At any developmental 
level, relationships with peers provide children 
with a sense of connection, friendship, and sup-
port which is crucial in the development of their 
identity [ 3 ]. The bodily changes and side effects 
of the disease or treatment can impact the child’s 
sense of self and body image [ 3 ,  5 ] and impact 
social interaction and independence. Patients at 
the highest risk for peer diffi culties are those with 
obvious changes in physical appearance and 
those with central nervous system involvement. 
Particular attention needs to be paid to assessing 
and supporting the social relationships and func-
tioning of these children [ 2 ,  4 ].  

   Important Considerations: Siblings 

 Siblings of children with cancer are at risk for 
diffi culties from the time their sibling is diag-
nosed, particularly during the fi rst few months. 
Family life becomes organized around the hospi-
talized child and other family roles and responsi-
bilities are disrupted. Siblings can experience 
feelings of anger, jealously, neglect, worry, anxi-
ety, sleep and eating disturbances, and mood 
and temperament changes [ 3 – 5 ]. Siblings may 
attempt to hide these feelings from their parents 
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however, in order to not worry their parents [ 4 , 
 5 ]. Older siblings however, may exhibit high lev-
els of empathy and maturity and want to be 
included in information and care regarding their 
sibling [ 3 – 5 ]. Psychosocial team members can 
assist parents in addressing the diffi culties as they 
present and many programs also offer optional 
sibling support groups.   

   Nutritional Support 

 It is well established that children and young 
adults with cancer experience malnutrition due 
to their underlying malignancy and treatment- 
related factors. Diminished nutritional status 
has been recognized as a contributor in poor 
wound healing, increased infection risk, and 
decreased tolerance to chemotherapy [ 7 ,  8 ]. It 
has also been demonstrated that poor nutrition 
impacts several outcome measures including 
quality of life, response to treatment, and over-
all cost of care [ 7 – 9 ]. Children are particularly 
sensitive to the effects of malnutrition due to 
their limited energy stores and increased nutri-
tional requirements needed to attain appropriate 
growth and neurodevelopment [ 9 ]. 

 Along with the numerous factors contributing 
to poor nutritional status that are commonly seen 
in many pediatric cancer patients, children diag-
nosed with CNS tumors often have additional 
factors resulting from their tumor location and its 
treatment. For example, patients with dience-
phalic tumors and medulloblastoma are classifi ed 
as high risk for development of malnutrition 
when compared with other types of childhood 
cancer [ 7 ,  9 ]. Tumors in the posterior fossa, 
which account for approximately 60–70 % of all 
pediatric brain tumors, can be associated with 
suboptimal nutrition due to prolonged nausea and 
vomiting and neurological impairment prior to 
diagnosis. Subsequent surgery for these tumors 
can result in signifi cant swallowing diffi culties 
and aspiration risk [ 10 ]. Additionally, a posterior 
fossa syndrome may develop, which is frequently 
associated with dysphagia that may not be appar-
ent in the immediate postoperative period [ 10 ]. 
Radiation therapy, whether localized or including 

the craniospinal axis, may cause emesis, somno-
lence, or esophagitis [ 9 ,  11 ]. These factors, along 
with chemotherapy-associated nausea and vomit-
ing, mucositis, or constipation, may contribute 
further to a patient’s nutritional decline [ 11 ]. 

 Nutritional support for patients who are clin-
ically undernourished at diagnosis requires 
immediate intervention before treatment starts [ 9 ]. 
However, even patients who are nutritional replete 
at presentation, particularly infants and those 
with medulloblastoma, require close observation 
as nutrition may decline rapidly early in the treat-
ment schedule [ 7 ,  11 ]. After tumor resection 
involving the posterior fossa, postoperative 
swallowing dysfunction can be anticipated, even 
in patients without overt clinical signs [ 10 ]. 
Dysphagia may develop if a posterior fossa 
syndrome occurs. As early recognition and inter-
vention of poor nutritional status may alleviate 
the need for more aggressive nutritional support 
later in treatment, involvement of a registered 
dietician and a speech-language pathologist is 
critical in the management of this patient popula-
tion [ 7 ,  8 ,  11 ]. 

 Strategies for nutritional intervention are 
numerous. Behavioral and educational tech-
niques, including education of the family and 
health-care team, are useful for maintaining 
nutritional status in those patients without preex-
isting nutritional issues [ 9 ]. Modifi cations to the 
oral diet, including caloric supplementation by 
commercial supplemental drinks or caloric 
additives, are useful in low-risk patient popula-
tions [ 9 ]. Controlling nausea and vomiting, as well 
as providing appropriate analgesia for mucositis 
and esophagitis, is crucial for all patients. Enteral 
feedings via nasogastric tube or gastrostomy tube 
should be instituted early in those patients that 
are unable to maintain their weight by the strate-
gies described [ 7 – 9 ]. Evidence-based recom-
mendations now exist for proactive enteral tube 
feeding in high-risk patients to avoid the expected 
nutritional deterioration [ 11 ]. For patients with 
documented abnormalities on swallowing studies, 
surgically placed feeding tubes are suggested due 
to the protracted requirement for enteral feeding. 
The safety of these feeding tubes in this popula-
tion is well established [ 8 ]. Parental nutritional 
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support is occasionally necessary to meet 
nutritional requirements until the patient is able 
to tolerate total enteral feeding [ 9 ]. Long-term 
parental nutrition should be avoided where pos-
sible however, due to numerous associated com-
plications [ 9 ]. 

 The goals of nutritional supportive care in 
pediatric oncology include the maintenance of 
body stores, minimization of weight loss, pro-
motion of appropriate growth, and providing 
quality of life [ 9 ]. Well-nourished patients have 
increased levels of energy which promotes 
progress during rehabilitation, an important 
consideration in those with neurological defi cits. 
Nutritional strategies should be integrated as a 
fundamental feature of supportive care for all 
children and young adults with CNS tumors 
including involvement of appropriate health-
care professionals at diagnosis.  

   Management of Nausea 
and Vomiting 

 Despite signifi cant advances in antiemetic man-
agement, chemotherapy-induced nausea and 
vomiting (CINV) remains an important adverse 
effect of cancer treatment. It has been estimated 
that as many as 60 % of children with cancer 
develop nausea or vomiting at some point during 
chemotherapy treatment [ 12 ]. Several types of 
CINV have been defi ned, with important impli-
cations for both prevention and management: 

  Acute nausea and vomiting : occurs within 24 h 
after chemotherapy administration [ 13 ]. Most 
commonly begins within 1–2 h of chemotherapy; 
the worst most often occurs about 5 or 6 h after 
chemotherapy administration. 

  Delayed nausea and vomiting : occurs more than 
24 h after chemotherapy administration; may 
persist for 5–7 days but the duration has not 
been fully defi ned. Delayed emesis commonly 
occurs following the administration of cisplatin, 
carboplatin, cyclophosphamide, or doxorubicin 
[ 13 ,  14 ]. 

  Anticipatory nausea and vomiting : occurs prior 
to administration of chemotherapy. It is a learned 
or conditioned response linked to visual, gusta-
tory, olfactory, and environmental factors related 
with previously administered chemotherapy [ 14 ]. 

  Breakthrough : refers to nausea, vomiting, and 
retching that occurs despite antiemetic prophy-
laxis and/or necessitates the use of rescue medi-
cations [ 14 ]. 

 Poorly controlled CINV can lead to physical 
and psychological issues including electrolyte 
imbalances, dehydration, malnutrition, stress, anx-
iety, poor functional status, and reduced quality 
of life as well as fi nancial concerns including 
additional clinic visits, prolonged hospitalization, 
and caregivers’ loss of time at work [ 12 ]. 
Therefore, good antiemetic therapy is essential for 
all patients receiving emetogenic chemotherapy. 

 Antiemetic therapeutic effi cacy is infl uenced 
by a number of patient characteristics, and each 
child should be treated according to his or her 
unique risk factor profi le. The risk associated with 
the presence of multiple risk factors is likely to be 
cumulative. In an investigation of over 800 chemo-
therapy-naïve adult patients, the incidence of post-
chemotherapy nausea was 20 % in patients having 
no risk factors and 76 % in those with four risk 
factors. Factors correlated with a greater risk 
include being females, prior history of motion 
sickness, and high anxiety levels; conversely, there 
was lower incidence in children less than 6 years. 
Poorly controlled nausea and vomiting in previous 
cycles increases the likelihood of CINV and antic-
ipatory nausea and vomiting [ 15 ]. 

 The proposed pathophysiology of CINV 
occurs primarily via both the central and 
peripheral nervous systems. The central mecha-
nism is hypothesized to occur by activation of 
the chemoreceptor trigger zone (CTZ). The 
CTZ is located in the area postrema in the fl oor 
of the fourth ventricle outside the blood–brain 
barrier and can be exposed directly to emeto-
genic substances, such as chemotherapy 
through the blood system or cerebrospinal fl uid 
(CSF). Once activated, the CTZ releases multiple 
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neurotransmitters, including serotonin and 
dopamine, which in turn activates the brain stem 
vomiting center. The vomiting center can be 
directly stimulated by chemotherapy. The 
peripheral mechanism is postulated to occur by 
chemotherapeutic agents causing local gastro-
intestinal irritation and damage to the gastric 
mucosa leading to production and release of 
serotonin and other neuroactive agents by 
enterochromaffi n cells. Serotonin then interacts 
with 5-HT3 receptors on the vagal afferent ter-
minals in the wall of the bowel and activated 
receptors send signals to the vomiting center [ 13 ]. 
In both instances, the neurotransmitters may act 
independently or in combination to induce 
vomiting. The role of the higher cortical center 
such as amygdala is less well established but 
may be involved in anticipatory vomiting. 
Memory, fear, anticipation, and sensory input, 
such as smell, are all generated in the higher cor-
tical center and directly stimulate the vomiting 
center that can result in emesis. Regardless of 
the source of afferent input, the vomiting cen-
ter, located in the lateral reticular formation of 
the medulla oblongata, serves as the fi nal path-
way along with efferent impulses to induce 
emesis [ 13 ]. 

 As per the Pediatric Oncology Group of 
Ontario (POGO), acute chemotherapy-induced 
nausea and vomiting (CINV) outlines the defi ni-
tion of emetogenicity as the propensity of an 
agent to cause nausea, vomiting, or retching. 
Chemotherapy agents are classifi ed into four cat-
egories based on their potential to cause nausea 
and/or vomiting (emetogenic potential) without 
antiemetic drug treatment: (1) highly emeto-
genic (HEC), which can cause symptoms in 
greater than 90 % of patients; (2) moderate risk, 
which can cause symptoms in 30–90 % of 
patients; (3) low risk which can cause symptoms 
in 10–30 % of patients; and (4) minimally emeto-
genic which can cause symptoms in less than 
10 % of patients [ 16 ] (Table  22.1 ) [ 17 ]. It is the 
standard of care that all pediatric patients receiv-
ing moderate to highly emetogenic chemother-
apy should receive a combination of a 5-HT 3  
receptor antagonist plus dexamethasone to pre-
vent acute emesis [ 18 ].

      Antiemetic Therapy 

   Role of Dexamethasone in Brain 
Tumor Patients 

 Dexamethasone as an antiemetic is either contra-
indicated or strongly discouraged in children 
with brain tumors due to the theoretical concern 
of decreased penetration of chemotherapy agents 
into the central nervous system. On the other 
hand, dexamethasone is considered to be the 
drug of choice to provide temporary relief of 
symptoms due to an increase in intracranial pres-
sure and edema in children with a brain tumor. It 
stabilizes the blood–brain barrier (BBB), leading 
to attenuation of vasogenic brain edema. The 
mechanism of action of glucocorticoids for con-
trol of vasogenic edema is not fully understood. 
Dexamethasone, most frequently used glucocor-
ticoid, has recently been shown to upregulate 
Ang-1, which is a strong BBB-stabilizing factor, 
whereas it downregulates VEGF, a strong per-
meabilizing factor in astrocytes and pericytes 
[ 19 ]. Dexamethasone may also increase the 
clearance of peritumoral edema by facilitating 
the transport of fl uid into the ventricular system 
from which it is cleared by cerebrospinal fl uid 
(CSF). Generally, the dose of dexamethasone 
required to treat brain edema is much lower than 
the dexamethasone antiemetic dose. 

 Treatment of brain tumors is limited by the 
ability of therapeutic drugs to cross the blood–
brain barrier (BBB). The BBB is damaged in 
patients with a brain tumor, thus facilitating pen-
etration of cytotoxic drugs into tumor tissue. 
Corticosteroids, by repairing damage to the 
BBB, may reduce the delivery of chemothera-
peutic agents to the brain. This restoration of the 
BBB may decrease uptake of cytotoxic agents 
into the brain tissue, reducing the effi cacy of 
chemotherapy in the treatment of a child with a 
brain tumor [ 20 ]. 

 Brain around tumor (BAT) is a transitional 
zone where the brain tissue is infi ltrated with 
tumor cells. Chemotherapy drugs that are unable 
to cross the intact BBB show increased penetra-
tion into BAT when compared to normal brain 
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    Table 22.1    Emetogenicity    of antineoplastics in children. Classifi cation of the acute emetogenic potential of antineo-
plastic medication in pediatric cancer patients given intravenously (unless stated otherwise) as single agents [ 17 ]   

 High level of emetic risk (>90 % frequency of emesis in absence of prophylaxis) 
 Altretamine  Dactinomycin 
 Carboplatin  Mechlorethamine 
 Carmustine >250 mg/m 2   Methotrexate ≥12 g/m 2  
 Cisplatin  Procarbazine (oral) 
 Cyclophosphamide ≥1 g/m 2   Streptozotocin 
 Cytarabine 3 g/m 2 /dose  Thiotepa ≥300 mg/m 2  
 Dacarbazine 
 Moderate level of emetic risk (30–90 % frequency of emesis in absence of prophylaxis) 
 Aldesleukin >12 to 15 million U/m 2   Etoposide (oral) 
 Amifostine >300 mg/m 2   Idarubicin 
 Arsenic trioxide  Ifosfamide 
 Azacitidine  Imatinib (oral) 
 Bendamustine  Intrathecal therapy (methotrexate, hydrocortisone, and cytarabine) 

 Irinotecan 
 Busulfan  Lomustine 
 Carmustine ≤250 mg/m 2   Melphalan >50 mg/m 2  
 Clofarabine  Methotrexate ≥250 mg to <12 g/m 2  
 Cyclophosphamide <1 g/m 2   Oxaliplatin >75 mg/m 2  
 Cyclophosphamide (oral)  Temozolomide (oral) 
 Cytarabine >200 mg to <3 g/m 2   Vinorelbine (oral) 
 Daunorubicin 
 Doxorubicin 
 Epirubicin 
 Low level of emetic risk (10 to <30 % frequency of emesis in absence of prophylaxis) 
 Amifostine ≤300 mg/m 2   Ixabepilone 
 Amsacrine  Methotrexate >50 to <250 mg/m 2  
 Bexarotene  Mitomycin 
 Busulfan (oral)  Mitoxantrone 
 Capecitabine  Nilotinib 
 Cytarabine ≤200 mg/m 2   Paclitaxel 
 Docetaxel  Paclitaxel—albumin 
 Doxorubicin (liposomal)  Pemetrexed 
 Etoposide  Teniposide 
 Fludarabine (oral)  Thiotepa <300 mg/m 2  
 5-Fluorouracil  Topotecan 
 Gemcitabine  Vorinostat 
 Minimal (<10 % frequency of emesis in absence of prophylaxis) 
 Alemtuzumab  Lenalidomide 
 Alpha interferon  Melphalan (oral low dose) 
 Asparaginase (IM or IV)  Mercaptopurine (oral) 
 Bevacizumab  Methotrexate ≤50 mg/m 2  
 Bleomycin  Nelarabine 
 Bortezomib  Panitumumab 
 Busulfan (oral)  Pentostatin 
 Cetuximab  Rituximab 
 Chlorambucil (oral)  Sorafenib 
 Cladribine (2-chlorodeoxyadenosine)  Sunitinib 

(continued)
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Table 22.1 (continued)

 Dasatinib  Temsirolimus 
 Decitabine  Thalidomide 
 Denileukin diftitox  Thioguanine (oral) 
 Dexrazoxane  Trastuzumab 
 Erlotinib  Valrubicin 
 Fludarabine  Vinblastine 
 Gefi tinib  Vincristine 
 Gemtuzumab ozogamicin  Vindesine 
 Hydroxyurea (oral)  Vinorelbine 
 Lapatinib 

  High level of emetic risk (>90 % frequency of emesis in absence of prophylaxis) 
 Reprinted from Dupuis LL, Boodhan S, Sung L, et al. Guideline for the classifi cation of the acute emetogenic potential 
of antineoplastic medication in pediatric cancer patients. Pediatr Blood Cancer 2011;57(2):191-8. With permission of 
John Wiley & Sons, Inc.  

tissue though decreased compared to tumor 
thereby demonstrating a partially damaged BBB 
in BAT. In a rat model, the concentration of plati-
num was signifi cantly lower in BAT treated with 
cisplatin and dexamethasone compared with the 
rat treated with cisplatin alone, indicating that the 
effi cacy of cisplatin in patients with a brain tumor 
may be impaired with commitment administra-
tion of dexamethasone [ 21 ]. 

 Steroids have also shown to decrease the con-
centration of intravenous contrast media in the 
tumor and the area around the tumor on imaging 
studies including computed tomography and 
MRI, refl ecting stabilization of blood tumor and 
peritumoral BBB [ 22 ]. Also, in several carci-
noma cell lines, dexamethasone has been shown 
to enhance resistance to radiotherapy and chemo-
therapy [ 13 ]. This induction of resistance to che-
motherapy and radiotherapy by dexamethasone 
may result in suboptimal clinical responses in 
children with brain tumors. In view of the above-
mentioned evidence, dexamethasone use as an 
antiemetic should be avoided, if possible, in chil-
dren being treated for a brain tumor. 

 The child being treated for a brain tumor will 
often receive craniospinal radiation, surgery, and 
chemotherapy. Radiation to the brain often 
causes nausea and vomiting that can be managed 
with the use of a 5-HT3 antagonist given prior to 
radiation. The chemotherapy regimens usually 
used to treat brain tumors are often platinum 
based and hence are highly emetogenic. As dexa-

methasone is discouraged, it is very important to 
maximize alternative antiemetics.  

   5-Hydroxytryptamine Receptor 
Antagonists 

 The development of the 5-hydroxytryptamine 
(5-HT 3 ) receptor antagonists has greatly improved 
the control of chemotherapy-induced emesis and 
these agents are considered the gold standard. 
However, 5-HT 3  receptor antagonist as single 
agent leads to poor CINV control in patients 
receiving moderately emetogenic chemotherapy 
(MEC) and highly emetogenic chemotherapy 
(HEC) (Table  22.1 ) [ 17 ]. The recently published 
POGO guidelines recommend 5-HT 3  receptor 
antagonist administered together with nabilone or 
chlorpromazine in whom corticosteroids are con-
traindicated [ 16 ]. 

 Ondansetron is the most studied 5-HT 3  antagonist 
and is considered an effective fi rst-line antiemetic 
in children undergoing chemotherapy, radiother-
apy, and surgery. Ondansetron is generally well 
tolerated in children with minimal toxicity. 
Ondansetron, granisetron, dolasetron, and tropi-
setron are all 1st-generation 5-HT 3  antagonists 
and have been compared in various studies. First-
generation 5-HT 3  antagonists (ondansetron, 
granisetron, or tropisetron) have comparable 
effi cacy in preventing CINV in cisplatin-based 
chemotherapy when administered with dexa-
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methasone [ 20 ]. The effi cacy of the intravenous 
and oral routes of ondansetron is equivalent, and 
recent studies have demonstrated that the oral 
formulations are safe, effective, and probably 
less expensive than the intravenous formulations 
during non-cisplatin-containing moderately and 
highly emetogenic chemotherapy [ 23 ]. The rec-
ommended dose of ondansetron for children 
receiving moderately or highly emetogenic che-
motherapy is 5 mg/m 2 /dose (0.15 mg/kg/dose) 
IV/PO pre-therapy x 1 dose and then q8h for 
highly emetogenic chemotherapy and every 12 
hourly for moderately emetogenic chemotherapy. 
The ondansetron dose for children receiving che-
motherapy with low emetogenicity is 10 mg/m 2 /
dose (0.3 mg/kg/dose; maximum 16 mg/dose IV 
or 24 mg/dose PO) pre-therapy × 1 dose [ 16 ]. 

 Granisetron is a specifi c 5-HT 3  antagonist, 
which is well tolerated with the common adverse 
effects reported being headache, constipation, 
diarrhea, asymptomatic arrhythmia, and transient 
elevation of serum transaminase. The intravenous 
and oral routes are equally effi cacious. The usual 
intravenous dose is 40ug/kg as a single daily dose 
for chemotherapy of any emetogenicity [ 24 ]. 

 A genetic polymorphism has been identifi ed 
that affects patients’ responses to antiemetic 
therapy following moderate to highly emeto-
genic chemotherapy. The 5-HT 3  receptor 
antagonists are metabolized by the cytochrome 
P450 (CYP) enzymes, and patients who have 
been identifi ed as ultrarapid metabolizers of the 
isoenzyme CYP2D6 have a signifi cantly higher 
frequency of vomiting within the fi rst 24 h after 
chemotherapy with the administration of ondan-
setron. Alternatively, granisetron is metabolized 
exclusively by the CYP3A subfamily and so 
would not be expected to have diminished 
effect in rapid metabolizers of CYP2D6 and 
would potentially be an alternative agent in these 
patients. Conversion to an alternate 5-HT 3  antag-
onist is a simple intervention in patients who do 
not respond to initial 5-HT 3  antagonist and bene-
fi t may be observed in 40–50 % of patients; how-
ever, genetic polymorphism may not be the only 
factor responsible [ 13 ]. 

 Palonosetron is a newer 2nd-generation 5-HT 3  
antagonist with a 40-h half-life in adults com-

pared to the 4–8 h for the 1st-generation antagonist. 
With its longer half-life, this agent shows prom-
ise in the control of both acute and delayed nau-
sea and vomiting [ 20 ].  

   Other Antiemetic Medications 

 Nabilone is a synthetic cannabinoid used in con-
trol of CINV. Preliminary animal studies showed 
that nabilone had signifi cant antiemetic activity 
against drugs potent in causing emesis, such as 
cisplatin and carmustine with its primary action 
on the medulla oblongata and some secondary 
anxiolytic activity medicated through the fore-
brain. Nabilone has been reviewed in a meta- 
analysis concluding that cannabinoids were 
slightly better at controlling CINV than pro-
chlorperazine, metoclopramide, domperidone, 
or haloperidol [ 25 ]. The antianxiety properties of 
nabilone may contribute to its antiemetic effect. 
In a randomized, double-blind, crossover trial, 
nabilone was compared to prochlorperazine for 
control of CINV in children aged between 3.5 
and 17.8 years. Major side effects commonly 
experienced during nabilone administration 
were dizziness, drowsiness, and mood alteration. 
Dose reduction improved the symptoms without 
interfering with the effi cacy of nabilone. A higher 
proportion of patients experienced control of 
CINV during nabilone treatment compared to 
prochlorperazine and more patients preferred 
nabilone [ 26 ]. 

 Despite the lack of signifi cant supporting evi-
dence, the use of nabilone is recommended in 
combination with a 5-HT 3  antagonist in patients 
in whom corticosteroids are discouraged. 
Nabilone is only available in an oral formulation 
which may restrict its use in the child unable to 
swallow. The safety and effi cacy of nabilone in 
children less than 4 years has not been estab-
lished. Generally, nabilone is more effective in 
adolescent and older children who are refractory 
to standard prophylaxis [ 13 ]. 

 Metoclopramide was one of the fi rst antiemet-
ics used in clinical practice. It was initially 
thought to be a dopamine antagonist acting 
centrally in the chemoreceptor trigger zone and 
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peripherally promoting gut motility but was later 
also found to be a week 5-HT 3  receptor antago-
nist [ 27 ]. Prospective trials have evaluated the 
effi cacy and side effects of metoclopramide ver-
sus 5-HT 3  receptor antagonists administered to 
control CINV in children receiving antineoplas-
tic therapy. The ability of metoclopramide is 
marginal in the setting of highly emetogenic anti-
neoplastic therapy. Extrapyramidal reactions 
(EPR) have been noted in patients treated with 
metoclopramide. Diphenhydramine is an anti-
cholinergic drug that acts on the cholinergic 
receptors to prevent or lessen the dystonia caused 
by metoclopramide [ 27 ]. Metoclopramide may 
have a role in children receiving moderately 
emetogenic antineoplastic therapy for whom cor-
ticosteroids need to be avoided [ 16 ]. 

 Chlorpromazine has been evaluated in a sin-
gle randomized trial and reported to have only 
moderate success in providing complete vomit-
ing control in children receiving highly emeto-
genic antineoplastic therapy [ 16 ]. There is a 
limited published experience with chlorproma-
zine for CINV; however there is extensive general 
pediatric experience with use of chlorpromazine. 
As an antiemetic, its effi cacy has not been evalu-
ated in combination of 5-HT 3  antagonist. Despite 
lack of evidence, the use of chlorpromazine in 
combination with a 5-HT 3  antagonist may be 
considered for children who cannot receive dexa-
methsoane [ 16 ]. Sedation and hypotensive effects 
should be given consideration while using in the 
outpatient setting. 

 For the treatment of anticipatory nausea or in 
children who experience breakthrough nausea 
and vomiting, benzodiazepines can be prescribed. 
It should be noted that benzodiazepines, like 
lorazepam, cause sedation and should be used 
cautiously with other agents that cause sedation, 
e.g., chlorpromazine. The antiemetic effect of 
lorazepam is thought to be independent of its 
sedative effect and it is believed to act by inhibit-
ing input to the vomiting center [ 13 ]. 

 For breakthrough nausea and vomiting, there 
is a lack of evidence to give specifi c directions 
regarding management. The fi rst step will be 
maximization of the current antiemetic regimen. 

For example, if the patient is on low-dose 5-HT 3  
antagonist prophylaxis, the 5-HT 3  antagonist 
dose should be maximized. If the patient is 
already on highest antiemetic dose, then addition 
of other antiemetics should be considered. The 
choice of other antiemetics will depend on need 
and circumstances of individual patients [ 13 ]. 

 Currently, there is not enough evidence to rec-
ommend the routine use of antiemetics to prevent 
delayed nausea and vomiting. Knowledge about 
risk factors for delayed emesis is lacking; how-
ever, association between delayed emesis and 
emesis during acute phase strongly suggests 
rigorous attention to the prevention of acute 
CINV. Delayed emesis commonly occurs follow-
ing the administration of cisplatin, carboplatin, 
cyclophosphamide, or doxorubicin [ 13 ,  14 ]. 

 A novel agent, aprepitant, is an NK-1 receptor 
antagonist that blocks NK-1 receptors in the brain 
and gut. Published pediatric experience is limited 
and of poor quality. It is effective in combination 
with a 5-HT 3  inhibitor and dexamethasone, in the 
management of acute and delayed onset of vomit-
ing in highly emetogenic protocols especially 
those containing cisplatinum [ 19 ]. Aprepitant is 
currently only marketed for use in the combina-
tion with ondansetron and dexamethasone so it 
would not be an option in the management of 
nausea and vomiting in the child with a brain 
tumor as dexamethasone use is discouraged.  

   Non-pharmacological Interventions 

 Various adjunctive non-pharmacological inter-
ventions provide control of CINV in children 
receiving antineoplastic agents of any emetic 
risk. Nonmedical approaches including acupunc-
ture, acupressure, guided imagery, music therapy, 
progressive muscle relaxation, and psychoeduca-
tional support and information may be effective 
in children receiving antineoplastic agents [ 16 ]. 

 Children may be advised to eat small, frequent 
meals; to reduce food aromas and avoid stimuli 
with strong odors as well as avoid spicy, fatty, 
and highly salty food; and to take antiemetic 
prior to meals [ 16 ].   
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   Endocrinopathy at Diagnosis 
and During Treatment 
of Brain Tumor  

 Midline tumors developing in the hypothalamic–
pituitary region account for 15–20 % of all pedi-
atric brain tumors, including craniopharyngioma, 
optic pathway glioma, hamartoma, germ cell tumor 
(GCT), suprasellar arachnoid cyst, and hypotha-
lamic pituitary astrocytoma [ 28 ]. Intracranial 
germ cell tumors (icGCT) are classically divided 
into two main groups called germinoma and 
non-germinomatous germ cell tumors (NGGCT). 
Presenting symptoms usually leading to diag-
nosis of hypothalamic–pituitary lesion include 
neurological and visual complaints that could be 
secondary to increased intracranial pressure, 
ophthalmic compression, or involvement of 
adjacent structures [ 28 ]. Tumors of suprasellar 
and pineal region show various endocrine 
 abnormalities even before the start of any treat-
ment or surgery [ 29 ]. Endocrinal symptoms in 
midline tumors including diabetes insipidus; 
changes in weight, height, and growth velocity; 
precocious puberty; or delayed sexual develop-
ment less often lead to diagnosis, despite being 
present long before diagnosis [ 28 ]. 

 Growth infi ltration or mass effect of the 
tumor can cause the dysfunction of the pituitary 
gland manifesting as endocrine abnormalities. 
Hypothalamic–pituitary axis dysfunction gives 
rise to endocrinal abnormalities. This infl uence 
could be transient and the pituitary gland may 
regain its ability to secrete hormones after treat-
ment but it could be permanent. Therapeutic 
modalities, including surgery and radiotherapy, 
can damage pituitary cells leading to worsening 
of preexisting hypopituitarism [ 30 ]. 

   Precocious Puberty 

 Precocious puberty (PP) is usually defi ned as 
the onset of secondary sexual development 
before the age of eight years in girls and nine 
years in boys. Central precocious puberty (CPP) 
is organic when it is associated with a lesion of 

the central nervous system (CNS) and idiopathic 
when no lesion is detected by the neuroimaging. 
Etiology of organic CPP is variable and has a 
direct relationship to the location and type of 
lesions, indicating that onset of CPP is not 
resulting from the disruption of putative GnRH 
pulse generator inhibitory infl uence but result-
ing from secretion of stimulatory substances by 
various lesions. Cerebral imaging is routinely 
performed in patients with PP to rule out organic 
lesions. Various lesions have been described as 
causes of organic CPP, including true tumors 
such as glioma, germ cell tumor, and pseudotu-
mor including hypothalamic hamartoma [ 29 ]. 
In icGCT, the high testosterone level in males 
causing the early onset of puberty can be due to 
an increase in β-hCG. Precocious puberty devel-
opment in female is more complicated, requiring 
a rise in LH and FSH in addition to an increase 
in β-hCG. This could be the reason that PP caused 
by icGCT is more commonly seen in males than 
in females [ 30 ]. 

 Optic pathway gliomas have been associated 
with CPP, both with and without NF1; however, 
PP has not been reported in gliomas located out-
side the suprasellar area before treatment, indi-
cating that PP in these tumors could be secondary 
to tumor location and tumor cell type. Neuroactive 
substances are secreted by hypothalamic astro-
cytes stimulating the release of GnRH [ 29 ].  

   Diabetes Insipidus 

 Diabetes insipidus (DI) is often an early clinical 
manifestation in suprasellar GCT. The mecha-
nism of central DI is considered to be interrup-
tion of the transport of the vasopressin 
neurosecretory granules along the hypothalamic–
neurohypophyseal pathway [ 31 ]. DI often per-
sists after completion of tumor treatment, 
indicating continuous need of vasopressin ana-
logue. Sometimes, endocrinal disturbance can 
manifest long before radiological evidence of 
tumor in GCT [ 30 ]. Unrecognized endocrine 
symptoms, mainly enuresis, accounted for lon-
gest delay in diagnosis of GCT. Delay in seeking 
medical advice with polyuria and polydipsia 

22 Supportive Care



248

could be related to the fact that GCT occurs in 
older children and adolescents, who may have 
less parental supervision and who may be less 
willing to seek medical attention especially for 
enuresis [ 28 ]. Although DI is mostly related to a 
neurohypophyseal germ cell tumor, there are 
reports of DI in patients with tumor of the pineal 
region, even without radiographic evidence of 
suprasellar/third ventricular disease. 

 During chemotherapy for GCT, presence of 
DI is a risk factor for chemotherapy-related com-
plications when cisplatin- and/or ifosfamide- 
based protocols are used. Despite vigilant 
monitoring of electrolytes and desmopressin 
dose adjustment, signifi cant variations in sodium 
level have been documented leading to adverse 
clinical manifestations [ 32 ]. 

 Since DI is frequent in patient with icGCT, it 
is strongly recommended to maintain close fol-
low- up in idiopathic DI as a tumor may appear 
later on imaging. This follow-up should involve 
test of pituitary functions, neurological examina-
tion, and screening for tumor markers [ 30 ].  

   Growth Hormone Abnormality 

 Growth hormone levels have been found to be 
reduced in almost 50 % of cases and retarded 
growth can be an early sign in icGCT located in 
suprasellar regions [ 32 ]. Mass effect or infi ltra-
tive lesions exerted by icGCT cause decrease 
hormone production or secretion leading to 
either increased or decreased level of cortisol, 
sexual hormones, TSH, and thyroxin [ 30 ]. No 
endocrine disturbance is pathognomonic of 
icGCT. If clinical or laboratory evidence of an 
endocrine abnormality is detected together with 
neurological symptoms, an icGCT should be 
considered even if no radiological evidence of 
tumor is identifi ed. Close follow-up is strongly 
recommended [ 30 ]. 

 Craniopharyngiomas (CRA) are locally 
aggressive tumors which typically arise in the 
suprasellar region and can involve the pituitary 
stalk, the hypothalamus, and the optic pathway. 
Although most patients have endocrine insuffi -
ciency on diagnosis, with growth hormone defi -

ciency being more prevalent, they rarely seek 
medical attention for endocrine issues. Stunted 
growth in most pediatric cases is a hallmark of 
CRA. Abnormal height and weight have been 
described in more than 50 % of cases with CRA. 
However, abnormal BMI (body mass index) or 
BMI progression and abnormal height or growth 
velocity are rarely the cause of referral despite 
being present for long [ 28 ]. 

 Multimodality treatment for these CRA 
tumors can be challenging, given the signifi cant 
risk accompanying any intervention involving 
the structures in the region. Endocrinopathy is a 
common iatrogenic complication of treatment of 
CRA, with either surgical resection or radiosur-
gery. Hormonal disturbances are markedly 
increased after gross total resection compared 
with partial resection, with or without radiation, 
with over 50 % of patients experiencing at least 
one endocrinopathy and over 10 % developing 
panhypopituitarism [ 33 ]. Therefore, the effect of 
aggressive resection on endocrine function 
should be considered and anticipated when plan-
ning surgery for CRA. Obesity is common at 
diagnosis but is increased posttreatment. 
Although PP has been found to be associated 
with CRA, it is mostly reported after either sur-
gery or radiotherapy and it has rarely been 
described as presenting symptom of CRA [ 29 ].  

   Clinical Implications 

 There is often signifi cant delay between the onset 
of symptoms and diagnosis of pediatric brain 
tumors, including hypothalamic pituitary lesions, 
compared to the shorter period taken to diagnose 
other malignancies. Timely diagnosis could pro-
vide an opportunity to start treatment possibly 
avoiding irreversible damage and improving 
prognosis with minimal side effects [ 28 ]. 

 It is important to recognize endocrine symp-
toms and clinical signs as they can occur long 
before the diagnosis of hypothalamic pituitary 
lesions are made. Height, weight, and BMI plot-
ting may be helpful in shortening the time taken 
to diagnose as in a substantial number of cases 
changes in these measurements preceded the 
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onset of neuro-ophthalmic- presenting symptoms 
[ 28 ]. 

 Careful history and clinical examination, as 
well as timely reevaluation needs to be done in 
patients with abnormal BMI or BMI progression, 
as the presence of other neurological, ophthalmo-
logic, and endocrine signs and symptoms may be 
indicative of the presence of an underlying hypo-
thalamic–pituitary lesion.   

   Posterior Fossa Syndrome 

 Posterior fossa syndrome (PFS), also known as 
cerebellar mutism syndrome (CMS), was fi rst 
described in 1979 by Hirsh after a posterior fossa 
tumor resection. PFS develops in a subset of 
patients following resection of posterior fossa 
tumors including up to 25 % of patients with 
medulloblastoma [ 34 ,  35 ] . PFS has been 
described in both pediatric and adult literature 
but it is more common in children. 

 PFS typically manifests 1–2 days after resec-
tion of a midline posterior fossa tumor and is 
characterized by diminished speech progressing 
to mutism as well as other neurological, cogni-
tive, and behavioral impairments [ 34 – 36 ]. After 
surgery, there is brief interval of 1–2 days of rela-
tively normal speech followed by rapid onset of 
mutism and emotional lability with high-pitched 
cry (sole form of vocalization). Most common 
neurological fi ndings are ataxia and hypotonia. 
Additional symptoms include striking apathy, 
lack of initiative, reduced spontaneous move-
ment, inattention or lack of response to visual 
stimuli, impaired eye opening, oropharyngeal 
dyspraxia, and urinary retention. Resolution of 
mutism is often followed by period of dysarthria. 
The majority of cases of PFS are moderate to 
severe in intensity [ 34 – 36 ]. 

   Risk Factors 

 There are no consistent specifi c demographic, 
clinical, or radiographic predictors of PFS. Given 
the absence of symptoms preoperatively, damage 
from tumor itself is unlikely [ 36 ]. Several risk 

factors for the development of PFS have been 
proposed. Tumor type has been identifi ed as a 
risk factor, with high rate of PFS observed with 
medulloblastoma compared to other posterior 
fossa tumors. Vermian location has often been 
related with syndrome; however, a Children’s 
Oncology Group (COG) study found no correla-
tion between vermian location of tumor and 
PFS. There has been no relationship between 
PFS and age or gender at diagnosis. Although 
case studies have cited tumor size as a risk factor, 
results from the large prospective study are not 
consistent with this fi nding. Preoperative brain 
stem invasion has been linked with risk of PFS in 
COG prospective study [ 34 – 36 ].  

   Mechanism of Injury 

 Splitting of inferior cerebellar vermis was consid-
ered as the cause of PFS following identifi cation 
of correlation between this approach and develop-
ment of mutism. This theory has been debated 
because PFS continued to occur despite a change 
in practice that avoided splitting of vermis. PFS 
has been observed even without damage to 
median and paramedian structures [ 35 ,  36 ]. 

 Another theory suggests that vasospasm and 
subsequent postoperative ischemia may cause 
PFS, but radiographic fi ndings have not supported 
this theory. Hydrocephalus was previously 
hypothesized to be related to PFS but several 
studies have found no correlation. Previously, 
PFS has been shown to occur more frequently in 
patients with radical resection than in patients 
with residual tumors suggesting that a more 
aggressive surgical technique is associated with 
increased incidence of PFS. Recent studies have 
not supported this. Postsurgical edema resulting 
from intraoperative manipulation has also been 
suggested as a leading theory. Some reports have 
shown increased bilateral edema in cerebellar 
peduncles in patients with PFS. Recently, it has 
been documented that left-handedness presurgi-
cally, larger tumor size, presence of high-grade 
tumor, and white matter damage in the right cer-
ebellar regions of the cerebello–thalamo–cerebral 
pathway are associated with PFS [ 34 ,  36 ,  37 ].  
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   Neuroradiological Studies 

 Preoperative and immediate postoperative MR 
imaging have not reliably differentiated patients 
with PFS from those without. Neuroimaging 
studies failed to predict who will develop PFS, 
but have helped to understand the pathophysiol-
ogy of the disorder. Damage has been found in 
the cerebellar vermis, brain stem, dentate nuclei, 
middle cerebellar peduncle, and superior cerebel-
lar peduncle. Studies demonstrate that the occur-
rence of PFS is not localizable to a specifi c 
neuroanatomical region but rather to disruption 
of neural circuitry along the dentatothalamocor-
tical outfl ow tracts [ 36 ,  37 ]. 

 MRI imaging obtained one year after medullo-
blastoma resection showed increase diffuse cere-
bellar and brain stem atrophy in patients with PFS 
compared to patients without PFS, indicating more 
persistent posttreatment damage to the cerebellum, 
vermis and brain stem in patients with PFS [ 37 ].  

   Outcome of PFS 

 Although mutism is transient, speech rarely normal-
izes and the syndrome is associated with long-term 
neurological, cognitive, and psychological sequelae. 
PFS was previously believed to be a transient phe-
nomenon, but recent studies have demonstrated that 
while some features of PFS may be transient, persis-
tent impairment is common and incomplete recovery 
of speech and language is frequent [ 36 ]. 

 Neurocognitive outcome evaluated at 12 
months following PFS in pediatric patients with 
medulloblastoma has shown signifi cantly lower 
performance in processing speed, attention, 
working memory, cognitive effi ciency, reading, 
spelling, and mathematics, indicating that devel-
opment of PFS places the patient at increased risk 
of neurocognitive defi cit [ 38 ].  

   Supportive Care and Clinical 
Implications 

 The role of the multidisciplinary team includ-
ing family, nurses, physician, speech-language 
pathologist, occupation therapist, physical 

therapist, social worker, and child life support 
is integral to provide care to patient and fami-
lies with PFS [ 39 ]. The emotional impact of 
PFS on families can be decreased by having a 
detailed consent prior to surgery including 
information on the possible alteration in ver-
bal, sensory, and behavioral abilities postsurgi-
cally, thus allowing families to better 
understand the potential postoperative compli-
cations thereby reducing fear and anxiety. 
Postoperatively, patients and families with PFS 
will require signifi cant education and support 
to adapt to new situation [ 39 ].   

   The Following Strategies May Help 
to Alleviate Symptoms of PFS 

 Mutism and impairment in expressive language 
and verbal memory result in inability to vocalize 
routine physical and emotional needs thus inter-
fering with effective coping. Patients need 
encouragement to express their feelings via age- 
appropriate therapeutic play activities [ 39 ]. 

 Ataxia, hypotonia, and reduced spontaneous 
movements need continuous support from the 
nurse, physiotherapist, and occupational thera-
pist to maintain skin integrity and maintenance of 
full range of motion and muscle tone by minimiz-
ing muscle wasting and contractures [ 39 ]. 

 Impaired eye opening requires involvement of 
ophthalmologist in addition to other team mem-
bers to prevent corneal abrasions [ 39 ]. 

 Oropharyngeal dyspraxia demands vigilant 
support from the dietitian, speech-language 
pathologist, and occupational therapist to prevent 
malnutrition and dehydration. Postoperative gag 
and swallowing refl exes should be assessed prior 
to starting oral feeds and an alternate feeding 
route may be necessary until patient regains gag 
and swallowing refl exes [ 39 ]. 

 Impairment of bladder and bowel function 
necessitates multidisciplinary team support to aid 
bowel elimination and prevention of renal reten-
tion and calculi. 

 There is no established treatment to facilitate 
recovery from cerebellar mutism. No known pre-
ventive measures can be established without 
knowing the exact etiology. Previous studies 
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have not defi nitely identifi ed any specifi c 
demographic, clinical, or radiographic features 
that can predict who is at risk of developing PFS 
after posterior fossa surgery. Treatment remains 
supportive.     
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           Introduction 

 Over    the last decades, the outcome of children 
with central nervous system (CNS) tumors has 
signifi cantly improved. Whereas the overall 
5-year survival rate was less than 30 % in 1970, 
the latest data from the Surveillance Epidemiology 
and End Results (SEER) estimated that 74 % of 
children with brain tumors survive beyond 5 
years. This cure rate is greatly attributable to the 
inclusion of radiation therapy (RT) as well as 
chemotherapy in treatment regimen. However as 
those survivors become young adults, the inci-
dence of late effects is being more apparent. 
More than two thirds of long-term survivors have 
at least one chronic medical complication [ 1 ]. 
These sequelae include endocrinopathy, osteopo-
rosis, cerebrovascular disease, neurological and 

neurosensory dysfunction, secondary neoplasms, 
as well as psychological complications and neu-
rocognitive impacts.  

   Medical Long-Term Effects 

   Endocrinological Effects 

 Surgery, radiation therapy, and/or chemotherapy 
like high-dose alkylating agents, platinum ana-
logues, nitrosoureas, and corticosteroid can cause 
endocrine and metabolic late effects which 
include gonadal damage, thyroid disorders, and 
dysfunction of the hypothalamo-pituitary axis. 
The risk for particular late endocrine effects 
depends upon the location of the tumor and the 
treatment modalities that were used [ 2 – 4 ].  

   Neuroendocrine Dysfunctions 

 Hypothalamic and pituitary endocrinopathies 
occur commonly in children following whole- 
brain or localized cranial radiation therapy (RT) 
that included these structures in the radiation 
fi eld. This damage is particularly common in 
patients with optic pathway/hypothalamic 
tumors whose tumors may directly compromise 
this location. Such injury may occur after doses 
≥24 Gy. In children treated with RT for non-
pituitary- related primary brain tumors, irradia-
tion of the pituitary hypothalamic axis can result 
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in delayed growth hormone (GH), adrenocorti-
cotropic hormone (ACTH), and thyroid-stimula-
tion hormone (TSH) defi ciencies. Growth 
hormone defi ciency occurs in nearly 100 % of 
children who receive ≥36 Gy of RT to the pitu-
itary region as seen in the treatment of medullo-
blastoma. It is less common with RT doses 
<24 Gy, but may not become evident until 10 
years after treatment. The time course of endo-
crine dysfunction is variable, with patients typi-
cally having abnormal serum hormone levels 
long before clinical symptoms develop. If symp-
toms occur, the manifestations depend on the 
specifi c hormone defi ciency [ 2 ,  4 ].  

   Thyroid Gland 

 Complications involving the thyroid gland are 
primarily seen in patients treated with thyroid 
involved-fi eld radiation and can present as hypo-
thyroidism (primary or central) and thyroid 
tumors (benign or malignant). Risk factors 
include female gender, young age at treatment, 
and radiation dose. The risk of developing pri-
mary hypothyroidism following craniospinal 
radiation therapy (CSRT) alone (36 Gy) for 
medulloblastoma is approximately 20–30 %, 
while the risk of secondary hypothyroidism is 
much lower (~3.4 %). Unfortunately, the attempt 
to decrease the dose of spinal RT (23.4 Gy) with 
the addition of adjuvant chemotherapy led to an 
unintended increased incidence of hypothyroid-
ism [ 2 ]. The theoretical benefi t to a radiation 
reduction dose (23.4 Gy) used more recently was 
not as important as the adverse effects created by 
the addition of chemotherapy: 60–80 % hypothy-
roidism for RT plus chemotherapy compared to 
20 % for RT alone [ 2 ,  3 ]. Hyperfractionated RT, 
even in the presence of chemotherapy, is associ-
ated with a reduction of primary hypothyroidism. 
Hypothyroidism may contribute to poor growth, 
lack of energy, and poor school performance, 
requiring substitutive opotherapy. Since this defi -
cit may develop years following treatment, 
patient must continue to be monitored with T4 
and TSH dosages.  

   Growth 

 Radiation-induced growth hormone defi ciency is 
due to either damage to hypothalamus or pitu-
itary gland, with the hypothalamus identifi ed as 
the primary site of damage. Cranial irradiation 
has an immediate suppressive effect on the hypo-
thalamic pituitary axis. According to the total 
cranial dose received, it reduces spontaneous 
growth hormone (GH) level and alters the normal 
pubertal rise in spontaneous GH secretions 
(18 Gy) but also the response to provocative stim-
uli (>27 Gy). GH defi ciency will develop earlier 
with doses >30 Gy. In addition, the size and the 
number of fractions infl uence growth hormone 
levels, with a higher incidence of defi ciency in 
patients receiving their cranial RT over 2.5 weeks 
in 10 fractions compared to same total dose of 
24 Gy over 4 weeks in 20 fractions ( p  < 0.002). 
Duffner et al. showed that GH defi ciency could 
be documented as early as 3 months following 
completion of cranial RT [ 2 ]. In that study, more 
than 80 % of patients with posterior fossa tumors 
became GH defi cient within the fi rst year post RT 
completion. Nevertheless, there are reports of 
GH defi ciency identifi ed as late as 6 years follow-
ing radiation. Once identifi ed, GH defi ciency 
appears to be permanent. The cause of poor 
growth in childhood brain tumor survivors can 
result also from direct inhibition of vertebral 
growth by spinal irradiation (>35 Gy) leading to 
short stature. The effects of spinal radiation are 
both dose and age dependent and are not cor-
rected by growth hormone. In contrast to RT 
effects, chemotherapy given alone can induce 
temporary growth retardation. Some agents, such 
as high-dose prednisone and methotrexate, seem 
to have direct inhibition effects on bone growth. 
Other factors, which play a role in growth failure, 
are poor nutrition, undetected hypothyroidism, 
and precocious puberty. 

 Yearly measurement of TSH and free T4 and 
monitoring for growth problems, using standard-
ized curves in the setting of endocrine consulta-
tion, should be part of the long-term monitoring 
of childhood brain tumor survivors. Early diag-
nosis of mild hypothyroidism and/or GH defi -
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ciency permits early intervention to improve 
growth velocity and quality of life [ 2 – 4 ].  

   Gonadal Function 

 Pubertal development can be adversely affected 
by cranial radiation. Doses >30–40 Gy may result 
in gonadotropin defi ciency, while doses >18 Gy 
can result in precocious puberty. Spinal radiation 
generally spares the testes while it can cause 
ovarian dysfunction in up to 35 % of girls. 
Chemotherapy may also impair gonadal func-
tion, usually more in males than in females. 
Testicular damage induced by cyclophosphamide 
is dose dependent. In general, prepubertal 
patients tend to be more resistant to adverse 
effects of RT and chemotherapy on gonadal func-
tion than postpubertal patients [ 2 ,  4 ,  5 ].  

   Osteoporosis 

 The brain tumor itself and the necessary treat-
ments, especially radiation therapy, poor nutri-
tion, limited weight-bearing exercise, and the 
development of endocrinopathies interact and all 
likely affect bone mineral density (BMD) during 
a crucial period for bone growth and skeletal 
accretion. Thus, the childhood brain tumor survi-
vors are at increased risk for osteoporotic frac-
tures later in life, depending on the magnitude of 
the BMD defi cit and the potential for recovery. 
These survivors should be assessed for risk fac-
tors for a low BMD and referred to an endocri-
nologist for a potential bone health assessment 
and treatment of any hormonal defi ciency as well 
as maximization of nutrition, exercise, and cal-
cium and vitamin D intake [ 6 ].  

   Physical Appearance 

 Permanent changes to physical appearance and 
body image are common late effects in childhood 
brain tumor survivors and can be often over-
looked or minimized by clinicians. Visible scars 
from craniotomies, ventricular derivations, other 

procedures, and central lines are daily reminders 
of their experience for almost all of survivors. 
Additionally, most of them who received cranial 
irradiation develop variable degree of permanent 
alopecia. When treated at a young age, many 
patients have noticeable changes to the bone 
structure of their skull. Most of the brain tumor 
survivors are self-conscious about these localized 
but visible physical changes. Craniospinal irra-
diation and/or disruption of the pituitary hypo-
thalamic axis can lead to more global changes in 
physical appearance such as short stature or obe-
sity [ 4 ,  7 ].  

   Dental and Oral Health 

 Dental and oral complications are common 
among head and neck cancer survivors. For these 
patients, chemotherapy or protocols involving 
high-dose chemotherapy with stem cell trans-
plantation, radiation therapy to the head and neck 
region can have a signifi cant impact on normal 
growth and development of teeth and surround-
ing structures. Abnormal fi ndings include taste 
dysfunction, chronic salivary gland dysfunction 
with increased risk of candidiasis and dental car-
ies, more frequent during the early phase, smaller 
teeth (microdontia), delayed eruption of teeth, 
failure of the teeth to develop (hypodontia, tooth 
agenesis) but also premature loss of teeth, facial 
disfi gurement, and trismus. Risk factors associ-
ated with at least one dental problem include: 
radiation therapy dose to the jaw especially when 
the total dose exceed 20 Gy (nearly sixfold 
increase in risk) and total dose of alkylating 
agents. Cancer survivors prescribed with bone- 
modifying agents (e.g., bisphosphonates) consti-
tute also a high-risk group for oral and dental 
complications, especially jaw osteonecrosis. In 
general, treatment at younger age is associated 
with a greater potential for such long-term 
effects. For those reasons, newly diagnosed can-
cer patients should be referred for a complete oral 
examination prior to initiation of therapy. The 
dentist and the oncologist should maintain com-
munication so that each provider is aware of rel-
evant fi ndings and potential complications of 
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treatment. When there are complications affect-
ing growth and development, patients may 
require the expertise of oral and maxillofacial 
surgeons, orthodontists, and prosthodontists for 
comprehensive management [ 8 ].  

   Sleep Disorder 

 Children treated for a CNS tumor can experience 
sleep disorders such as disturbed sleep-wake 
rhythm, increased sleep duration, less fl exible in 
timing of their sleep, and daytime sleepiness, 
which can signifi cantly impact on their daily per-
formance and their quality of life (QOL). These 
disturbed sleep patterns are more often described 
in children with hypothalamic, pituitary, or brain 
stem lesions as well as in children treated with 
craniospinal radiotherapy. There is also a strong 
association of excessive somnolence and psycho-
social functioning with fatigue. Routine evalua-
tion of sleep habits during consults at the 
outpatient clinic may help to better understand 
the mechanisms behind these disorders and pres-
ent possible interventions (e.g., melatonin, cogni-
tive therapy, bright light therapy, medications, 
and/or physical activities) [ 9 ].   

   Cerebrovascular Disease 

   Stroke 

 A growing body of literature reports cerebrovas-
cular disease in survivor of childhood CNS 
tumors. Reported rates of late-occurring stroke 
and transient ischemic attack (TIA) vary from 
267.6 per 100,000 person-years to 548 per 
100,000 person-years [ 10 ,  11 ]. In contrast to 
2–8/100,000 person-years in a comparable gen-
eral population, this represents an increase risk of 
40- to 100-fold with a cumulative incidence of 
6.9 % at 25 years. Strokes usually occur at a 
mean age of 26 years, 5 to 15 years after comple-
tion of therapy. The risk is closely associated to 
the radiation therapy (RT) dose and targeted fi eld. 

The highest risk is observed in patients receiving 
more than 50 Gy to the cranium and RT involving 
the circle of Willis [ 10 ,  11 ]. Patients with brain 
tumors treated with RT and alkylating agents 
have been identifi ed to be at highest risk of stroke 
when compared to their siblings with relative risk 
of 78.3 [ 10 ]. 

 The exact mechanism by which RT induces 
stroke is still under investigation. Radiation has 
been found to cause excessive production of 
prostaglandins, prostacyclins, thromboxane, and 
leukotrienes inducing infl ammatory reactions 
with increased vascular permeability, vasodilata-
tion, vasoconstriction, and microthrombus for-
mation. Changes in medium and large vessels 
reminiscent of premature atherosclerosis with 
intima fi brosis and foam cell accumulation with 
luminal narrowing are observed. Known risks 
factors such as dyslipidemia and high blood pres-
sure have been reported to accelerate this process 
both in animal model and in cancer survivors. 
Since childhood cancer survivors are more likely 
to develop obesity, lower high-density lipopro-
tein, insulin resistance, and hypertension, tight 
control of those risk factors are essential.  

   Moyamoya 

 Moyamoya vasculopathy has been characteristi-
cally reported in pituitary and chiasmatic tumor 
patients treated with and without radiation. This 
vasculopathy is a progressive stenosis of supra-
clinoid internal carotid arteries resulting in devel-
opment of collateral blood vessel formation. 
Radiation to the circle of Willis and neurofi bro-
matosis type I (NF1) have been identifi ed as risk 
factors [ 12 ]. In one large study, 12 patients 
(3.5 %) out of 345 treated with RT for a primary 
brain tumor developed moyamoya syndrome at a 
median time of 38 months in NF1 patients com-
pared to 55 months in those without NF1. 
Currently there is no standard treatment, but in 
their cohort, all patients were placed on    antiplatelet 
therapy with daily aspirin and nine underwent 
revascularization procedures [ 12 ].  
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   Vascular Malformations 

 Children treated with radiotherapy are at an 
increased risk of vascular malformations. 
Radiation can weaken the vessel wall and result 
in cerebral cavernous malformation, telangiecta-
sias of capillaries, and eneurysms. Cavernous 
malformations consist of closely apposed, dilated 
vascular channels with no intervening brain 
parenchyma. Radiation is also believed to stimu-
late angiogenesis factors eventually leading to 
these vascular malformations. In patients treated 
with RT for their primary brain tumors, a large 
series identifi ed cerebral cavernous malforma-
tions in ten of 297 (3.4 %) patients, 6 times higher 
than in the control population. Cerebral cavern-
ous malformations were found on imaging at a 
median latency of 37 months (3 to 102 months) 
after completion of therapy [ 13 ]. Most of these 
lesions are asymptomatic, but a subset may be 
associated with seizures, headaches, and hemor-
rhages that may require surgical intervention. 

 Telangiectasias are commonly found in brain 
tissue obtained from patients treated with 
RT. They encompassed vascular malformation 
consisting of dilated postcapillary vessels, with 
thin-walled, tortuous, dilated vascular channels, 
and perivascular leukocyte infi ltration. These 
abnormal vascular structures may become symp-
tomatic after bleeding but are usually consider a 
benign fi nding.  

   Small Vessel Vasculopathy 

 Small vessel vasculopathy with mineralizing 
microangiopathy of the basal ganglia and subcor-
tical white matter has also been found to occur 
from months to years after completion radiation. 
An autopsy study revealed that 28 of 163 (17 %) 
patients with leukemia treated with cranial radia-
tion presented mineralizing microangiopathy 
after RT [ 14 ]. Most patients are asymptomatic, 
but some investigators have correlated their pres-
ence with behavioral disorders, neurological 
deterioration, and dementia.  

   SMART Syndrome 

 Stroke-like migraine attacks after radiation ther-
apy (SMART) syndrome has recently been rec-
ognized as a specifi c constellation of signs and 
symptoms occurring after high-dose RT (usually 
>50 Gy) to the posterior cerebral lobes or poste-
rior fossa. Patients typically present acute new- 
onset neurological symptoms including 
hemiplegia, aphasia, ataxia, and behavior changes 
associated with migraine-like headache. 
Symptoms last from hours to several days and the 
recovery is usually complete. Magnetic reso-
nance imaging (MRI) changes are characteristic 
with focal leptomeningeal enhancement associ-
ated with thickening and T2 signal abnormality 
on MRI images of subjacent gyri (Fig.  23.1 ). 
Cerebrospinal fl uid analysis may reveal pleocyto-
sis. Electroencephalography (EEG) can demon-
strate diffuse slowing, and hypermetabolism has 
been observed on [18 F] fl uorodeoxyglucose 
positron-emission tomography imaging. The dif-
ferential diagnoses range from encephalomenin-
gitis and leptomeningeal dissemination of the 
primary tumor. Evaluation for bacterial and viral 
infection as well as leptomeningeal disease with 
cytology is necessary for full evaluation. 
Characteristic MRI changes can then be diagnos-
tic. While several patients may have recurrent 
events, no specifi c treatment or prophylaxis is 
clearly effective. Anecdotal treatments including 
topiramate, carbamazepine, verapamil, proprano-
lol, and warfarin have been reported [ 15 ]. The 
physiopathology remains unknown but may 
involve dysfunction of the trigeminal vascular 
system, channelopathy, or vasculopathy.

      Secondary Neoplasms 

 While the overall survival in childhood cancer 
survivors increases, secondary neoplasms have 
emerged as a long-term complication of treat-
ment. Two large registries    and two population- 
based studies have estimated a cumulative 
incidence of subsequent malignant neoplasms 
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(SMNs) in childhood cancer survivors of 3 to 4 % 
at 20 years posttreatment [ 16 ,  17 ]. Survivors of 
Hodgkin disease are affl icted with higher rates of 
breast and thyroid cancers, whereas leukemia and 
primary CNS tumors have tendency to develop a 
subsequent CNS tumor. Armstrong et al. reported 
76 cases of SMNs in 1877 survivors of CNS 
malignancies with second CNS tumors (26 %), 
followed by thyroid (16 %) and sarcoma (11 %). 
They also observed 171 neoplasms classifi ed as 
“benign” tumors including 59 meningiomas and 
112 nonmelanoma skin cancers. The overall 
cumulative incidence of a subsequent neoplasm at 
25 years was estimated to be 10.7 % (Fig.  23.2 ) 
[ 18 ]. Most common malignancies are malignant 
astrocytomas which are overrepresented by glio-
blastomas, followed by sarcomas and occasion-
ally supratentorial primitive neuroectodermal 
tumors (sPNET) (Fig.  23.3 ).

    In a study based on an acute lymphoblastic 
leukemia (ALL) population, the mean time 
between diagnosis and development of subse-
quent CNS neoplasm was 11.9 years, with 
20.6 years for meningiomas and 8.8 years for all 
other CNS tumors. In fact, the cumulative inci-

dence of CNS SMNs such as glioblastomas pla-
teaued at 15 years, whereas the cumulative 
incidence of meningiomas continue to increase 
beyond 35 years posttreatment [ 19 ]. 

 Despite similar histological appearance, sec-
ondary malignancies typically behave more 
aggressively and are resistant to treatment. The 
overall survival for second glioblastomas is uni-
formly poor, and second sPNET have an overall 
survival of 18 % at 18 months compared to 
40–50 % at 36 months for a primary sPNET [ 20 ]. 
Subsequent meningiomas have also been found 
to be more often atypical and prone to relapse. 

 The development of SMNs is most likely mul-
tifactorial, but RT certainly contributes to this 
process. The vast majority of SMNs develops 
within the radiation fi eld. At 25 years, the cumu-
lative incidence of SMNs was 7.1 % for patients 
who received more than 50 Gy to the cranium 
compared to 1 % for those who did not received 
RT. A linear dose response is observed with an 
excess relative risk per Gy of 0.33 for gliomas 
and 1.06 for meningiomas. 

 The exact contribution of chemotherapy to the 
development of SMNs is more diffi cult to assess 

  Fig. 23.1    Axial ( a ) and sagittal ( b ) brain MRI 
T1-weighted images with contrast showing a characteris-
tic SMART syndrome. This 13-year-old female was 
treated with 39.6 Gy of craniospinal radiation following a 
diagnosis of medulloblastoma when she was 6 years of 

age. Seven years later she presented with headache, fever, 
aphasia, and right hemianopsia. CSF analyses were nega-
tive for herpes virus. She recovered completely but pre-
sented a total of four similar episodes       
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partly due to the use of combination chemother-
apy regimens. Alkylating drugs, especially cyclo-
phosphamide and    epipodophyllotoxins, such as 
etoposide, have been reported to increase the 
cumulative incidence of second malignancies up 
to 4 % compared to 1 % [ 21 ]. The majority were 
acute non-lymphomatous leukemia (ANLL) and 
acute myeloid leukemia (AML) which tended to 
occur within the fi rst 3 years after treatment. 

 Somatic mutations can predispose an individ-
ual to develop SMNs. Patients with p53 
(Li-Fraumeni syndrome) are more likely to 
develop sarcoma, primary brain tumor, and ALL 
after treatment. Therapy may be tailored in order 
to reduce exposure RT and certain chemotherapy 
agents, but usually those patients are diagnosed at 
their subsequent neoplasm. No study has tested 
systematically all patients with SMNs, but the 
prevalence of such mutation remains probably 
low. In six patients with ALL that eventually 
developed a second CNS tumor, none were carrier 
of a p53 mutation. Other somatic mutations such 
as the ataxia telangiectasia mutated gene (ATM) 
known to be involved in DNA repair possibly play 

  Fig. 23.2    Cumulative incidence of subsequent neo-
plasms in long-term survivors of childhood central ner-
vous system tumor based on Childhood Cancer 
Survivors Study. [Reprinted from Armstrong, G.T., 
Long-term survivors of childhood central nervous sys-

tem malignancies: the experience of the Childhood 
Cancer Survivor Study. European journal of paediatric 
neurology: EJPN: offi cial journal of the European 
Paediatric Neurology Society, 2010. 14(4): p. 298–303. 
With permission from Elsevier]       

  Fig. 23.3    Axial brain MRI T1-weighted image with con-
trast showing a right frontal subsequent supratentorial 
primitive neuroectodermal tumor (sPNET). This 17-year- 
old female patient was treated 7 years earlier with cranio-
spinal radiation for CNS relapse of acute lymphoblastic 
leukemia. Despite two surgeries, salvage radiation ther-
apy and chemotherapy, she rapidly progressed and died 5 
months after diagnosis       
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a role. Whereas homozygote patients present a 
classical phenotype with childhood ataxia, telangi-
ectasia, and immunodefi ciency, heterozygotes are 
at increased risk (odds ratio 5.8) of neoplasm fol-
lowing exposure to radiation. Patients with NF1 
are also more likely to develop a secondary malig-
nancy. Sharif et al. reported that 20 % of patients 
with optic pathway glioma developed SMNs, and 
half of patients treated with radiotherapy devel-
oped an SMN, usually gliomas or malignant nerve 
sheet tumors [ 22 ]. Finally, metabolism and detoxi-
fi cation might also be involved in the development 
of SMNs especially in those with ANLL and 
AML. Polymorphisms of NAD (P)H:quinone 
 oxidoreductase (NQO1), glutathione S-transferase 
(GST), and thiopurine S-methyltransferase (TPMT) 
have been reported. An ongoing cooperative group 
study from the Children’s Oncology Group aims 
to address those predisposing factors by enrolling 
patients with SMNs and assessing their p53, ATM, 
and polymorphisms status. 

 The role and benefi ce of surveillance brain 
MRI to detect asymptomatic SMNs remains 
unknown.  Long - Term Follow - Up Program 
Resource Guide  published in 2008 by the 
Children’s Oncology Group recommends con-
ducting imaging only if the patient presents new- 
onset symptoms [ 23 ]. Experts however suggested 
surveillance brain MRI every 2 years for patient 
with NF1 who received RT.  

   Long-Term Neurological 
and Neurosensory Sequelae 

 Long-term survivors of childhood CNS tumors 
are at high risk of neurologic and neurosensory 
impairment not only during treatment but also 
years after completion of their therapy.  

   Seizures and Epilepsy 

 Epilepsy may represent a signifi cant problem in a 
subset of young adult survivors. Studies have 
reported that between 1 % and 3 % of children 
with new-onset seizures have a brain tumor and 
that seizure is the initial presenting symptom at 
diagnosis in up to 9 % of children with brain 

tumor [ 24 ]. Patients with slowly growing neo-
plasms such as dysembryoplastic neuroepithelial 
tumor (DNET), ganglioglioma, pleomorphic 
xanthoastrocytoma, and cortically based low- 
grade astrocytoma are particularly prone to 
develop epilepsy. The vast majority (81 %) has a 
supratentorial tumor that generally involves the 
temporal lobe [ 25 ,  26 ]. Risk factors for poor out-
come include having seizures for more than 1 
year preoperatively and partial resection. Seizure 
freedom can be expected in 79 % of patients 
undergoing a gross total tumor resection versus 
43 % for a partial resection. It is still unclear
if there is a benefi t to perform expanded-fi eld epi-
lepsy surgery with intraoperative electrocorticog-
raphy in contrast to a brain tumor surgery, where 
the goal is to remove the tumor and obtain diag-
nostic tissue. In some instances, chemotherapy 
and RT have also been reported to improve 
 seizure control. 

 In a report from the Childhood Cancer 
Survivor Study (CCSS), the prevalence of epi-
lepsy in long-term survivors of childhood brain 
tumors was 25 %. Interestingly, 6.5 % had their 
fi rst seizure more than 5 years after diagnosis 
of their cancer [ 27 ]. Seizures were more fre-
quent in patients treated with RT > 30 Gy to any 
cortical area (relative risk [RR] 2) and more 
frequent in children treated at young age. 
Methotrexate has also been related to late sei-
zure onset, especially in the setting of necrotiz-
ing leukoencephalopathy. 

 Seizure control with antiepileptic drugs 
appears similar to what can be expected in 
patients without brain tumor. In a report from 
Khan et al., 65 % were controlled and 17 % were 
considered intractable. Uncontrolled seizures 
were more frequent in children with neurologic 
defi cits, pericavity T2 abnormalities on MRI, and 
slow waves on EEG [ 26 ]. However, another 
group reported that only 39 % were seizure-free 
and that 26 % were intractable [ 25 ]. For patients 
who are seizure-free with medication, a slow 
tapering can be attempted after 2–3 years. In one 
study, including 62 patients with pediatric brain 
tumors and epilepsy, 73 % who were weaned off 
remained seizure-free [ 26 ]. Unfavorable risk fac-
tors included multiple tumor resections and 
whole-brain RT.  
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   Motor Dysfunction 

 Motor impairment is a well-known late-onset 
sequela, but few studies have specifi cally been 
conducted to address this subject. Multiple con-
tributing factors include the tumor itself, hydro-
cephalus, surgery-associated morbidity, side 
effects of chemotherapy, and RT. Not surpris-
ingly, it has been reported that compared to their 
siblings, 49 % of childhood brain tumor survivors 
had coordination problems and 26 % presented 
motor diffi culties. The onset of those dysfunc-
tions occurred mainly at diagnosis or during 
treatment. Nonetheless, 4.6 % reported that their 
impairments appeared more than 5 years post-
treatment. Patients who had received at least 
50 Gy were found to be at higher risk for motor 
problems (RR 2.0) compared to those who 
received less than 30 Gy [ 27 ]. Late-onset leuko-
encephalopathy and cerebral vasculopathy asso-
ciated with radiation have been hypothesized as 
possible mechanisms for late-onset motor and 
coordination impairments. 

 Primary spinal cord tumors are rare in chil-
dren and account for 4–8 % of all tumors from 
the central nervous system. However, due to their 
location, a signifi cant proportion of patients have 
long-term sequelae such as weakness, dysesthe-
sia, and sphincter dysfunction. In general, post-
operatively 35–70 % will remain stable, 40 to 
60 % will improve, and 5 to 40 % will worsen 
neurologically [ 28 ]. Around 40 % of those who 
deteriorated following surgery will improve 
within a month, but improvement can be expected 
up to a year [ 28 ]. Postoperative functional out-
come is strongly correlated to preoperative neu-
rologic state. The presence of an identifi able 
tumor plane at surgery, cystic tumor, and 
improvement in neurological symptoms before 
discharge has been reported to be associated with 
overall neurological improvement. 

 Although initially considered reversible, up to 
50 % of patients with postoperative posterior 
fossa syndrome were found to have permanent 
neurological dysfunction including cranial nerve 
neuropathy, hypotonia, and ataxia. 

 Vincristine and cisplatin commonly used in 
treatment of patients with brain tumors are 

known for their neurotoxicity including peripheral 
 neuropathy. Whereas most patients signifi -
cantly improve following completion of their 
therapy, young adults continue to present evi-
dence of neuropathy several years later. Long-
term follow-up studies have shown that 
reduction in deep tendon refl exes, raised vibra-
tion perception threshold, and abnormal nerve 
conduction were found in 44 %, 55 %, and 
35 %, respectively [ 29 ]. Despite the fact that 
symptoms have been reported to persist in 
20–75 % of patients, most had no impact or 
limitation in their daily activities. The outcome 
of such peripheral neuropathy 20 to 30 years 
after treatment is however unknown. As this 
population is at risk of metabolic syndrome, 
diabetes- associated neuropathy could add sig-
nifi cant morbidity. 

 Although not extensively studied, pain can also 
affect daily functioning of long-term survivors of 
childhood cancer. More than 10 years post diag-
nosis between 10 and 30 % of patients reported 
pain or abnormal sensation. 16.7 % were using 
prescription analgesic drugs and 21 % attributed 
their pain to cancer and its treatment [ 30 ].  

   Ototoxicity 

 In targeting the outer hair cells in the organ of 
Corti and the vascularized epithelium in the lat-
eral wall of the cochlea, high doses of platinum 
have been reported to cause irreversible early- or 
delayed-onset hearing loss. These late complica-
tions are not only creating functional limitation 
but also affect speech development, learning, 
communication, school performance, social inter-
action, and overall quality of life. Ototoxicity is 
one of the most common platinum-related neuro-
toxic effects; it is characterized by a dose- 
dependent high-frequency sensorineural hearing 
loss with tinnitus. The variable reported incidence 
of hearing loss is related to the specifi c criteria 
used to defi ne hearing loss, the younger age at 
start of treatment, the high cumulative doses of 
platinum compounds (>400 mg/m2 for cisplatin 
and carboplatin), and the use of concomitant oto-
toxic treatments including CNS radiation therapy 
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[ 31 ,  32 ]. Ototoxicity has a general dose depen-
dence, but with considerable interindividual vari-
ability. Genetic polymorphisms in enzymes 
responsible for platinum metabolism (e.g., gluta-
thione S-transferase, thiopurine methyltransfer-
ase, catechol O-methyltransferase) may contribute 
to the substantial interpatient variability in the 
severity of hearing loss [ 33 ,  34 ]. In addition, 
higher levels of residual platinum, which can per-
sist for years following treatment, may also con-
tribute to the severity of ototoxicity. Ototoxicity 
after platinum chemotherapy can present or 
worsen years after completion of therapy. 
Radiotherapy (RT) to the normal cochlea or cra-
nial nerve VIII can also cause sensorineural hearing 
loss. Cranial RT, when used as a single modality, 
results in ototoxicity when cochlear dosage 
exceeds 32 Gy. Young age, presence of a brain 
tumor, and/or hydrocephalus can increase suscep-
tibility to hearing loss. The onset of radiation- 
associated hearing loss may be gradual, 
manifesting months to years after exposure. When 
used concomitantly with platinum, RT can sub-
stantially exacerbate the hearing loss associated 
with chemotherapy. RT to temporal lobe (>30 Gy) 
and to posterior fossa (≥50 Gy but also ≥30–
49.9 Gy) was associated with an increased risk of 
problems with hearing sounds, tinnitus, and hear-
ing loss requiring an aid [ 35 ]. Concurrent admin-
istration of platinum and RT results in synergistic 
ototoxicity, especially in the high- frequency 
speech range. Care should be taken to distinguish 
sensorineural hearing loss versus conductive hear-
ing loss due to serous otitis media as seen after 
RT, which occasionally requires myringotomy. 
Early detection of ototoxicity in children may 
minimize the risk for severe  impairment in the fre-
quencies required for speech recognition. In chil-
dren being treated with either cisplatin or 
carboplatin, extended high-frequency audiometry 
(i.e., at frequencies above 8 kHz) is more sensitive 
to early hearing loss than conventional audiome-
try. This procedure is readily carried out in chil-
dren more than 5 years old. For younger children, 
distortion product otoacoustic emissions 
(DPOAEs) are also more sensitive than conven-
tional audiometry. Various strategies have been 
considered to minimize platinum ototoxicity. The 
data were insuffi cient to support the routine use of 

otoprotective agents such as amifostine to prevent 
platinum ototoxicity. A major challenge to the 
development of otoprotective agents is the lack of 
consensus on the best ototoxicity assessment cri-
teria, which should include QOL component. 
Radiation reduction dose to the cochlea has been 
investigated, including the use of three-dimen-
sional (conformal) RT, intensity- modulated RT 
(IMRT), and more recently proton therapy [ 36 ]. 
Once treatment is completed, long- term audio-
metric monitoring should continue according to 
one of recognized pediatric late effects monitor-
ing guidelines for appropriate management.  

   Vision 

 According to a CCSS study, childhood brain 
tumor survivors are signifi cantly more at risk of 
developing visual impairment. Legal blindness in 
one or both eyes was reported in 13 % (RR 17.3), 
cataracts in 3 % (RR 11.9), and double vision in 
17 % (RR 8.8) [ 27 ]. Cataracts and late-onset 
optic neuropathy are a recognized complication 
of RT. Prolonged uses of corticosteroid such as 
dexamethasone can also contribute to the devel-
opment of posterior subcapsular cataracts. 
Tumors involving the suprasellar area are partic-
ularly prone to induce visual fi eld cuts and visual 
acuity defi cits. In patients with craniopharyngi-
oma, 36 % had visual acuity abnormality at pre-
sentation without improvement at follow-up, and 
44 % had a persistent visual fi eld defect [ 37 ]. 
Studies on ophthalmologic complications of 
optic pathway glioma have reported visual acuity 
loss in 20 % to 70 % of patients. Involvement of 
the posterior chiasmatic area has been reported as 
a risk factor of poor visual outcome. Finally, 
long-standing obstructive hydrocephalus from 
delayed CNS tumor can lead to severe optic atro-
phy and blindness.  

   Psychosocial Complications 

 Cognitive impairment, motor dysfunction, physi-
cal appearance, and seizures can contribute 
to diffi culty in several domains such as school, 
employability, interpersonal relationships, 
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independent living, and emotional functioning. 
Those challenges and diffi culties can translate into 
poor quality of life for survivors and their families. 

 Obtaining employment appropriate to one’s 
education and interest can be challenging and 
constituted an important milestone. Whereas it 
has been reported that survivors of cancer such as 
lymphoma and leukemia may expect the same 
rate of employment than the general population, 
studies including patients with a history of brain 
tumor almost uniformly report lower than average 
employment rate. Survivors from CNS tumors 
may demonstrate defi cits in motor function with 
limitation in various tasks such as writing, key-
board typing, or driving which can restrict their 
vocation. After conducting a meta- analysis, De 
Boer et al. observed that brain tumor survivors are 
fi ve times more likely to be unemployed (OR 
4.74, 95 % CI 1.21–18.65) [ 1 ]. The unemploy-
ment rate has been estimated to be 26 % in another 
survey. Risk factors included younger age at diag-
nosis, lower education or IQ, female gender, epi-
lepsy, and having received RT [ 1 ]. 

 While most adult survivors of childhood can-
cer appear to be doing well in terms of their psy-
chological health and adaptation, a signifi cant 
proportion (15–30 %) present higher levels of 
global distress and depression. Fear of secondary 
neoplasms and health in general is a signifi cant 
concern and source of stress in this population. 
Up to 20.5 % of young adults treated for child-
hood cancer met posttraumatic stress disorder 
criteria at some point. Threat to life, intensive 
treatment regimens, painful invasive procedures, 
and sides effects have been found to lead to 
stressful experiences. 

 Social isolation is also a concern in a subgroup 
of cancer survivors. Some have suggested that 
missed school and opportunities for social inter-
action may contribute to this isolation. Physical 
health problems but also impaired higher execu-
tive functions such as initiation, planning, deci-
sion making and judgment can affect ones 
interaction and independency. Mulhern et al. 
reported that 33 % of long-term survivors of 
childhood cancer exhibit signifi cant defi ciencies 
in social competence or behavioral problems 
[ 38 ]. It has been observed that only 30 % of 

young adult survivors of medulloblastoma were 
able to drive and live independently. 

 Another assessment of social functioning has 
been studied through the interpersonal relation-
ship such as marital status. Almost uniformly, 
studies have shown that survivors of CNS tumors 
such as medulloblastoma have a lower dating 
rate. Long-term survivors of childhood and ado-
lescent cancer were less likely to be married than 
control subjects (rate ratio (RR) for males 0.87, 
95 % CI 0.76–0.99), and the rate ratio was even 
lower for man survivors of CNS tumors (rate 
ratio 0.48, 95 % CI 0.35–0.66) [ 39 ]. The average 
length of fi rst marriage was in general shorter 
with higher divorce rates (rate ratio 2.9, 95 % CI 
1.7–5.15) compared to control population. 
Emotional distress, cognitive impairment, 
chronic fatigue, delayed achieving autonomy 
from their nuclear families, and physical morbid-
ity certainly contribute to lower rates of marriage 
for childhood CNS tumor survivors.   

   Conclusion and Recommendations 

 As the number of childhood CNS tumor survi-
vors increases, sequelae of therapies are better 
appreciated. However, very long-term effects 
30–40 years after treatment still need to be inves-
tigated. Cerebrovascular diseases such as stroke, 
cognitive dysfunction leading to early dementia, 
secondary neoplasms, and peripheral neuropathy 
are likely to constitute an increasing problem in 
the coming years. 

 Different resources such as  Long - Term 
Follow - Up Program Resource Guide  offer valu-
able guideline and information [ 23 ]. To address 
their specifi c medical, psychological, and social 
needs, multidisciplinary and comprehensive clin-
ics are essential. Transition from pediatric neuro- 
oncology to adult comprehensive care will need 
to be emphasized and facilitated. 

 The balance between survival and long-term 
side effects will certainly be a challenge for 
decades. Hopefully, tailored therapy to reduce 
and limit the need for radiation and chemother-
apy will lead to improved outcomes with fewer 
side effects and morbidity.     
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           Introduction 

 Long-term survival of children with brain tumors 
has increased over recent decades due to important 
advances in diagnostics and treatment. Accordingly, 
attention has turned to the quality of survivorship 
for the ever-increasing population of pediatric brain 
tumor survivors (PBTS). Neuropsychological defi -
cits are unfortunately common, with the majority 
of PBTS showing some form of defi cit on formal 
psychological testing, varying from mild learning 
diffi culties to severe impairment. These diffi culties 
persist over time, and in adulthood, PBTS report 
the poorest health-related quality of life amongst 
childhood cancer survivors, secondary to neuro-
psychological and other treatment-related late 
effects [ 1 ]. Because neuropsychological defi cits 
signifi cantly impact the quality of life, psychoso-
cial functioning, educational attainment, and 
employment status of PBTS, there is urgent need to 
identify and minimize these defi cits in order to 
optimize functional outcomes. 

 Neuropsychological outcomes for individual 
PBTS are highly variable and depend on multiple, 
interrelated disease- and treatment-related vari-

ables, including characteristics of the tumor 
(histology, location), required neurosurgical inter-
ventions, and adjuvant therapy (chemotherapy 
and radiation). The manifestation of treatment 
effects is strongly related to the duration of time 
since treatment. Neuropsychological effects are 
moderated by the child’s individual characteris-
tics (age at diagnosis, sex, pre-morbid function-
ing, and genetics) and environmental factors. 
Targeted interventions may additionally infl uence 
long-term neuropsychological outcomes. Further, 
as the mechanisms of treatment-related neurotox-
icity have been elucidated, the potential for risk-
adapted treatments, neuroprotective agents, and 
strategies for neuronal repair has emerged, which 
could substantially reduce morbidity. 

 In general, isolating the effect of the myriad 
predictor variables on neuropsychological out-
comes has been diffi cult. For example, tumor 
type and location typically dictate the modality 
and intensity of treatments. Likewise, brain 
tumors that present in infancy are often very 
aggressive and require more intensive treatment, 
making it diffi cult to disentangle the contribution 
of age at diagnosis and specifi c treatments to 
long-term neuropsychological function. 

 Despite challenges in attributing the neuro-
psychological defi cits in PBTS to specifi c causes, 
a wealth of research has been generated over the 
past 40 years which has substantially increased 
our understanding of long-term neuropsycholog-
ical outcomes. Much of this data has been pro-
duced by Canadian researchers, and wherever 
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possible their contributions are highlighted in 
this chapter. This accumulated research has led to 
the development of conceptual models of predic-
tive variables that are related to neuropsychologi-
cal outcome in PBTS (see Fig.  24.1 ). The model 
presented above, adapted from Palmer, 2008 and 
Askins and Moore, 2008 [ 2 ,  3 ], is used as a 
framework for this review. The specifi c and gen-
eral neuropsychological defi cits faced by PBTS 
are described, along with the predictor and mod-
erating variables which are often interrelated. 
A review of evidence-based interventions is 
followed by a discussion of future directions for 
reducing neuropsychological morbidity and 
improving research efforts, care, and functional 
outcomes for survivors.

      Neuropsychological Outcomes 

 There is considerable heterogeneity in individual 
neuropsychological outcomes for PBTS given 
the variety of tumor types and/or treatments and 
associated time and individual factors. As a 
result, no single neuropsychological phenotype 
exists. The severity of neuropsychological diffi -

culties experienced by PBTS may range from 
mild learning or attention diffi culties that can be 
easily accommodated to severe limitations in 
intelligence and adaptive functioning which 
restrict independent living. Early research on 
neuropsychological outcomes of PBTS focused 
on general measures of intelligence because they 
were commonly measured in clinical practice, 
widely understood, and predictive of academic 
success. Indeed, certain subgroups of PBTS, such 
as children with medulloblastoma treated with 
cranial radiation, almost uniformly display intel-
lectual defi cits [ 4 ]. Likewise, academic achieve-
ment is frequently measured because of the 
signifi cant educational needs of PBTS and the 
presumed ecological validity of academic perfor-
mance measures [ 5 ]. 

 However, intelligence scores represent a com-
posite of multiple cognitive processes and sole 
reliance on such broad measures obfuscates more 
detailed analysis of brain/behavior relations. 
Similarly, academic performance is multifacto-
rial and may be impacted by behavior, mood, 
fatigue, and school absences, in addition to cog-
nition [ 5 ]. Core cognitive functions, on the other 
hand, are considered to be “purer” measures of 

  Fig. 24.1    Predictors of neuropsychological outcome in PBTS       
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neurocognition in PBTS. These functions, which 
include attention, processing speed, working 
memory, psychomotor skills, and new learning, 
underlie the ability to learn effi ciently and retain 
information [ 6 ]. Across all brain tumor patients, 
core cognitive functions have been shown to be 
more adversely affected than global intelligence 
[ 7 ,  8 ], irrespective of treatment. Further, defi cits 
in core cognitive functions have been shown to 
underlie failure make age-appropriate gains in 
intelligence and academic achievement [ 9 ]. 

 In the largest published meta-analysis of stud-
ies of long-term neuropsychological effects in 
PTBS across all tumor types and locations, 
Robinson and colleagues [ 7 ] analyzed 39 empiri-
cal studies and found that relative to normative 
data, PBTS showed signifi cant and pervasive defi -
cits across a range of specifi c and general cogni-
tive variables. The largest effect sizes were found 
for psychomotor skill, attention, visual- spatial 
skill, verbal memory, and language. Effect sizes 
for general intelligence and academic achieve-
ment were somewhat smaller in magnitude. In 
terms of their level of performance, PBTS per-
formed almost a full standard deviation below 
normative level in overall intellectual ability. 

 Meta-analysis of neuropsychological out-
comes in children with tumors of the posterior 
fossa, collapsing across tumor types and treat-
ments, produced similar fi ndings [ 8 ]. Data from 
38 individual studies were analyzed and the mag-
nitude of effects across all of the domains ranged 
from medium to large in size. Again, the largest 
effect sizes were found for the specifi c cognitive 
functions, including attention, psychomotor skill, 
executive function, and language. Effect sizes for 
general intelligence and academic achievement 
were in the moderate range. Age at diagnosis was 
a signifi cant predictor of outcome; survivors 
diagnosed younger than 7 years of age showed 
signifi cantly larger defi cits than survivors diag-
nosed at an older age in the areas of overall cog-
nitive ability, verbal intelligence, and nonverbal 
intelligence. With respect to their level of perfor-
mance, children treated for posterior fossa tumors 
performed near or over a full standard deviation 
lower than age-matched peers on the specifi c 
and general cognitive domains assessed. Thus, 

the research to date demonstrates that PBTS, 
 particularly those with posterior fossa tumors 
who were treated with radiation, show defi cits 
across multiple cognitive domains. Irrespective 
of the treatment type, core cognitive functions 
appear to be more vulnerable to disruption in 
PBTS and, in turn, these specifi c diffi culties lead 
to declines in general intellectual and academic 
functioning.  

   Tumor, Treatments, and Time 

   Tumor Characteristics 

 The types and location of brain tumors that arise 
in childhood differ from those seen in adulthood. 
Specifi cally, children are more likely than adults 
to have primitive neuroectodermal tumors 
(PNETS), including medulloblastoma and pineo-
blastoma, choroid plexus tumors, and chiasmatic- 
hypothalamic gliomas. While supratentorial 
tumors predominate in adults, children are more 
likely to have infratentorial tumors. Although 
there have been confl icting fi ndings, children 
with supratentorial and infratentorial tumors do 
not generally differ in overall intelligence, but the 
pattern of cognitive defi cits differs. One study 
reported that across varying tumor types and with 
equivalent radiation dose, children with infraten-
torial tumors performed more poorly on selected 
measures of core cognitive functions, such as 
attention and working memory, and were more 
likely to be diagnosed with a learning disorder 
relative to survivors of supratentorial tumors, 
even when controlling for age at diagnosis [ 10 ]. 
As would be predicted based on the functional 
organization of the brain, tumors in the left hemi-
sphere are associated with greater defi cits in ver-
bal and language domains, while midline tumors 
in the hypothalamic and pineal regions tend to be 
associated with defi cits in declarative memory. 

 Midline tumors often block cerebrospinal 
fl uid (CSF) fl ow, resulting in obstructive hydro-
cephalus which requires neurosurgical intervention. 
Hydrocephalus has been shown to be a strong 
predictor of long-term neuropsychological defi cits. 
Specifi cally, increased severity of hydrocephalus 
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at the time of diagnosis was related to lower intel-
ligence in children with localized infratentorial 
ependymoma who were assessed prior to or dur-
ing radiation therapy [ 11 ]. While treatment of 
hydrocephalus by shunting is associated with 
improved intellectual functioning in the short 
term, the presence of hydrocephalus severe 
enough to require shunting (pre- or posttreat-
ment) is associated with poorer long-term intel-
lectual outcomes in patients, regardless of tumor 
type [ 12 ].  

   Treatments 

   Surgery and Surgical Complications 
 While certain tumors, including many low-grade 
gliomas, require only neurosurgical intervention, 
this treatment is not necessarily neuropsycholog-
ically “benign.” Mild intellectual and attention 
defi cits are measurable after neurosurgical inter-
vention but prior to adjuvant therapies [ 13 ]. 
Children with low-grade cerebellar astrocytomas 
treated only with neurosurgical resection dis-
played below normative-level performance on 
measures of general intelligence and academic 
and adaptive functioning at a mean of 103 days 
following surgery [ 14 ]. Similar results were 
reported for children who had surgical resections 
of midline or hemispheric low-grade gliomas; 
they displayed mild cognitive dysfunction rela-
tive to population norms when assessed an aver-
age of 111 days after surgery [ 15 ]. Cognitive 
dysfunction was greater in patients with left- 
hemisphere tumors relative to those with right- 
hemisphere tumors. Longitudinal studies are 
needed, however, to determine if there is natural 
recovery of function for PBTS treated with neu-
rosurgical interventions alone or whether the 
defi cits observed in the initial months following 
surgery persist. 

 Perioperative complications confer additional 
risks to neuropsychological functioning and tend 
to be more common in very young patients who 
are already more likely to experience long-term 
defi cits. For example, cerebellar mutism syndrome 
(CMS) is a postsurgical complication that is seen 
in approximately 25 % of patients with posterior 

fossa tumors. The syndrome is characterized by 
diminished or absent speech, dysarthria, and lin-
guistic diffi culties. CMS is often accompanied by 
ataxia, hypotonia, and emotional lability. Children 
who develop CMS are more likely to be left 
handed and have unilateral, localized damage 
within the cerebello-thalamo- cerebral pathway at 
the level of the right cerebellum [ 16 ]. Disruption 
of this pathway is thought to interfere with com-
munication between the posterior fossa and left 
frontal cortical regions that underlie language pro-
duction [ 16 ]. CMS is also associated with 
increased long-term cognitive defi cits compared to 
those without this complication. Children who 
develop CMS demonstrate signifi cantly lower per-
formance on measures of processing speed, atten-
tion, working memory, executive processes, 
cognitive effi ciency, and academic performance in 
reading, spelling, and mathematics at one year 
post diagnosis relative to patients without CMS 
[ 17 ]. Other postoperative complications and infec-
tions, diffi cult-to-control seizures, and antiseizure 
medication also contribute to neuropsychological 
morbidity in PBTS.  

   Radiation 
 Radiation therapy is generally considered the 
most signifi cant risk factor for long-term neuro-
psychological defi cits; higher dose and volume 
of radiation are associated with poorer outcomes, 
particularly in young children. Children with 
posterior fossa tumors have been shown to dis-
play a 2- to 4-point decline per year in intelli-
gence which is evident at 1 year posttreatment 
with rapid decline initially following treatment 
and more gradual decline thereafter [ 18 ]. 
Although there is individual variability in intel-
lectual decline, losses of 25–30 full-scale IQ 
points are not uncommon and the majority of 
children treated with cranial radiation prior to 7 
years of age require special education. However, 
much of the research on long-term radiation 
effects was done with children who received 
higher doses of radiation than are currently used 
(5,400 or 3,600 vs. 2,400 cGy craniospinal), and 
current radiation doses and delivery techniques 
may be less neurotoxic. Intellectual outcome has 
been reported to be less impacted in those patients 
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treated with 2,400 cGy dose to the brain and 
spine [ 19 ]; however, this effect has not been 
observed consistently, leading to questions con-
cerning other patient factors that may infl uence 
sensitivity to radiation. 

 Stereotactic conformal radiotherapy adminis-
tered directly to the tumor and a margin of sur-
rounding brain protects normal brain tissue and 
appears to reduce overall cognitive morbidity. 
Children with low-grade glioma or craniopharyn-
gioma who were treated with conformal radiation 
therapy showed no decline in learning perfor-
mance when assessed at a mean of 4–5 years fol-
lowing treatment [ 20 ]. Jalali and colleagues 
showed that conformal radiation administered to 
pediatric brain tumor patients was associated 
with clinically signifi cant intelligence declines in 
one third of the overall sample [ 13 ]. In their sam-
ple, clinically signifi cant decline in intelligence 
was associated with younger age at time of treat-
ment and higher radiation dose to the left tempo-
ral lobe. Thus, relative to conventional radiation 
therapy, conformal radiation appears to result in 
cognitive sparing. However, there continues to be 
a need for long-term data on specifi c radiation 
doses to various brain regions and their associ-
ated cognitive outcomes.  

   Chemotherapy 
 Understanding the contribution of chemotherapy 
agents to long-term neuropsychological out-
comes in PBTS is complicated as single chemo-
therapy agents are rarely given in isolation. There 
is vast literature detailing the neuropsychological 
effects of methotrexate, much of it in pediatric 
acute lymphoblastic leukemia (ALL) patients. 
Methotrexate depletes folate within the central 
nervous system (CNS) and neuropsychological 
impairments are related to both individual and 
cumulative methotrexate doses. For medulloblas-
toma patients, intrathecal methotrexate, in addi-
tion to a standard radiation therapy and 
chemotherapy protocol, was associated with 
increased neuropsychological defi cits, particu-
larly in those under 10 years of age [ 21 ]. Radiation 
therapy and intrathecal methotrexate seem to 
have a synergistic effect when combined, and it 
has been hypothesized that radiation therapy 

increases the permeability of the blood–brain 
barrier to neurotoxic chemotherapy. 

 More recently, methotrexate has been used 
with brain tumor patients under 3 years of age in 
an effort to avoid or delay radiation, with positive 
neuropsychological outcomes. For example, 
Rutkowski and colleagues reported on intellec-
tual outcomes for 14 children with medulloblas-
toma diagnosed prior to age 3 years who were 
treated with chemotherapy-only protocol includ-
ing intravenous chemotherapy and intraventricu-
lar methotrexate [ 22 ]. Average IQ at a mean of 5 
years post diagnosis was signifi cantly lower than 
healthy age-matched controls, but higher than 
historical medulloblastoma controls who received 
radiation therapy. 

 The Head Start II protocol utilized postsurgi-
cal high-dose chemotherapy followed by autolo-
gous hematopoietic cell transplantation to avoid 
or delay craniospinal radiation, and radiotherapy 
was required for a minority of patients (33 %). 
Patients less than 10 years of age at the time of 
diagnosis demonstrated low average intelligence 
and visual-motor integration at baseline (follow-
ing completion of induction therapy, but prior 
transplant or radiation) [ 23 ]. Follow-up testing at 
a mean of 2.8 years later showed stable cognitive 
performance with average social-emotional and 
behavioral functioning. Increased time from 
diagnosis was associated with lower intelligence, 
poorer reading, and delayed verbal memory com-
pared to patients more recently diagnosed. 
Because the full neuropsychological effects of 
this treatment may not have fully manifested, 
continued monitoring of this cohort is warranted. 
Nevertheless, chemotherapy-based protocols that 
attempt to avoid or delay radiation, particularly in 
young children, appear to be benefi cial to pre-
serving cognitive development. 

 Glucocorticoid steroids (e.g., prednisone and 
dexamethasone) are directly associated with acute 
neurobehavioral diffi culties in children and 
longer-term memory diffi culties. Other chemo-
therapy agents indirectly impact cognitive devel-
opment and academic performance. 
Platinum-based chemotherapeutic agents such as 
cisplatin are ototoxic at higher doses and may 
induce irreversible, bilateral hearing loss. 
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Neuropsychological defi cits, specifi cally in the 
language domains, are thought to be at least par-
tially associated with hearing loss at an early age. 
Another example is vincristine-related neuropathy 
which may impact writing and other fi ne motor 
functions.  

   Mechanisms of Treatment-Related 
Neurotoxicity 
 Radiation therapy disrupts the protracted process 
of myelination within the brain, which normally 
begins prenatally and continues through child-
hood and adolescence. The resulting white- 
matter damage is directly related to the nature 
and severity of neuropsychological impairment. 
White matter is composed of glial cells that pro-
vide structural and physiological support within 
the CNS and insulate axons (myelin). The func-
tional integrity of white matter is essential for 
cognitive effi ciency as it facilitates the transmis-
sion of electrical signals along axons. Thus, glial 
cells play an important role in neural transmis-
sion and are also involved in neurogenesis. These 
cells are sensitive to treatment-related damage 
because they are rapidly proliferating. 

 Observed changes in brain tissue following 
radiation therapy involve glial atrophy, demyelin-
ation, white-matter-specifi c necrosis, and decline 
in normal-appearing white-matter volume [ 24 ]. 
Neuroimaging measures of white-matter tissue 
damage, particularly in prefrontal and frontal 
regions, predict poor attention [ 25 ] and intellec-
tual functioning [ 26 ] following cranial radiation. 
Cranial radiation also has a detrimental impact 
on the growth of new neurons in the hippocam-
pus [ 27 ] with decreased hippocampal volume 
related to defi cits in declarative memory [ 28 ].  

   Time Since Treatment 
 Regardless of the treatment used, neuropsycho-
logical effects appear to be cumulative. The cog-
nitive effects of radiation therapy are measureable 
as early as one year after treatment and there is 
continual decline until late adolescence, at which 
time anticipated age-related gains in cognition 
begin to plateau. While previously acquired skills 
and knowledge are retained, there is a slowing in 

the rate of new skill acquisition, resulting in a 
steadily increasing gap in performance between 
PBTS and age-matched peers. Based on a meta- 
analysis of 29 studies of intellectual and atten-
tional functioning of PBTS across a range of 
tumor types, locations, and treatments, De Ruiter 
and colleagues reported that longer time since 
diagnosis was more highly predictive of overall 
IQ than either radiation or chemotherapy, 
accounting for 41 % of the total variance [ 29 ].    

   Moderators: Individual, Genetic, 
and Environmental Variables 

 Individual characteristics of the child and the 
environment may moderate relationships between 
disease- and treatment-related variables and neu-
ropsychological outcomes. Age at the time 
of diagnosis is a well-established predictor; chil-
dren diagnosed at a young age have historically 
shown poor neuropsychological outcomes. More 
recently, innovative treatment strategies have 
been introduced to delay or avoid the use of con-
ventional cranial radiation in very young children 
(<3 years), resulting in improved neuropsycho-
logical outcomes [ 22 ]. For reasons not well under-
stood, girls tend to display greater treatment- related 
neuropsychological impairment than boys, which 
may be associated with age-related sex differ-
ences in brain maturation. 

 The child’s pre-morbid level of functioning is 
another important moderator of long-term out-
comes. Children with above-average cognitive 
abilities at baseline (e.g., assessment within 
weeks of diagnosis) tend to show greater declines 
in standardized scores over time relative to 
children with lower baseline performance, pre-
sumably because they have “more to lose” [ 30 ]. 
Although the IQ point per year decline is typi-
cally higher in children with above-average 
baseline performance than those with lower per-
formance, frank impairment in intellectual func-
tioning in later years is less likely. 

 On the other end of the spectrum are those 
brain tumor patients with preexisting neurological 
or developmental conditions, such as neurofi bro-
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matosis type 1 (NF1) who may be at increased risk 
for developing treatment-related toxicities due to 
reduced “cognitive reserve” [ 31 ]. Identifi cation of 
this subgroup is particularly important in order to 
direct early interventions and services. 

 Genetic variation has also been considered as 
an additional contributor to individual differ-
ences in neurotoxicity following chemotherapy 
and radiation and neuropsychological outcomes. 
Sensitivity to radiation-induced neurotoxicity 
may be mediated by a number of genes related to 
cellular repair and there is interest in polymor-
phisms in glutathione S-transferases (GSTs), 
which have been shown to predict adverse intel-
lectual outcome in medulloblastoma patients 
[ 32 ]. Identifying genetic markers of susceptibil-
ity to radiation-induced brain injury may ulti-
mately prove useful in stratifying patients to 
individualized radiotherapy strategies, brain pro-
tection and repair interventions, and targeted 
rehabilitation programs. 

 Family functioning interacts with neuropsy-
chological variables to infl uence long-term out-
comes for the survivor and other family members 
[ 33 ]. Neuropsychological diffi culties may add to 
parental burden and general family stress, and in 
turn, family factors can impact the survivor’s 
adjustment to acquired defi cits. Higher socioeco-
nomic status, availability of both parents, and 
maternal stress level and utilization of supports 
have been shown to be predictive of higher intel-
ligence in long-term PBTS [ 34 ].  

   Interventions 

 Comprehensive neuropsychological evaluation is 
strongly recommended for all PBTS and is essen-
tial to characterize the nature and severity of 
late effects and to provide developmentally 
appropriate, individualized recommendations for 
interventions and accommodations. Specifi c rec-
ommendations for classroom-based interventions 
to support identifi ed areas of need are commonly 
made following assessment. Supports are often 
compensatory and may address specifi c cognitive 
defi cits and/or academic areas (e.g., additional 

time to complete tasks or assignments due to 
slowed processing speed; use of assistive tech-
nology and appropriate software such as voice-
to-text and/or text-to-voice; direct instruction in 
subject areas). However, classroom-based inter-
ventions (e.g., extra tutoring, audio books, use of 
a laptop) do not necessarily result in remediation 
of lagging skills or defi cits. Parents of PBTS are 
often required to advocate for their child’s educa-
tional and social needs, and parental adjustment, 
resources, and knowledge of neuropsychological 
late effects are required for effective advocacy. 

 Several evidence-based interventions have 
been examined in PBTS and survivors of other 
pediatric cancers, with varying degrees of suc-
cess. Intensive prophylactic academic interven-
tion offered shortly after cranial radiation holds 
promise for preserving academic skills that are 
particularly vulnerable (e.g., reading) in young 
children [ 35 ]. These results suggest that there 
may be a window of opportunity for skills-based 
intervention in the initial months following radia-
tion before the late effects manifest. For 
long- term survivors who already display neuro-
psychological defi cits, other approaches have 
been explored. Butler and Copeland developed a 
Cognitive Remediation Program (CRP) that 
incorporated attention training, special education 
strategies, and aspects of cognitive- behavioral 
therapy [ 36 ]. The results of a multicenter, ran-
domized clinical trial of CRP used with 6–17-
year survivors of childhood cancer resulted in 
modest gains for participants. The treatment was 
intense (20 two-hour weekly sessions) and lasted 
4–5 months. While participants showed statisti-
cally signifi cant improvement in academic 
achievement, used improved coping strategies, 
and were rated by parents as showing better 
attention, they did not differ from controls on 
measures of neuropsychological functioning. 
Whether these moderate intervention-related 
benefi ts were retained over time is unknown. 

 Because attention defi cits are so prevalent in 
PBTS, pharmacological interventions targeting 
attention have also been explored. Based on the 
success of stimulant medication in treating atten-
tion and behavioral problems in children with 
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attention-defi cit/hyperactivity disorder (ADHD), 
trials were undertaken to determine the effi cacy 
of stimulants in childhood cancer survivors. In a 
randomized, double-blind, placebo-controlled 
trial, methylphenidate (Ritalin) was associated 
with signifi cantly greater improvement on mea-
sures of sustained attention in a group of child-
hood cancer survivors [ 37 ]. Changes in learning 
and memory, however, were not signifi cant. 
Mulhern and colleagues reported improvements 
in parent and teacher ratings of attention and 
teacher-rated social skills in a sample of child-
hood cancer survivors who were administered 
methylphenidate in a randomized, double-blind 
placebo-controlled trial [ 38 ]. 

 Donepezil, an acetylcholinesterase inhibitor, 
has also been investigated in a pediatric brain 
tumor sample based on the presumed role of the 
cholinergic system in neuronal differentiation 
and synapse formation [ 39 ]. In a single- institution 
open-label pilot study of 11 PBTS who had 
received radiation therapy, donepezil was associ-
ated with improvements in some aspects of exec-
utive functioning and memory; however, no 
differences on other core cognitive domains were 
found. Tolerability of the drug was problematic 
and 3 of the 11 patients dropped out of the study 
prior to completion. 

 Because pharmacological interventions may 
not be well tolerated by PBTS and intensive 
interventions in a clinic setting may not be feasi-
ble, other alternatives have been explored. Home- 
based, computerized cognitive training using the 
commercially available Cogmed system    was 
found to be feasible and acceptable in a group of 
school-aged childhood cancer survivors with 
identifi ed defi cits in attention and/or working 
memory [ 40 ]. Using a randomized, controlled 
design, it was found that participants who com-
plied with the treatment showed signifi cant 
improvements in visual working memory relative 
to controls; the gains were maintained over three 
months following the intervention. It is notable 
that verbal working memory did not improve and 
the effect of the intervention on academic 
achievement and classroom performance were 
not evaluated. Thus, further work is needed to 

ascertain whether computer-administered 
 interventions can impact daily functioning in a 
 meaningful way.  

   Future Directions 

 With the advent of genomic stratifi cation of 
tumors, there is potential for patients with geneti-
cally lower-risk disease to be treated less inten-
sively, potentially preserving neuropsychological 
function. While risk-adapted treatments have 
been applied to medulloblastoma patients, the 
neuropsychological outcomes and potential for 
risk-adapted treatment for other tumor types 
remain to be seen. Another line of research has 
explored the potential of safe and effi cacious 
neuroprotective agents. When administered prior 
to radiation or chemotherapy, such agents would 
guard healthy cerebral tissue from neurotoxicity 
by enhancing DNA repair and reducing cell death 
and neuroinfl ammation. Agents and activities 
that could be used following neurotoxic treat-
ments to promote neural recovery are also being 
explored. Cell recovery may be achieved by stim-
ulating the proliferation and/or differentiation of 
endogenous stem cells or progenitors through 
voluntary physical exercise, exposure to an 
enriched environment, and engagement in 
hippocampal- dependent learning activities. 
These novel interventions have potential for 
improving neuropsychological outcomes for 
PBTS.  

   Challenges 

 Despite the promise of novel treatments, inter-
ventions, and neural protection/recovery, there 
have been challenges in accurately identifying 
patients at highest risk for poor neuropsychologi-
cal outcomes and providing them with timely, 
effective interventions. Because of the relatively 
small number of patients with each tumor type 
who receive comparable treatment, multicenter 
collaborative studies are needed to accrue suffi -
ciently large samples to derive meaningful 
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 long- term outcome data. Similarly, in order to 
develop and test the effi cacy of neuropsychologi-
cal interventions, collaborative efforts are 
required to enroll adequate numbers of patients. 
Although the Children’s Oncology Group (COG) 
offers a forum to initiate large international trials, 
there has recently been some success in Canada 
to carry out collaborative neuropsychological 
research through the C17, which represents all of 
the Canadian pediatric hematology, oncology, 
and stem cell transplant programs [ 9 ]. Future col-
laborative research is necessary to address the 
acute and ongoing neuropsychological needs of 
PBTS across the country and ensure equal access 
to interventions and services. 

 Longitudinal data which characterize the evo-
lution of neuropsychological defi cits from child-
hood to adulthood have been scarce. Assessment 
of very long-term neuropsychological outcomes 
has been challenging due to a loss of contact with 
patients as they transition from pediatric to adult 
medical care facilities, which typically occurs at 
18 years of age in Canada. Collaborations between 
pediatric and adult medical and neuropsychology 
specialists will be necessary in order to follow 
PBTS into adulthood and identify whether they 
are at increased risk for pathological aging. 
Ensuring the continuity of neuropsychological 
care into adulthood is therefore another important 
challenge that must be addressed.  

   Conclusions 

 Neuropsychological dysfunction is one of the 
most debilitating potential late effects for 
PBTS. Children live much longer than adults 
with the morbidities associated with their disease 
and treatment. Considerable advances have been 
made in effectively treating pediatric brain 
tumors while minimizing neurotoxic effects. At 
the same time, various interventions offer some 
promise of reducing or ameliorating neuropsy-
chological sequelae for future PTBS. Knowledge 
about risk factors and their combined effects 
helps to identify subgroups of children at highest 
risk of poor neuropsychological outcomes who 
require early and intensive interventions.     
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           Introduction 

 Quality of life (QoL) is a complex concept. To 
save life is an essential objective in medicine, 
but to achieve this goal, we often must make a 
compromise between prolonging an individu-
al’s life and fostering an optimal quality of life. 
In pediatric oncology and more specifi cally in 
neuro- oncology, the morbidity associated to 
short-term and long-term effects of treatments is 
a major concern and may affect signifi cantly the 
QoL. Central questions can also be raised within 
this fi eld and could include: What are the effects 
of aggressive treatments which are intensive 
and prolonged in nature, on the quality of life of 
these patients? What is the long-term quality of 
life of these patients and survivors? This chap-
ter is based on research evidence, which comes 
 primarily from reports of the  Childhood Cancer 
Survivor Studies  [ 1 ,  2 ]. According to Canadian 
Cancer Statistics, pediatric brain tumors are the 
second most common type of childhood  cancer, 

after acute leukemias and the most common 
solid tumors. Central nervous system tumors 
are the most common cause of death among all 
childhood cancers. While some types of brain 
tumors carry dismal prognosis, others have bet-
ter prognosis. Over the past decades, the num-
ber of childhood brain tumor survivors and life 
expectancy has increased with the advances in 
medicine, the new therapeutic approach, the 
new technologies, and the improvements in sup-
portive care [ 3 ]. This phenomenon raises the 
question of long-term effects of cancer and its 
treatments on QoL of patients and survivors. 
Several parameters affect survivors of childhood 
brain tumors in their daily activities. Alterations 
within physical, cognitive, and psychological 
abilities can have consequences on psychologi-
cal, academic, professional, family, and social 
levels for the survivors [ 1 ,  3 ,  4 ]. Studies have 
reported that 25–93 % of childhood brain tumors 
survivors suffer from clinically signifi cant dis-
tress [ 3 ]. Moreover, recent research has shown 
that about 80 % of these survivors will have long- 
term sequelae due to the tumor and its treatment. 
Research reports neurocognitive dysfunction in 
90 % of glioma patients, memory problems in 
78 %, and attention diffi culties in 60 % of cases. 
These aspects have a pervasive impact with more 
than 20 % of adult survivors of childhood brain 
tumors experiencing diffi culties in their daily 
life activities [ 5 ]. Physical and cognitive long-
term sequelae limit signifi cantly the ability of 
survivors to fi nd a job [ 3 ]: 26 % adults survivors 
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of childhood brain tumor remain unemployed, 
compared to less than 8 % in a control group of 
healthy individuals [ 1 ]. Similarly, only 26 % of 
adult survivors of childhood brain tumors com-
plete postsecondary education, and 31 % manage 
to have full-time employment [ 3 ]. Psychological 
and social disturbances can also make it diffi cult 
for survivors to form and take care of a family; 
74 % adult survivors of childhood brain tumors 
were single 5 years after initial diagnosis [ 1 ]. All 
these consequences are signifi cant barriers to an 
individual’s QoL in the long term. The issue of 
QoL in brain tumor is thus most important during 
and after treatment. However, despite the impor-
tance of the aforementioned effects, the long- 
term psychosocial of childhood brain tumors still 
remain poorly known [ 5 ]. 

   Factors Related to the Tumor 
and Treatments 

 In pediatric oncology, the diagnosis of brain 
tumor comes with the lowest predictive QoL. For 
example, Wu et al. (2007) studied the QoL in ado-
lescents with different types of cancer, as well as 
survivors, using the Minneapolis-Manchester 
Quality of Life Adolescent Questionnaire 
(MMQL-AF) [ 6 ]. Adolescents who had a brain 
tumor and adolescents who have leukemia 
obtained the lowest QoL levels, compared to 
patients with lymphomas and other solid tumors 
types. It is very likely that the QoL of these 
patients is reduced due to developmental and neu-
rocognitive defi cits caused by the tumor and its 
treatment. The localization of the tumor, the type 
of lesion, and the tumor volume have an impact 
on the neurocognitive defi cits [ 2 ]. In the long 
term, the development of the child may be affected 
in terms of motor functions, cognition, or social 
skills. One study has also demonstrated a link 
between QoL and the health status of this popula-
tion [ 7 ]. However, it is likely that the QoL of these 
children and survivors is impacted differently 
depending on the specifi c type of brain tumor and 
the type of treatment received. Thus, the number 
and nature of the physical, cognitive, and devel-
opmental defi cits caused by the tumor also infl u-

ence the long-term QoL of these patients [ 2 ]. 
However, with the current state of knowledge, it is 
not possible to distinguish the specifi c effect of 
cancer or its treatments on QoL dimensions. 

 As mentioned, the location of the tumor has an 
impact on the long-term sequelae and the QoL. For 
example, damage to the right hemisphere may 
result in visuospatial and visuo- perceptual defi cits, 
while patients with tumors in the left hemisphere 
may have verbal, memory, language, and intellec-
tual diffi culties [ 8 ]. Alteration of personality, social 
judgment, defi cits in executive functions (plan-
ning, logical reasoning, working memory, abstract 
thinking, selective attention, etc.), decreased tol-
erance to frustration, and decreased capacity to 
work are diffi culties encountered by patients with 
frontal tumors [ 8 ]. All these changes in physical, 
psychological, or social functioning undermine 
the QoL of the patient and his or her rehabilitation 
[ 8 ]. Tumors located in the fourth ventricle and the 
posterior fossa were signifi cantly associated with 
greater fatigue and weakness in the arms and legs, 
which might interfere with certain activities or 
social development, contributing to a lower QoL 
[ 9 ]. Similarly, infratentorial tumors were associ-
ated with a lower QoL compared to supratentorial 
tumors [ 7 ]. The same authors reported a correla-
tion between the presence of hydrocephalus in 
children with brain tumors and a lower QoL score. 
Interestingly, this study did not report a signifi cant 
difference in QoL between high-grade and low-
grade tumors. 

 The type of treatment received can also have 
an impact on the QoL, as well as the intensity and 
the duration of the treatments. Chemotherapy and 
radiotherapy can have negative effects on the 
brain development of children with brain tumors 
and may infl uence their long-term QoL [ 7 ,  10 ]. 
For example, one study has shown that radiother-
apy is a predictor of poorer QoL, as measured by 
the physical, emotional, and social dimensions of 
the Pediatric Quality of Life Scale (PedsQL) 
(with multiple standardized association coeffi -
cient between 4.42 and 9.41) [ 11 ]. These results 
are confi rmed when quality of life is measured 
with the MMQL [ 9 ]. In comparison, the stan-
dardized coeffi cients associated with the effect of 
intensive chemotherapy ranged from 7.65 to 
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15.06 for the three dimensions of QoL [ 11 ]. 
According to another study, radiotherapy has 
been identifi ed as a predictor of a poor QoL due 
to its long-term effects on the intellectual level 
[ 9 ]. A study has shown that childhood brain 
tumor survivors who were treated solely with 
radiotherapy had a poorer QoL fi ve years post-
treatment, as measured with the PedsQL4.0 self-
report, compared to children treated with 
chemotherapy or a combination of chemotherapy 
and radiotherapy [ 10 ]. Overall, these results dem-
onstrate the signifi cant impact of chemotherapy 
and radiotherapy on an individual’s QoL. It is 
impossible to ascribe the observed defi cits to a 
specifi c treatment, due to the diversity of other 
risk factors, the frequent combination of treat-
ment modalities, and the complexity of some 
cases. These observed defi cits are either cogni-
tive (memory loss, reduced attention, and speed 
of cognitive processes), emotional (anxiety and 
depression), or physical (fatigue, pain, decreased 
physical  functions, motor defi cits) [ 7 ,  10 ]. 
Adjuvant treatments can also have effects on the 
QoL of patients and survivors. For example, glu-
cocorticoids, such as dexamethasone, can cause 
memory diffi culties and emotional disturbances, 
such as depressive or maniac feelings and emo-
tional lability [ 2 ]. Research on the short- and 
long-term effects of brain tumor treatments needs 
to better distinguish the individual impact of each 
treatment (radiotherapy, chemotherapy, adjuvant 
treatments) on the components of the QoL of 
patients and survivors.   

   Defi nition of QoL 

 Although sometimes mixed, QoL is distinct 
from health status. Health status refers to the 
biological and physiological components of the 
health of an individual and their functional abil-
ities [ 8 ]. In the context of illness, health status is 
largely defi ned by the physical and physiologi-
cal symptoms, as well as functional impair-
ments caused by the illness [ 8 ]. The concept of 
QoL encompasses physical, psychological, and 
social aspects of an individual. QoL does not 
only consider the physical and functional impact 

of the illness but also the impacts on the psycho-
logical functioning of the individual, such as 
one’s emotional states and social functioning. 
While health status is an objective measure, 
QoL is a subjective measure, because the indi-
vidual is asked to evaluate the quality of his or 
her life. This is why it is also referred to as “per-
ceived quality of life” or “subjective quality of 
life.” 

 According to the World Health Organization 
(WHO), quality of life is defi ned as the “individ-
ual’s perception of their position in life, in the 
context of the culture and value systems in which 
they live and in relation to their goals, expecta-
tions, standards and concerns” [ 12 ]. Niv and 
Kreitler (2001) identifi ed six major characteris-
tics specifi c to the concept of QoL in the context 
of pediatric oncology (see Table  25.1 ). (1) 
Quality of life is a subjective concept which is 
assessed by the person himself    or herself, accord-
ing to their personal standards of what they con-
sider to be a good quality of life [ 13 ]. Based on 
this characteristic, the individual is the most reli-
able source for measuring his or her own QoL; 
henceforth, QoL should be primarily measured 
by self-reported instruments [ 13 ]. (2) QoL is phe-
nomenological in nature; the QoL measure is a 
portrait of the QoL of the individual at the time 
when it is measured, like a picture of the well-
being of that individual at that precise moment 
[ 13 ]. This suggests that the QoL measure cannot 
assess the causes and history of QoL phenome-
non, but only measures the current state of 
QoL. This characteristic also suggests that QoL 
changes with time. (3) QoL can be assessed either 
preferably by the individual himself or herself, as 
mentioned above, or by a third party, and there 
are several methods to evaluate it [ 13 ]. (4) QoL is 
a dynamic phenomenon,  meaning that it is sensi-
tive to changes in the state of the individual, both 
psychological (emotional, cognitive) and physi-
cal changes [ 13 ]. QoL can also change as a func-
tion of the individual situation and external 
changes that the individual is confronted with. 
(5) QoL consists of several broad areas including 
subdimensions, such as pain or emotions [ 13 ]. 
(6) QoL is quantifi able; thus, it is possible to 
assign a score to measure the QoL, and it is possible 
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to compare different QoL scores between differ-
ent individuals [ 13 ]. These characteristics 
show that QoL is a complex area where there 
are signifi cant challenges including measure-
ment issues.

     Dimensions of QoL 

 A general consensus has been reached by authors 
in regard to the three dimensions that include 
most aspects of QoL: physical functioning, psy-
chological functioning, and social functioning. 
However, many authors defi ne more specifi c 
dimensions. For example, the WHO has identi-
fi ed six respective dimensions for QoL [ 12 ]. 

These dimensions integrate the concepts of health 
status and subjective QoL:
    1.    Physical health. This consists of aspects of 

physical energy, fatigue, pain, and sleep.   
   2.    Psychological aspect. This includes emotions, 

thoughts, memory, concentration, self-esteem, 
and the appreciation of physical appearance.   

   3.    Level of independence. This is determined by 
mobility, ability to perform daily activities, 
dependence on medical care, and the ability to 
work.   

   4.    Social relationships. This includes social sup-
port and sexual relationships.   

   5.    Environment. This includes fi nancial aspects, 
security, health care, and other aspects related 
to the individual’s environment.   

   6.    Spirituality, religion, and personal beliefs [ 12 ].    
  Empirical fi ndings in pediatric oncology have 

shown that the QoL of children is based on (1) the 
child’s symptoms, (2) the level of participation in 
usual activities, (3) social and family interactions, 
(4) physical health, as well as (5) emotions and (6) 
the perception of being ill [ 14 ]. These results come 
from two pilot studies. The fi rst had a cross-
sectional design, and the sample included 23 
patients who were between 8 and 15 years of age. 
The second, a longitudinal study with four times of 
assessment spanning over 2 years, included 13 
patients who were 10–18 years old [ 14 ]. Both stud-
ies were conducted according to a semistructured 
interview consisting of four questions defi ned by 
the researchers (“What makes a good day for you? 
What makes a bad day for you? Are there some 
things you like to do that you cannot do now? How 
has being sick been for you?”), and participants’ 
responses were analyzed using a semantic-content 
method [ 14 ]. This study also showed that the defi -
nition of QoL differs depending on whether you 
ask the children or caregivers, which thereby con-
fi rms the need to interview key stakeholders.  

   Methods: Who Should be the 
Respondent? 

 Who is the best person to determine the QoL of 
an individual? In the context of pediatric neuro- 
oncology, it is often inevitable that the QoL of the 

   Table 25.1    The characteristics of quality of life   

 Characteristic  Defi nition 

 1. Subjective  QoL is an individual 
perception and the only 
reliable source for 
evaluation—it is the person 
itself 

 2. Phenomenological  QoL is perceived. It is like a 
photograph, and it does not 
permit to obtain clues about 
causes of the level of QoL 

 3. Evaluative  QoL can be evaluated 
 4. Dynamic  QoL is a phenomenon in 

continuous evolution and is 
infl uenced by any changes 
from the person himself or 
herself or in his or her 
environment 

 5. Multidimensional  QoL is based on several life 
domains and its 
measurement calls for 
several dimensions 

 6. Quantifi able  QoL can be measured and 
represented by a score. QoL 
can be compared across the 
development of a given 
individual or between 
different individuals 

  Adapted from Kreitler S., Kreitler M.M. Quality of Life in 
Children with Cancer. In: Kreitler S., Ben-Arush M.W., 
Martin, A. Pediatric Psycho-oncology: Psychosocial 
Aspects and Clinical Interventions, 2ed. Oxford, UK: 
John Willey & Sons, Ltd. 2012. p. 18-31. With permission 
from John Wiley & Sons, Inc  
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child is rated by a third party, preferably by one 
of the parents, given the child’s suffering and 
physical and cognitive diffi culties related to their 
illness. Some major questions arise and this 
raises ethical issues. Is self-reported QoL equiva-
lent to the assessment of QoL by a third party? 

 To what extent can a parent’s assessment of 
their child’s QoL replace the child’s own self- 
reported QoL? Such questions are particularly 
relevant in neuro-oncology where the ability to 
respond to verbal material is not always guaran-
teed. There are two opposing positions on this 
issue. On the one hand, some researchers attri-
bute a great deal of importance to the individual 
and subjective nature of QoL and suggest that the 
child is the best source to evaluate their own 
QoL, and parental assessments can never replace 
that of the child [ 8 ]. This is why some question-
naires were developed to allow the child to 
respond in a practical, nonverbal manner (cf. 
PedsQL preschool version). 

 On the other hand, other researchers are skep-
tical about the reliability of self-report measures 
that are reported by a child, and they perceive the 
child as being limited in their ability to under-
stand and report their own well-being [ 8 ]. Within 
this framework, the proposed solution is the 
assessment of the QoL by a third party, prefera-
bly the parents or person responsible for the 
child. This is referred to as a “proxy” [ 8 ]. In this 
way, the point of view of the parent would be per-
ceived as more reliable, valid, and objective than 
that of the child. However, the assessment of QoL 
by a third party suggests that the evaluator has the 
ability to put themselves in the place of the child 
in order to capture the thoughts and emotions of 
the child so that they can report the child’s per-
ception of QoL and the impact of the illness in 
their life. This calls on sophisticated skills and a 
good knowledge of the child’s perception of him-
self or herself. Everyone does not have these 
abilities, which are necessary in the evaluation of 
the QoL of the child. This is why, whenever pos-
sible, it is recommended to assess the QoL of the 
child using questionnaires reported by the child 
himself or herself  and  by the parent. In this way, 
the two viewpoints are considered, and issues 
with both methods may be taken into account. 

 Studies assessing the QoL of children with 
cancer using self-report and parent-report ver-
sions allow for observation of the differences 
between child and parent reports. Parents gener-
ally tend to report higher scores on distress, suf-
fering, and defi cits than the child himself or 
herself [ 8 ,  15 ]. A systematic review measuring the 
QoL of children with chronic illness, which dif-
ferentiated between self-reports and parent 
reports, observed that the areas related to physical 
functioning, such as physical activity, symptoms, 
and physical complaints, are evaluated similarly 
by parents and children, while areas affecting psy-
chological and social dimensions, such as emo-
tions, autonomy, appearance, communication, 
and mood, give rise to more discrepancies 
between respondents [ 15 ]. Questions regarding 
physical functioning have correlational effects of 
 r ≥  0.50 between self-reports and parent reports, 
while questions on psychological and social 
domains result in lower correlations  r  < 0.30 [ 15 ]. 
This suggests that it will be more diffi cult for par-
ents to accurately assess psychological and social 
aspects of their child than to assess physical func-
tioning, which is probably more easily observ-
able. Some researchers also speculate that parents 
tend to project their own distress and symptoms 
in their assessment of the QoL of their child, 
reporting a lower perceived QoL for their child 
than it is in reality. However, this has not been 
shown systematically yet. A study that assessed 
psychological functioning of adolescents with 
brain tumors using self-report, parent-report, and 
teacher-report versions of the Behavioral 
Assessment System for Children (BASC) 
obtained signifi cant differences between QoL 
scores of different respondents [ 16 ]. For the 
depression dimension, 7 % of adolescents 
reported a clinically signifi cant score compared 
to 16 % when considering parent reports and 
10 % in teacher reports. For the anxiety measure, 
3 % of adolescents report a clinically signifi cant 
score, while the parents and teachers reports were 
12 % and 19 %, respectively [ 16 ]. These results 
demonstrate that there is a substantial difference 
between the QoL perception of the child assessed 
by the child himself or herself and that perceived 
by the parent or a third party, such as a teacher.  
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   Method: What is Response Shift? 

 The assessment of QoL raises another issue 
related to adjustment to health status across time. 
This adaptation is referred to as  response shift . 
Response shift is defi ned as a change in the way 
in which an individual evaluates his or her own 
QoL [ 17 ]. This change in attitude is the result of 
a change in the three aspects of the QoL percep-
tion of the individual. It can affect (1) the indi-
vidual’s internal standards, (2) personal values, 
and (3) the conceptualization of QoL over time 
[ 17 ]. In fact, the evaluation of QoL with ques-
tionnaires is based on standards, standards of 
what constitutes a “good” QoL according to the 
authors of the test, and standards that participants 
refer to in evaluating their own QoL [ 17 ]. An 
individual who is treated for an illness, refers to 
his or her life before illness, refers to his or her 
life before, more or less prescriptively, in order to 
determine his or her current QoL. The response 
shift phenomenon is especially present in long-
term follow-up in stable conditions, such as 
remitted cancer. With time, some individuals 
compare their current QoL to the QoL they had 
during their treatments, which in turn leads to 
assess their QoL as better than it was during their 
treatment. It is a process of reassessing their own 
personal standards. Response shift may explain 
the results of some studies in which participants 
with brain tumors or brain tumor survivors evalu-
ate their QoL as good or sometimes better than 
the control group of healthy individuals even 
though their health status has deteriorated [ 6 ,  9 , 
 16 ]. Among these studies, that of Nathan et al., 
(2007) evaluates the QoL of adult survivors of 
neuroblastomas and Wilms’ tumors in childhood 
[ 2 ]. The results of this study indicate that the QoL 
of survivors does not differ from that of the nor-
mative population. However, these counterintui-
tive results on the QoL of brain tumors survivors 
are found in a limited number of studies, com-
pared to the numerous studies demonstrating a 
poorer QoL in this population. If QoL is used as 
an important outcome in treatment, it is neces-
sary to take the response shift phenomenon into 
account. This can be measured with different 
methods and is grouped into six types of mea-

sures. First, response shift can be measured using 
an  individualized method , which integrates the 
perception and feedback of the patient on his or 
her defi nition of QoL, and it includes interviews 
or paper-and-pencil questionnaires [ 17 ]. Second, 
the  preference - based  method focuses on the 
importance and the value attributed to the 
patient’s state of health and its various dimen-
sions through the use of questionnaires. Third, 
the  successive comparison  approach is used to 
evaluate the patient’s judgment on the order of 
importance of different psychological, physical, 
and social concepts. These concepts are scored 
on a continuum, and it must be ordered according 
to the value the patient attributes to them. Fourth, 
the  design  approach measures the response shift 
with questionnaires on the patient’s retrospective 
perception of changes in their standards, ideals, 
and values perceived after treatment, compared 
with those before the diagnosis. Fifth, the  statisti-
cal  approach evaluates longitudinal data on the 
QoL of patients in order to observe the evolution 
of response shift [ 17 ]. Finally, the last approach is 
the  qualitative  method for assessing the response 
shift, and this involves using semistructured inter-
views. To our knowledge, this phenomenon has 
not been systematically studied in pediatric oncol-
ogy. Future advances in the assessment of 
response shift will account for this phenomenon 
in measuring QoL of cancer survivors in order to 
study the adaptive and nonadaptive long-term 
implications of response shift. This is a central 
issue in the use of QoL as a long-term outcome in 
oncology. In children, the analysis of response 
shift will also be complicated by developmental 
changes.   

   Methods for Quality of Life 
Measurement 

 There are different ways to assess QoL in chil-
dren. Cremeens et al. conducted a literature 
review of QoL measures in children between 3 
and 8 years of age [ 18 ]. Some of these measures 
have been used in pediatric neuro-oncology. Four 
different formats of QoL instruments were iden-
tifi ed and included questionnaires or Likert-based 
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scales, graphical measures, measures based on 
facial expressions including photographs, car-
toons, and visual measures based on a visual, lin-
ear scale of QoL [ 18 ]. Despite children’s 
diffi culties in responding to those questionnaires, 
the QoL of children is currently primarily evalu-
ated using questionnaires based on Likert-type 
scales [ 18 ]. There are several QoL questionnaires, 
some of which are generic in nature. Others are 
specifi c to pediatric oncology populations. 
Table  25.2  presents fi ve QoL instruments that have 
been used in pediatric oncology. References of 
these fi ve instruments are in Table  25.2 . To date, 
only the PedsQL Brain Tumor Module has been 
validated specifi cally with a neuro-oncology pop-
ulation of children. The other instruments have 
been used in pediatric oncology, but have not been 
developed for children with cancer.

   The Pediatric Quality of Life Inventory Brain 
Tumor Module is a specifi c instrument for popu-
lations of children with brain tumors. There is a 
version for parents and one for the patients; both 
versions have 24 items, respectively. The inter-
nal consistency of the different dimensions has 
ranged from adequate to excellent. The sample 
used for the validation study of the PedsQL 
Brain Tumor Module consisted of 51 patients 
with brain tumors between the ages of 2 and 18. 
Next, the Pediatric Quality of Life Inventory 3.0 
Cancer Module (PedsQL 3.0 Cancer Module) is 
a 27-item general questionnaire for pediatric 
cancer patients, with a self-report version and a 
proxy-report version. The validation study was 
made with childhood cancer patients, aged 
between 2 and 18 years (24 of them had brain 
tumor), compared with healthy children of same 
range of age. Self-report’s internal consistency is 
adequate and proxy report’s internal consistency 
is good. The third questionnaire is the 
Minneapolis-Manchester Quality of Life ques-
tionnaire (MMQL) which comes in two versions, 
one for children aged 8–12 (Youth Form; 
MMQL-YF, 32 items) and one for adolescents 
aged 13–20 years (Adolescent Form; MMQL-AF, 
47 items). The MMQL-YF has adequate internal 
consistency. The sample for the validation study 
of the MMQL-YF was children with cancer 
between 8 and 13 years of age, and of these 

 children, 12 of them were diagnosed with a brain 
tumor. The version for adolescents (MMQL-AF) 
has three additional dimensions: cognitive func-
tioning, self-esteem, and intimate relationships. 
This version has 47 items. Consistency varied 
depending on the particular dimension; however, 
these coeffi cients ranged from adequate to good. 
Temporal stability correlation coeffi cients are 
adequate over 2 weeks. The validation study of 
MMQL-AF was conducted with a sample of 
adolescents with cancer, of which 16 had a brain 
tumor. The fi fth instrument, the Pediatric 
Oncology Quality of Life Scale (POQOL), was 
developed specifi cally for the pediatric oncology 
population. The 21-item questionnaire must be 
completed by the parents and has good internal 
consistency. The validation study was conducted 
with a sample of children with various types of 
cancer.  

   Psychological Aspect of QoL 

 In the context of cancer, the interaction between 
the three areas—physical, psychological, and 
social—is particularly important in enabling the 
adjustment of the individual faced with the ill-
ness and in ensuring their rehabilitation after-
wards. Throughout the illness, the psychological 
state of the patient will vary according to the 
stages of treatment. In the context of pediatric 
neuro-oncology, the psychological dimension is 
also very important, since some personality traits 
and mood are affected by the tumor and its treat-
ments. Research-based data suggests that psy-
chological distress can persist even after the 
illness. On average, 25–93 % of children and 
adults survivors of childhood brain tumors live 
with signifi cant psychological distress and 
adjustment diffi culties [ 3 ]. In children, psycho-
logical distress can be expressed in several differ-
ent ways, by internalized symptoms, such as 
depression, anxiety, and somatization, and 
by externalized symptoms, such as antisocial 
behavior, impulsivity, aggression, and deviance. 
Among survivors of brain tumors, internalized 
symptoms are better studied in the literature than 
externalized symptoms. 
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   Internalized Symptoms 

 Among internalized symptoms, depression is by 
far the most commonly studied. Clinical depres-
sion has been observed in 38–41 % of adult survi-
vors of childhood brain tumors, in recent studies. 
However, this proportion could be underesti-
mated, since recent research compared the per-
centage of clinical depression assessed by 
professionals and self-reports of depression by 
patients themselves. Results suggest that 93 % of 
patients felt depressive symptoms, while 
 professionals identifi ed only 15 % of patients with 
depression. Studies suggest that depression 
among childhood brain tumor survivors is under-
estimated and undertreated. Major depressive 
symptoms encountered by patients and survivors 
of brain tumors are dysphoric mood, feelings of 
hopelessness and helplessness, guilt, low self- 
esteem, diffi culty concentrating, suicidal ideation, 
and fatigue [ 19 ]. Within the empirical literature, it 
is not yet clear whether fatigue and lack of energy 
are rather side effects of the cancer and its treat-
ments, or if they are resulting from the depression 
itself. Depression also may have a negative impact 
on patients’ prognosis. Some studies indicate that 
among brain tumor survivors, depression is associ-
ated with a shorter lifespan. Depression is also 
associated with a poorer QoL ( r  = 0.71 and 0.73) 
[ 20 ]. Risk factors for depression within this popu-
lation were being a woman, having an individual 
or family psychiatric history, having cognitive 
dysfunction, and having physical symptoms and 
fatigue [ 19 ]. A lack of family support or inade-
quate family support is also a risk factor for 
depression. Various factors related to the tumor 
have also been identifi ed, such as the anterior fron-
tal tumor location which is linked with depressive 
symptoms, apathy and inhibition. Since depressive 
symptoms in survivors of childhood brain tumors 
seem quite signifi cant and affect long- term QoL 
and survival, it means that signs of distress should 
be taken into consideration and addressed when 
they are observed in patients and survivors. In fact, 
early detection of psychological distress would 
allow for prompt intervention, and this in turn 
could improve the long-term psychological adjust-
ment of these survivors. 

 Anxiety symptoms have been the focus of 
fewer empirical studies. Recent research has 
reported that 9 % of child and adults survivors of 
childhood brain tumor who were treated with sur-
gery alone notifi ed anxiety symptoms. A study 
which looked at the psychological outcomes of 
childhood brain tumors survivors reported that 
average scores on the anxiety scale of Brief 
Symptom Inventory (BSI-18) were  T  = 45.9 for 
the survivors of brain tumors compared with 
 T  = 45.4 for the healthy children comparison 
group [ 1 ]. The results of this study support the 
fact that childhood brain tumor survivors gener-
ally had good psychological health and did not 
report more symptoms of distress (depression, 
anxiety, and somatization), compared to healthy 
children, thus contrasting somewhat with the lit-
erature we reviewed on depression alone.  

   Externalized Symptoms 

 Compared to internalized symptoms, external-
ized symptoms have been given less attention 
within this population. A literature review on 
emotional, social, and behavioral adjustment 
childhood brain tumors survivors identifi ed only 
two studies out of 31 that reported externalized 
disorders [ 3 ]. On average, 7–37 % of child and 
adult survivors of pediatric brain tumor present 
with externalized symptomatology, such as 
aggression, impulsivity, and antisocial and devi-
ant behavior. One hypothesis would be that chil-
dren with cancer are limited in their adaptive 
social behavior by their isolation due to multiple 
hospitalizations and rejection experience from 
their peers. Therefore, the child has little oppor-
tunity to develop adaptive behaviors and social 
skills, which in turn can infl uence their social 
behaviors. However, given the limited number of 
studies on this topic and the confl icting results, it 
is diffi cult to properly assess the importance, 
implications, and causes of behavioral problems 
in this population. An alternative hypothesis 
regards the effects of certain adjuvant treatments, 
such as glucocorticoids. It has been shown in 
other type of cancers such as acute lymphoblastic 
leukemia that the behavioral impact of these 
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treatments can be  signifi cant. Glucocorticoids are 
related to the control of emotions and decline in 
cognitive functions, like cognitive slowing and 
memory diffi culties that impact the child’s ability 
to adapt to stress and his or her ability of psycho-
social adjustment [ 3 ,  4 ]. Recent hypotheses have 
been proposed on a long-term deregulation of the 
hypothalamic pituitary adrenal (HPA) axis due to 
the massive administration of these substances. 
Such deregulation would result in short- and 
long-term behavioral and mood diffi culties.   

   Conclusion 

 The QoL of patients and survivors in pediatric 
neuro-oncology includes the physical, psycho-
logical, and social aspects of the life of the indi-
vidual. These three aspects are affected by the 
tumor and its treatment. However, the defi nition 
and measurement of QoL poses particular chal-
lenges in the long-term follow-up of children 
with cancer. While traditional research will focus 
on increased survival, the area of QoL offers two 
major advantages. First, the routine measurement 
of QoL in neuro-oncology allows us to assess the 
areas of functioning where the individual is satis-
fi ed or dissatisfi ed. It therefore helps target more 
or less precisely the areas that require clinical 
intervention. Second, the assessment of QoL 
offers an interesting alternative outcome to be 
used in trials, and in therapeutic and institutional 
interventions. 

 In terms of intervention, early treatment of 
psychological and social dimensions of QoL 
could promote better child adjustment at both 
short and long term. In order to intervene on the 
perception of diffi culties and emotional distress, 
efforts should focus on early detection of emo-
tional distress in the child and his entourage. 
A specifi c approach could target groups that have 
been identifi ed at greatest risk of deterioration of 
QoL or emotional distress. To increase the sense 
of controllability, it is also necessary to focus 
resources towards the information given to the 
patient and his or her family. The disclosure of 
this information helps to educate parents about 
their child’s experience and fosters a resilient, 

social environment. Thus, a very important area 
of development in pediatric neuro-oncology is 
resilience within the child’s environment. It is 
necessary to identify family characteristics that 
promote long-term resiliency, because optimizing 
the quality of the social environment is central to 
the subsequent rehabilitation of the child. Studies 
report that children with brain tumors are particu-
larly socially isolated and have defi cits in social 
behaviors [ 3 ]. Hence, information and psychoed-
ucation on the illness and its consequences would 
help them combat a feeling of isolation [ 4 ]. In the 
long term, particularly for survivors, professional 
integration programs may enable survivors to fi nd 
a job suited to their skills and cognitive defi cits. In 
summary, the assessment of different dimensions 
of QoL can target the needs of patients and survi-
vors in pediatric neuro- oncology. This can be very 
helpful in guiding favorable support for better 
long-term adaptation of patients and survivors 
and for ensuring optimization of their QoL in the 
long term.     
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         Tumors of the CNS are the leading cause of death 
for all childhood cancers [ 1 ]. Children living 
with incurable brain tumors (BT) follow an 
expected and progressive trajectory of multiple 
symptoms and loss of function resulting in a high 
symptom burden that is distinct from other child-
hood malignancies. The purpose of palliative 
care is to optimize quality of life, minimize dis-
tress and ease suffering to those children with 
incurable malignancy and their families through-
out the course of illness, and not reserved for the 
period at EOL. The intent of this chapter is to 
provide a review of the salient issues of palliative 
care for children with brain tumors. 

 Every child with an incurable BT has a personal 
story that is rich in values, culture, and spiritual-
ity. An interdisciplinary family-centered and cul-
turally sensitive palliative care approach is vital 
to comprehensively assess and manage the depth 
and breadth of needs of this vulnerable popula-
tion. Incorporating palliative care early in the 
child’s trajectory optimizes symptom manage-
ment, reduces suffering, and sustains hope and 
connectedness despite the possibility of death 
[ 2 ]. Certain brain tumors in particular carry a par-
ticularly dismal prognosis from the time of diag-
nosis (e.g., DIPG) and a palliative/supportive 
care approach may be the only preferred treat-
ment option selected by families. 

   Principles of Palliative Care 

 Over the last two decades, palliative care for chil-
dren has evolved as specialized service delivery 
which encompasses the total care of children 
with life-limiting diseases, regardless of outcome 
[ 3 ,  4 ]. An incurable brain tumor diagnosis affects 
not only the child but all members of the family. 
For this reason, events and experiences through-
out the child’s course of illness and at EOL are 
remembered and highly relevant to family- 
centered care. Thus, palliative care is applicable 
from the time of diagnosis, through active and 
curative treatment, during the period of EOL, and 
afterwards in the initial phases of family grief 
and bereavement [ 3 ]. 
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 Service deliverables of palliative care include 
improved communication and continuity of care 
across different settings; assessment and man-
agement of physical, psychosocial, emotional, 
and spiritual needs; provision of comprehensive 
specialized pain and symptom management; sup-
port with complex and ethical decision-making; 
enhanced awareness of diverse cultural beliefs 
about dying and death; specialized care of the 
dying patient; provision of bereavement care; and 
staff support and education to improve care deliv-
ery and respond to moral distress [ 2 – 5 ]. Palliative 
care services may or may not be organizationally 
situated within a pediatric oncology program. 

 Waldman and Wolfe advocate for a concomi-
tant and holistic care delivery model that includes 
both palliative care and cancer modifying thera-
pies to afford children with BT and their family 
opportunities to live to their maximum potential 
[ 4 ]. Without early integration of palliative care, 
the focus of care then centers on life-prolonging 
measures, which may result in painful and inva-
sive procedures, additional suffering, and futile 
resuscitation of a dying child. Opportunities and 
time to make memories, to create legacies, to 
enhance meaningful communication about val-
ues, and to determine preferences and location 
for EOL care may be missed if not addressed 
early in the trajectory of a cancer illness when 
death is expected. 

   Uniqueness of Pediatric Neuro- 
Oncology Palliative Care 

 Pediatric oncology families have unique relation-
ships with their primary oncologist whom they 
look to for leadership and direction in all aspects 
of their child’s care, including palliative care. By 
the very nature of pediatric neuro-oncology, 
teams caring for children with BT and their fami-
lies are already well versed with palliative care 
principles of prognostic uncertainty; high-risk 
treatment decisions; physical and psychological 
suffering of the child due to intensive treatment; 
and the impact of cancer on the entire family [ 4 ]. 
However, in a 2006 survey to the American 

Society of Clinical Oncology, a high number of 
pediatric oncologists reported having no formal 
pediatric palliative care training and a high level 
of anxiety in directing complex pain and symp-
tom management [ 6 ]. In addition, approximately 
40 % of COG institutions did not have access to 
a specialized pain or palliative care service which 
is known to foster expertise in palliative care 
pain/symptom management and ensuring com-
prehensive care [ 7 ].  

   Timing 

 Associating palliative care with death and dying 
creates barriers to meeting the needs of children 
 living  with brain tumors. Waldman and Wolfe 
emphasize that prognostic uncertainty and not the 
likelihood of survival should be the trigger to initi-
ate palliative care. Still, the time to    introduce pal-
liative care for children with BT remains unclear, 
is controversial, and is with little evidence to guide 
practice [ 4 ]. Timing is further complicated by the 
perceived sharp division between curative cancer 
therapy and palliative care among pediatric oncol-
ogists and parents who view palliative care as giv-
ing up hope and representing failure. 

 Pediatric oncologists often recognize that cure 
is no longer possible earlier than parents [ 2 ]. This 
is a valuable and critical time to engage parents to 
focus on a supportive care plan aimed at optimiz-
ing comfort and maximizing quality of life. Still, 
patients are referred late in the child’s trajectory, 
usually after the fi rst relapse or after relapse ther-
apy fails [ 7 ,  8 ]. 

 Cultural beliefs are central to perceptions of 
illness, end-of-life care, and the dying process. 
Ethnicity, culture-based values, and language 
barriers are important patient/family consider-
ations that impact communication about end-of- 
life care. The location of settings has also been 
identifi ed as a barrier to implementing palliative 
care. In an examination of hospice referral pat-
terns among pediatric oncologists, Fowler et al. 
identifi ed that barriers to referral include inability 
of hospice settings to administer palliative che-
motherapy and blood transfusions [ 6 ].  
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   Location of Care 

 When provided a choice for EOL care, parents 
prefer for their child to be at home. A home death 
is linked to improved psychological outcomes for 
parents and siblings [ 5 ]. Home deaths often 
require the support of hospice/palliative care to 
provide specialized palliative care nursing, case 
management, service coordination, availability of 
24/7 medical consultation for pain and symptom 
management, and a home death pronouncement 
process. Continuity of care with the primary 
oncology team is important and facilitated by 
optimizing communication. Studies in location of 
death in pediatric oncology show that if there is an 
option of a hospice for the child, then up to one 
third of families choose that option as location of 
death [ 9 ]. Unfortunately not all children have 
access to a pediatric hospice, but if available, it is 
a valued option for children and their families.   

   Symptom Burden 

 A landmark paper in pediatric palliative care 
described the signifi cant presence of symptoms 
and suffering at the EOL [ 2 ]. This study also 
found that parents were more likely than physi-
cians to report the presence of these physical 
symptoms. Death from a brain tumor is usually 
an expected event, yet the multitude of symptoms 
and care needs can be overwhelming for 
the patient and family [ 10 ]. As end-of-life 
approaches, suffering becomes more severe and 
neuro-oncology teams are called upon to manage 
complex palliative pain and symptoms. 

 A recent review of symptoms at EOL identi-
fi ed that the mean number of physical symptoms 
per child was 6.3 and the most frequently reported 
symptoms were pain, poor appetite, fatigue, lack 
of mobility, and vomiting [ 11 ]. In this study, 
patients with brain tumors more frequently 
reported symptoms of incontinence compared to 
patients with leukemia or solid tumors. In another 
study that interviewed parents 4–9 years after the 
death of their child, more than one third of par-
ents felt their child had unrelieved pain near the 
EOL and more than half of these parents were 

still affected by this experience [ 12 ]. This further 
highlights the need for adequate management of 
physical symptoms. 

 Jalmsell et al. conducted a retrospective study 
surveying bereaved parents to determine symp-
toms at EOL for children with cancer. Thirty-fi ve 
percent of children in this study died from a brain 
tumor. Fatigue was reported as being the most 
debilitating symptom impacting on well-being in 
the last month of life. Fatigue is multifactorial, 
unrelieved by rest, and not related to quality of 
sleep [ 13 ]. Children with BT experienced less pain 
and more diffi culties related to bulbar weakness, 
impaired mobility, and constipation compared to 
children with leukemia/lymphoma. Loss of appe-
tite and weight loss were not prominent symptoms 
of children with BT as compared to children with 
other malignant disease [ 13 ]. Pritchard et al. iden-
tifi ed in their study that bereaved parents reported 
changes in the child’s behavior and appearance at 
EOL as being of great concern [ 14 ]. 

   Unique Symptom Profi le of Children 
with Brain Tumors 

 Children with BT describe headache pain to be 
mild and intermittent, due to increased intracra-
nial pressure. Headaches typically respond to a 
combination of dexamethasone and non-opioid 
analgesia. In severe cases, patients may require 
high doses of dexamethasone and opioid. 
Neuropathic neck and back pain related to lepto-
meningeal irritation may require gabapentin, 
methadone, or ketamine administration. 

 In the last stage of disease, BT patients may 
present with severe symptoms as a result of the 
growing tumor and treatment side effects. This 
may lead to cognitive decline, impaired level of 
consciousness, visual and auditory impairment, 
poor functional status, progressive bulbar weak-
ness, loss of motor function/gait impairment, 
poor communication, and high need for support 
for activities of daily living [ 10 ,  13 ,  15 ]. 

 Bulbar dysfunction leads to diffi culties with 
swallowing, speech, and managing secretions. 
Augmentative communication can be instituted 
early in the disease progress to assist with 
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 communication at EOL. Dysphagia secondary to 
posterior fossa and brainstem tumors may affect the 
child’s ability to safely take in fl uids and foods by 
mouth. As the child approaches EOL and becomes 
more somnolent, the route of medication adminis-
tration should be changed from the oral route. 

 As the child with a BT experiences progressive 
dysphagia, bulbar weakness, cognitive decline, 
and fatigue, parents may request a nasogastric 
tube to be inserted for nutrition. Parents of chil-
dren with BT express deep concern that their child 
will suffer and starve to death if the child remains 
hungry yet is unable to eat orally. Parents fre-
quently request the insertion of nasogastric or 
gastrostomy tubes. Neuro-oncology teams have a 
key role in guiding and navigating patients and 
their parents through this ethical struggle ahead of 
time as part of advance care planning (ACP). 
Withholding/withdrawing artifi cial nutrition and 
hydration is a deeply personal decision for patients 
and parents, often rooted in religion, country of 
origin, culture, and tradition. For health care pro-
fessionals, withholding/withdrawing nutrition is a 
complex ethical issue. It is important for neuro-
oncology teams to facilitate and support this com-
plex decision-making to minimize decisional 
regret. Parents should be counseled that artifi -
cially feeding an unresponsive and dying child 
will not improve quality of life or change the out-
come. Hydration may put the patient at risk for 
pooling of respiratory secretions, respiratory dis-
tress, pleural effusions, and ascites. Parenteral 
feeding or intravenous hydration may not only 
jeopardize skin integrity due to frequent voiding 
and stooling, but the act of changing incontinent 
patients may trigger incidental or worsening pain. 

 It is not uncommon for the child with a BT to 
experience seizures. The goal of seizure manage-
ment at EOL is distinct from managing chronic 
epilepsy, particularly in an unresponsive patient. 
Midazolam is frequently used for its anticonvul-
sant and sedative properties. It can be adminis-
tered subcutaneously/intravenously, via the 
intranasal or buccal route, and as a rapid onset. 
Seizures that are refractory to midazolam at EOL 
can be often effectively managed with parenteral  
phenobarbital (Table  26.1 ).

   Agitation is commonly observed at EOL and 
presents as restlessness, moaning, and grimacing. 

Treatment may include benzodiazepines (loraze-
pam, midazolam), neuroleptics (methotrimepra-
zine, haloperidol), reduction of steroid dosage, or 
administration of opioid if agitation is associated 
with pain. Agitation can be very distressing for 
family members necessitating timely and aggres-
sive symptom management. 

 Declining neurological and cognitive func-
tions predispose patients to choking, aspiration, 
and falls. Patients with BT are at high risk for skin 
breakdown related to functional defi cits, immo-
bility, and weight gain secondary to steroid use 
[ 13 ]. Patients may present with delayed wound 
healing and/or wound infection as a result of ste-
roid treatment. With disease progression, lepto-
meningeal disease, or spinal metastases, patients 
may develop a neurogenic bowel and bladder and 
become incontinent of urine and stool. 

 Corticosteroids are frequently utilized for the 
relief of progressive neurological symptoms. 
Initially they provide a marked improvement; 
however, this effi cacy is generally transient [ 18 ]. 
The dilemma often arises whether to further 
increase the dose of corticosteroids for symptom 
relief, which often results in a concomitant 
increase in the side effects of steroids, which are 
often burdensome in themselves. These adverse 
effects include hyperphagia, weight gain, body 
transformation, glucose intolerance, hyperten-
sion, mood disturbance, gastrointestinal bleeding 
and ulcers, and obstructive sleep apnea [ 18 ] .  
Hyperphagia in itself can be of particular concern 
in those children with swallowing disturbances, 
as they are permanently hungry and are at risk of 
choking. 

 As children approach the fi nal hours of life, 
respiratory symptoms are greatly impacted by 
neurological decline and progressive somno-
lence. Irregular breathing patterns begin to pres-
ent as hypoventilation, apnea, Cheyne-Stokes 
respirations, and agonal breathing. These symp-
toms may be isolated or occur in combination. 
The loss of gag refl ex, inability to swallow, and 
the buildup of oral and tracheal secretions lead to 
gurgled respirations referred to as the  death rattle . 
This can be particularly diffi cult for family 
 members to observe [ 15 ]. Glycopyrrolate admin-
istered SC is used to reduce the production of 
saliva in unresponsive patients.  
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   Palliative Sedation 

 In specifi c circumstances palliative sedation (PS) 
may be implemented to alleviate uncontrollable 
pain, seizures, respiratory distress and existential 
suffering despite rigorous treatment of refractory 
symptoms at EOL. There is a paucity of pub-
lished reports to determine incidence and preva-
lence of palliative sedation instituted in children 
with brain tumors. The initiation of PS occurs 
once the medical team and parents determine that 
the child has true refractory symptoms causing 
unbearable suffering. It is imperative that the 
intent of PS be addressed well before initiation so 
that parents understand that PS is not intended to 
hasten death but to support the child through this 
diffi cult stage of their dying process. Engaging 
the parents and the multidisciplinary team early 
in the process minimizes moral distress and 
unites the parents and team in shared EOL goals. 
Such cases require written guidelines and exper-
tise to direct the administration of continuous 
high-dose opioids and sedation [ 19 ].   

   Psychological Symptoms 

 Symptom management includes the manage-
ment of both physical and psychological symp-
toms. A recent review of symptoms in the 
palliative phase identifi ed that the mean num-
ber of psychological symptoms per child was 
3.2, and the main symptoms were sadness, dif-
fi culties in talking about their feelings regarding 
illness and death with parents, fear to be alone, 
loss of perspective, and loss of independency 
[ 11 ]. Wolfe et al. identifi ed that according to 
their parents, in the last month of life, children 
had little or no fun, were more than a little sad, 
and were not calm or peaceful most of the time 
[ 2 ]. Mood disorders particularly anxiety and 
depression are not uncommon. Jalmsell et al.’s 
survey of bereaved parents identifi ed children 
>9 years old were at higher risk of developing 
anxiety [ 13 ]. These symptoms need to be 
openly discussed and addressed by psychoso-
cial members of the allied health-care team 
early on in the trajectory.  

   Advance Care Planning 

 ACP is a clinical intervention to facilitate ethical 
and effective decision-making for children with 
BT. ACP in a pediatric setting is a process that 
honors relationships, family-centered care, and 
cultural values to support decision-making. Open 
communication is central to good palliative care 
and is linked to improved decision-making and 
decreased parental suffering [ 2 ,  4 ]. 

 Pediatric oncologists are called upon to talk 
openly with patients and parents about aggressive 
cancer focused treatment, ending life support, and 
identifying the dying point for patients with incur-
able BT. Addressing end-of-life decisions includ-
ing  Do Not Attempt Resuscitation  (DNAR) early 
on in the trajectory minimizes a potential crisis 
during a time of acute deterioration or fl are- up of 
refractory pain or symptom. Thus, it is essential to 
use the time period following the diagnosis of 
incurable BT to begin the process of identifying 
goals of care and facilitating the development of 
EOL care plans. This is highly relevant for chil-
dren and adolescents whose ability to communi-
cate personal care preferences may be impacted 
by bulbar dysfunction and cognitive decline. 

   Decision-Making 

 End-of-life decision-making is emotionally ardu-
ous and intense for parents of children with brain 
tumors. EOL decisions for children with BT 
include limiting or ending treatment, withhold-
ing/withdrawing artifi cial hydration and nutri-
tion, determining location of care, and assessing 
the need for palliative sedation and resuscitation 
[ 2 ,  4 ,  5 ,  20 ]. Parents approach such existential 
decisions for their child and themselves by 
weighing decisions regarding their child’s suffer-
ing, regarding experimental treatment options, 
and regarding a purely palliative approach to care 
and recognizing that without treatment their child 
will die. Parents are further called upon to make 
decisions related to autopsy, tissue donation, and 
funeral arrangements. Given the complexity of 
such decisions, patients and families require 
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guidance and direction from a skilled and sup-
portive multidisciplinary team [ 10 ]. 

 Heinze and Nolan performed a qualitative 
review of published research on parental decision- 
making for children at EOL over a 10-year period 
from 2001 to 2011 [ 21 ]. In this review of 35 pub-
lished reports, parental decision-making was posi-
tively infl uenced by the clinical expertise of the 
treating team, consistent and direct communication 
about the child’s progress, and clear understanding 
of the prognosis. Other studies rank hope as an 
important factor in decision-making [ 10 ,  22 ]. The 
need to have more time with their children has 
emerged as a prominent theme in parental EOL 
decision-making studies. Palliative chemotherapy 
is an intervention that parents value as being impor-
tant in order to have more time with their child. 
Studies have demonstrated that clinicians think 
otherwise and perceive palliative chemotherapy to 
be invasive with the potential to cause treatment-
related side effects, to adversely affect quality of 
life, and to prolong suffering [ 11 ,  22 ,  23 ]. 

 Children and chronically ill adolescents 
 themselves often wish to be involved in decisions 
affecting their future health care, while their par-
ents fi nd this to be a startling fact [ 20 ,  24 ,  25 ]. 
Children want to be heard, while their parents have 
a strong need to protect them from the harsh real-
ity of their disease. Clinicians are reluctant to rou-
tinely include children and adolescents in 
decision-making. In the absence of legal age to 
consent to treatment, there is consensus that chil-
dren as young as 14 years old are capable of under-
standing treatment decisions and consequences of 
their treatment that could lead to death. Yet, par-
ents and clinicians express worry that adolescents 
are not developmentally ready to appreciate conse-
quences to treatment/nontreatment options and 
both groups view discussions as upsetting to chil-
dren and adolescents. Their ultimate fear is that 
children and adolescents will lose hope and have 
adverse outcomes as a result of the knowledge that 
they have terminal cancer [ 20 ,  24 ]. 

 Hinds et al.’s early research has challenged 
this perception and contributes new knowledge 
that dying school-aged children and adolescents 
were able to articulate their preferences for EOL 
care [ 20 ]. Hinds and her colleagues interviewed 

20 patients aged 10–20 years old about their pref-
erences for EOL. Four of these patients had a 
brain tumor. The mean age was 17 years and 4 
months. Results of this study demonstrated that 
all of the patients in this study were aware of 
death as a consequence of their decision-making. 
These 20 patients identifi ed that their EOL pref-
erences were infl uenced by their concern for oth-
ers, their wishes to avoid treatment-related 
adverse events, their choice to end life- prolonging 
therapy, their readiness to go to an afterlife, and 
their negative experience of witnessing receive 
life-sustaining treatment [ 20 ]. 

 In a more recent study, Hinds et al. demon-
strated that children as young as 5 years old were 
able to identify cancer-related quality of life 
issues [ 24 ]. She and her colleagues advocate for 
more opportunities to facilitate younger children 
to have a voice in treatment-related discussions. 
End-of-life planning booklets such as  Pediatric 
My Wishes  and  Voicing My Choices  are easily 
accessible developmentally appropriate resources 
that are available in several languages [ 26 ]. These 
booklets are a platform to support school-aged 
children and adolescents with opportunities to 
have their needs and preferences explored with a 
parent or member of the neuro-oncology team.   

   Autopsy/Organ Donation 

 When a child dies from a progressive brain tumor, 
many health-care practitioners or family mem-
bers may erroneously feel that there is no reason 
to perform an autopsy. However, postmortem 
examinations in pediatric oncology are often an 
important source of new or additional important 
information for physicians and families alike. 

 In order for this signifi cant decision to be fully 
considered, families should be given the opportu-
nity to consider this request ahead of time, before 
the child approaches EOL. Practitioners should 
anticipate in advance opportunities to discuss 
autopsy and when families would be most respon-
sive to the discussion. Guidelines on how to intro-
duce this sensitive topic to parents or guardians of 
children have been published [ 27 ]. In addition, the 
place of death should not infl uence the decision. 
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Postmortem examinations should be offered to 
families regardless of whether end-of-life care is 
in the hospital, hospice, or home. A description of 
the goals of autopsy, including tissue collection for 
research purposes, and all aspects of the procedure 
itself should be disclosed. Explanations should 
describe the different types of autopsies, in partic-
ular that the autopsy can be restricted to the whole 
brain or tumor itself, according to the family’s 
preference. Arrangements should always be made 
to discuss the autopsy results with the primary care 
team, and this discussion in itself can be an impor-
tant step in the family’s bereavement process. 

 Autopsy tissue is an important source for 
future pediatric brain tumor research. For tumors 
that can be neither resected nor biopsied, it is the 
only tissue available. Signifi cant research has 
been conducted in tissue obtained from autopsy 
with children with diffuse intrinsic pontine glio-
mas (DIPG) [ 28 ,  29 ]. As the diagnosis of a DIPG 
is usually not made by histology but rather by 
imaging and clinical characteristics, very little is 
known about the biology of this cancer. Given the 
dismal prognosis of children with DIPG, a push 
has been made to advocate for postmortem dona-
tion of tissue. Important information has been 
gathered from these autopsy studies and possible 
biologic targets for future therapies have been 
identifi ed [ 29 ]. 

 The diagnosis of a primary brain tumor is not 
considered a contraindication to organ donation, 
unlike other malignancies, due to the rarity of 
extra-neural metastases [ 30 ] .  Tissue donation 
including cornea, skin, bone, cardiovascular, and 
connective tissue should be discussed. Failure to 
disclose eligibility for organ and tissue donation 
could be a source of grief and bereavement for 
the family in the future.  

   Grief and Bereavement 

 The death of a child has a profound and lasting 
impact on parents and siblings alike. The loss of a 
child is described as one of the most stressful life 
events a parent can experience and the grief is 
more intense and longer lasting that that of any 
other type of loss [ 31 ,  32 ]. Parents of children 
who die from cancer have poor psychosocial 

 outcomes including elevated rates of anxiety, 
depression, prolonged grief, poor psychological 
well-being, poor physical health, and poor quality 
of life. The loss of the ability to communicate by 
the child with a brain tumor may be particularly 
diffi cult for the family and identifi ed as a source 
of loss and missed opportunity [ 10 ,  32 ,  33 ]. 

 Bereavement follow-up by the primary neuro- 
oncology team is an essential component and 
standard of palliative care. Contact from a team 
member after a child’s death can not only help 
relieve a family’s potential sense of abandonment 
but also identify families at particular risk and 
allocate resources to them.  

   Research 

 Pediatric palliative care research has concen-
trated on the EOL care of children with malig-
nant disease with little focus on the multitude of 
needs that precede EOL. Children with BT have 
distinct needs, yet they are rarely studied as a 
separate group [ 10 ]. Instead, children with BT 
are grouped with other childhood malignancies 
in EOL studies making it diffi cult to elucidate 
their unique symptom management burden and 
palliative care needs. 

 Current palliative care research is limited by 
nonrandomized studies, surveys and focus groups 
of bereaved parents, and retrospective chart 
 analyses [ 10 ,  13 ]. In studies focusing on EOL 
care, ethics review boards remain conservative in 
judging harm. Thus, ethics review boards remain 
reluctant to support prospective studies using 
dying children and/or their parents despite evi-
dence that neither children nor their parents are 
negatively impacted or traumatized by the 
research process [ 20 ,  22 ,  24 ,  34 ,  35 ].  

   Conclusion 

 Children with BT experience unique and dis-
tressing symptoms that are distinct from other 
pediatric malignancies. Progressive cognitive 
impairment and declining overall function are 
signifi cant quality of life issues impacting on 
communication, decision-making, and safety. 
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Children with BT are at high risk of suffering in 
a cure-focused culture without a palliative care 
approach initiated early in the trajectory. 

 In pediatric neuro-oncology, palliative care 
has always been a part of care delivery and pedi-
atric oncologists have historically been intimately 
involved in EOL care. Pediatric palliative care is 
rapidly shifting from a focus of care from dying 
and death to an emphasis on quality of life and 
living throughout the course of the child’s cancer 
trajectory regardless of the outcome. Integrating 
palliative care principles early after diagnosis is 
particularly relevant to children with brain tumors 
who may lead a productive and functional life for 
weeks to months after diagnosis.     
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           Introduction 

 Great disparities exist in the care of children with 
cancer around the world. It is estimated that more 
than 80 % of all pediatric cancers occur in coun-
tries with limited resources and most disparities 
are related to differences in healthcare resources 
and organization of healthcare systems. However, 
in addition to economic barriers, other issues 
may limit the quality of care delivered to this vul-
nerable population. In this chapter, we will 
review the challenges associated with the man-
agement of central nervous system tumors in the 
pediatric population in countries with limited 

resources and will provide some suggestions and 
recommendations based on recent successful 
experiences [ 1 ].  

   Incidence of CNS Tumors 
in Countries with Limited Resources 

 There are only few reports on childhood brain 
tumors in countries with limited resources. Most 
publications represent single institution experi-
ences rather than collaborative studies [ 2 ]. The 
incidence of childhood brain tumors is diffi cult to 
estimate in these countries due to the lack of 
population- based cancer registries [ 3 ]. There are 
indeed numerous obstacles for the implementation 
of cancer registries in developing countries. Many 
of these countries face general problems of poverty, 
which make cancer diagnosis, treatment, and com-
pliance a low priority. In addition, some low-
income countries have large shifts in population 
due to wars, migration, or rapid changes in inci-
dence of birth or death, which result in inaccurate 
age-specifi c population estimates. Infection and 
malnutrition are major causes of death in children 
from developing countries; thus, cancer treatment 
gets little attention from healthcare authorities. Due 
to the complexity of the care of pediatric brain 
tumor patients, even when epidemiologic studies 
are available, these patients are often not included 
[ 4 ]. However, proper cancer registries would be the 
fi rst step to appreciate the extent of the problem in 
order to implement cancer programs (Table  27.1 ). 

        E.   Bouffet ,  M.D.      
  Department of Hematology/Oncology , 
 The Hospital for Sick Children, 
University of Toronto ,   Toronto ,  ON ,  Canada     

    N.   Amayiri ,  M.D.      
  Department of Pediatrics ,  King Hussein Cancer Center , 
  Amman ,  Jordan     

    A.   Fonseca ,  M.D.     
  Department of Pediatrics ,  McMaster Children’s Hospital , 
  Hamilton ,  ON ,  Canada    

    K.   Scheinemann ,  M.D.      (*) 
  Department of Pediatrics, Division of Hematology/
Oncology ,  McMaster Children’s Hospital , 
  McMaster University, Hamilton ,  ON ,  Canada   
 e-mail: kschein@mcmaster.ca  

 27      Pediatric Neuro-Oncology 
in Countries with Limited 
Resources 

           Eric     Bouffet     ,     Nisreen     Amayiri     ,     Adriana     Fonseca     , 
and     Katrin     Scheinemann     

K. Scheinemann and E. Bouffet (eds.), Pediatric Neuro-oncology,
DOI 10.1007/978-1-4939-1541-5_27, © Springer Science+Business Media New York 2015

mailto:kschein@mcmaster.ca


300

Registries may also help to identify unique genetic 
or environmental risks and allow proper and timely 
intervention to improve detection and outcome.

   Available data suggest a low incidence of 
CNS tumor in countries with limited resources. 
While the incidence of pediatric brain tumor in 
the CBTRUS (Central Brain Tumor Registry of 
the United States) was 4.92/100,000 person- 
years for children less than 15 years during the 
period 2004–2008 [ 5 ], Manoharan et al. reported 
an incidence of 0.9/100,000 in the Delhi 
Population Based Cancer Registry (PBCR) for 
the period 2003–2007 [ 6 ]. In Colombia, a coun-
try with a population of 47,000,000, there is a 
rough estimate of 400 new pediatric brain tumors 
per year. Whether this lower incidence is real or 
related to other factors is unknown. One common 
proposed cause of lower reported incidence of 
childhood cancer in general in low-income coun-
tries is the high mortality rate in young children 
(under the age of 5 years) that may lead to early 
death before the child develops cancer. However, 
there is no statistical reason that this high rate of 
premature death should infl uence the overall inci-
dence of childhood cancer. Using data from 
the International Agency for Cancer Research 
(IARC), Howard et al. reported a close correla-
tion between the reported incidence of childhood 
leukemia and the mean annual per capita gross 
national income [ 7 ]. There is no similar study for 
childhood brain tumors. However, it is very likely 
that in many low-income countries, children with 
brain tumor die before diagnosis.  

   Delay in the Diagnosis of CNS Tumors 

 Despite advances in neuroimaging, timely diag-
nosis of CNS tumors remains a problem in high- 
income countries. There are no specifi c studies 
that have analyzed differences in the delay to 
diagnosis of CNS tumors between high- and 
 low- income countries. However, the issue of late 
diagnosis of CNS tumors is obvious for neurosur-
geons and oncologists who practice in these coun-
tries. Beyond the usual challenges of nonspecifi c 
symptoms such as vomiting, failure to thrive, 
hypoactivity, headaches, or visual disturbance 
that are usual factors involved in delayed diagno-
sis [ 8 ], access to neuroimaging facilities is the 
main obstacle that patients and families face. The 
limited number of CT or MRI scans; long waiting 
lists, particularly when sedation is needed; and in 
many places the prohibitive cost of these tests are 
among the many reasons that delay or prevent the 
diagnosis of brain tumor in children in these 
countries. In most places, the imaging study will 
be limited to the brain and it is exceptional to have 
preoperative imaging of the spine when a malig-
nant brain tumor such as medulloblastoma is sus-
pected. Once a brain tumor is diagnosed on 
imaging, then confi rmation of the correct diagno-
sis would mean a referral to a specialized center 
able to take care of these children. 

 Most developing countries lack specialized 
centers whether due to unavailability of experi-
enced staff or shortage of equipment [ 9 ], and even 
when they have one, families from rural areas 

   Table 27.1    Pediatric brain cancer registration data included in the C15-1X for the period of 1998–2002 by continent   

 Continent 
 Countries included/
submitted data 

 PBCR included/
submitted data 

 Geographic coverage 
by continent (%) 

 Population coverage 
in millions (%) 

 Africa   5/14  5/16  31    8.8 (1 %) 
 Asia  15/18  44/77  57  152.3 (4 %) 
 Europe  29/30  100/120  83  238.8 (33 %) 
 North America   2/2  54/58  93  258.5 (80 %) 
 Oceania   4/6  11/13  85   23 (73 %) 
 South and 
Central America 

  8/11  11/29  38   22.7 (4.3 %) 

  Reprinted from Curada MP, Voti L, Sortino-Rachou AM. Cancer registration data and quality indicators in low- and 
middle-income countries: their interpretation and potential use for the improvement of cancer care. Cancer Causes 
Control 2009; 20(5):751-756. With permission from Springer Verlag 
 PBCR Population based Cancer Registry  
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often face diffi culties to access these specialized 
centers due to fi nancial costs and diffi culties in 
transportation, which will also complicate future 
compliance during treatment and follow-up. 

 In some countries like Panama, programs 
have been developed to increase awareness of 
early signs and symptoms of pediatric brain 
tumors for primary care physicians. The primary 
objective is to increase early diagnosis and referral 
of these patients. Programs like this one are 
being  currently developed in other countries like 
Colombia, addressing the most common malig-
nancies in childhood.  

   Cultural Barriers 

 Cancer is a condition that relates to fate, myths, 
and beliefs. The diagnosis of brain tumor is a 
devastating event for the families; often they tend 
to seek help from local “healers” or use comple-
mentary and alternative medicine. As a result, 
this may affect the natural history of the disease 
and delay the diagnosis of cancer even more [ 10 ]. 
A classical example is the increased incidence of 
blindness associated with optic pathway gliomas 
seen in countries with limited resources. 

 Brain tumor diagnosis has in some cultures a 
negative perception and stigmatization. Families 
may refuse to be referred to a cancer center, try-
ing to avoid the risk of marginalization associ-
ated with this condition. Stigma like the belief 
that cancer equates death or mental and physical 
disability and cultural myths might also infl uence 
parental or family decisions including treatment 
abandonment. Because the social stigmata of 
cancer can be so powerful, social barriers must be 
fully understood before any strategy is imple-
mented in low-income countries. 

 Some cultural choices, like treating boys over 
girls, may affect incidence, survival, and mortal-
ity data of cancer in some cultural contexts [ 11 ]. 
Other social factors are critical, such as fi nancial 
and transportation diffi culties that have been 
identifi ed as major sources of abandonment of 
treatment [ 12 ].  

   Management of Pediatric Brain 
Tumors in Countries with Limited 
Resources 

   Neurosurgery 

 With a few exceptions, neurosurgical manage-
ment is generally the fi rst step in the treatment of 
pediatric brain tumors. Neurosurgeons in low- 
income countries are overloaded with work and 
neurosurgical units are generally understaffed. 
Neurosurgery in these countries faces two main 
challenges, i.e., quality and quantity in both 
resources and qualifi ed personnel [ 9 ]. The World 
Health Organization African Subcommittee con-
ducted a survey on African neurosurgical ser-
vices in the late 1990s. This survey reported a 
ratio of one African neurosurgeon per 1,352,000 
individuals compared to 1/121,000 in Europe and 
1/81,000 in North America [ 13 ]. Similar fi gures 
are described in the South Asian continent. 

 In addition, there are a limited number of neuro-
surgeons with a pediatric expertise in low- income 
countries, and thus, general neurosurgeons, when 
available, are expected to operate on children. In 
such conditions, specifi c knowledge of the princi-
ples of pediatric neuro- oncology is important and 
unfortunately many general neurosurgeons are not 
familiar with this specialty. As a result, in most 
places, surgical intervention is limited to the inser-
tion of ventriculoperitoneal shunts for the manage-
ment of hydrocephalus. Attempt to complete or 
near complete surgical resection is not a common 
practice, and surgery is usually limited to a biopsy 
to allow histological diagnosis. Unfortunately, less 
than gross total resection greatly impact survival of 
children with brain tumor like ependymoma or/and 
would upgrade risk status for some other tumors 
like medulloblastoma. 

 Neuronavigation and the use of intraoperative 
microscope are known to facilitate surgery and to 
improve tumor resection; however, these equip-
ments are scarce in low-income countries or are 
only available in selected private practices; trained 
neurosurgeons with the expertise to use these tech-
niques are limited. A recurrent challenge in this 
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context is the management of children who under-
went incomplete tumor resection. Most often, neu-
rosurgeons consider that there is no role for further 
surgery and they refer the child to radiation oncol-
ogists or pediatric oncologists for adjuvant 
treatment. While local oncologists are often unsuc-
cessful in trying to convince referring neurosur-
geons to proceed to second look surgery in the 
context of an incomplete resection, telemedicine 
experiences that involve a contact between neuro-
surgeons appear to offer a unique opportunity to 
discuss such technical issues and to optimize the 
quality of surgical management [ 14 ]. 

 Postoperative intensive care with good moni-
toring of intracranial pressure, fl uids, and electro-
lyte balance is crucial when caring with brain 
tumor patients especially when hormonal prob-
lems are expected like in craniopharyngioma sur-
gery. The lack of such specialized multidisciplinary 
care will increase perioperative morbidity and 
mortality. 

 Another issue identifi ed in some of the twin-
ning programs is the lack of communication 
between neurosurgeons and pediatric oncologist. 
Often, these patients are not referred for further 
adjuvant therapy and frequently a suboptimal 
surgical resection is the only treatment modality. 
This seems to be a more prevalent issue, if the 
surgical management is performed by a non- 
pediatric neurosurgeon and at an institution 
where appropriate pediatric oncology or radia-
tion therapy is not available.  

   Neuropathology 

 Experienced pathologists able to differentiate 
subtypes of pediatric neurological tumors are 
absent in many developing countries. The lack of 
trained personnel and inadequate technical equip-
ment are therefore limiting the possibility to 
achieve a timely and accurate diagnosis in many 
places. Often, clinicians are faced with long turn-
over times—sometimes exceeding 1 month—
before a diagnosis is proposed [ 15 ]. Availability 
of some important staining techniques may also 
compromise the possibility to accurately identify 

tumor types. A classical example is the availabil-
ity of the BAF47 staining. This staining that has 
now become part of the standard battery of 
immunohistochemical staining performed in the 
context of embryonal tumors of the central ner-
vous system. 

    In a report on a telemedicine twinning experi-
ence between Canada and Jordan in pediatric 
neuro-oncology between two multidisciplinary 
programs, the most common recommendation was 
a review of the neuropathology, resulted in several 
cases in a change in the initial diagnosis or in the 
grading of the tumor with signifi cant consequences 
in term of subsequent management [ 14 ]. Those 
results have been replicated in the ongoing twining 
program between Canada and Colombia. However, 
a number of factors are limiting this practice that 
would greatly benefi t pediatric neuro-oncology 
programs in countries with limited resources. In 
this context, it is likely that a signifi cant number 
of children are treated without an adequate 
diagnosis.  

   Radiation and Radiotherapy Services 

 Radiation therapy is a critical component of treat-
ment of many central nervous system tumors in 
children; however, limited radiotherapy machines 
and personnel make them available only at large 
centers with long waiting lists. There is evidence 
that delay in starting radiotherapy has a negative 
impact on survival in medulloblastoma and there 
is no doubt that the extent of neurological recov-
ery will be closely dependent on the time to initi-
ate radiation in patients with diffuse intrinsic 
pontine glioma (DIPG). 

 Radiation indications, treatment volumes, 
and doses are determined by tumor histology, 
extent of disease, anticipated pattern of spread, 
and expected pattern of failure. In malignant 
CNS tumors such as medulloblastoma and epen-
dymoma, excellent survival rates have been 
reported, particularly in patients with average 
risk features (complete resection and absence of 
metastatic disease and no anaplastic features). 
Survival rates are above 90 % in patients with 
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pure germinoma, regardless of metastatic stage, 
with a combination of chemotherapy and radia-
tion. However, access to radiation oncology ser-
vices is a prerequisite for successful outcome 
and the number of functioning radiotherapy 
machines available in most countries with lim-
ited resources is the main barrier to optimal 
patient care. It is clear that pediatric neuro-
oncology programs cannot be developed or 
implemented in countries, which have no radia-
tion oncology services. A survey of radiotherapy 
equipments in Africa conducted in 1998 reported 
that 9/56 countries had no radiotherapy at all, 24 
had orthovoltage facilities only, and 2/3 of the 
megavoltage equipments available in the conti-
nent were located in two countries (Egypt and 
South Africa) [ 16 ]. The supply of radiation 
equipments available in the continent repre-
sented at that time 18 % of the estimated needs. 
Appropriate maintenance of the radiation equip-
ment is also an issue in countries where there is 
only one radiotherapy machine; the treatment 
could get interrupted for an  undetermined period 
of time or waiting times can increase consider-
ably if the machine goes out of service. 

 As a consequence, access to radiation is a 
major issue in most countries with limited 
resources, and delay in initiation and/or continua-
tion of radiation treatment is a common problem. 

 In several places, pediatric oncologists are 
trying to overcome this problem by designing 
protocols that offer postoperative chemotherapy 
prior to radiation, in particular for medulloblas-
toma patients. Although this is not an ideal 
option, this approach may help prevent early 
recurrence or dissemination following initial 
surgery. Another limiting factor in the manage-
ment is the number of well-qualifi ed personnel 
with an expertise in CNS radiation techniques 
and more specifi cally in pediatrics. Craniospinal 
radiotherapy (CSI), which is commonly used in 
the management of medulloblastoma patients, is 
one of the most complex radiotherapy tech-
niques, and evidence from several medulloblas-
toma trials has suggested that the quality of CSI 
impacts outcome. Some groups have started to 

address specifi c issues related to the availability 
of radiation machines. In particular, a group in 
Cairo has run a randomized trial that has shown 
similar survival between patients with DIPG 
treated with normal fractionation (30 sessions at 
1.8 Gy each) and hypofractionation (13 sessions 
of 3 Gy each) [ 17 ]. The results of this trial may 
benefi t DIPG patients in countries that face lim-
itations in the access to radiation services. 

 Ideally, the radiotherapeutic management of 
children with CNS tumor in countries with lim-
ited resources would benefi t from a central refer-
ral system that would review and validate 
indications and facilitate timely access to the most 
appropriate equipment. Hopefully, cooperative 
groups and support groups will be able to advo-
cate for the development of such process.  

   Pediatric Neuro-Oncologists 

 Dedicated pediatric oncologists interested in 
neuro-oncology are rare. In most of the coun-
tries with limited resources, pediatric oncolo-
gists are few and usually overworked. Their 
time is committed to clinical responsibilities 
and continuous medical education might not be 
a priority. In the absence of oncologists with 
specifi c training in pediatric neuro-oncology, 
treatment may lean more toward use of radiation 
rather than chemotherapy. This is particularly 
the case in the management of low-grade tumors 
such as low-grade gliomas of the optic path-
ways, of the brainstem, or of the spinal cord that 
can be managed with low-dose chemotherapy in 
most situations. 

 Absence of properly designed chemotherapy 
protocols suitable for developing countries, the 
intermittent supply of chemotherapeutic drugs, 
and absence of well-trained nurses would also 
affect the medical management of childhood 
brain tumors in these conditions. Some of the 
twinning programs and teleconference tumor 
boards have attempted to provide modifi ed proto-
cols that can be used in countries with limited 
resources (Table  27.2 ).

27 Pediatric Neuro-Oncology in Countries with Limited Resources



304

       Multidisciplinary Meetings 

 In pediatric neuro-oncology, there is a critical need 
for interaction between disciplines such as neuro-
surgery, neuroradiology, neuropathology, radia-
tion oncology, and oncology. Optimization of 
cancer treatment depends on careful orchestration 
of the different treatment modalities in order to 
provide patients with maximal benefi t. Discussions 
among team members will allow organizing the 
treatment plan for each specifi c patient. 

 Multidisciplinary meetings are part of the 
standard of care in many institutions in high- 
income countries. France and the UK have 
required for each newly diagnosed pediatric 
neuro-oncology patient review of the case and 
the agreement on a treatment plan by a multidis-
ciplinary team of experts. High-income countries 
have also formed national wide neuro-oncology 
multidisciplinary groups like the Pediatric 
Canadian Brain Tumor Consortium, where neu-
rosurgeons, neuro-oncologist, neuroradiologist, 
and allied healthcare member can share their 

concerns and experiences and develop a national 
standard of care treatment approach. 

 Implementation of multidisciplinary neuro- 
oncology programs in countries with limited 
resources is slow. Most physicians in low-income 
countries still work in silo and are not convinced 
of the benefi t of a dialog between team members, 
particularly with physicians outside their area of 
expertise. The role of the pediatric oncologist in 
this context is critical, even when patients may 
not require chemotherapy. Multidisciplinary 
meeting should involve all team members with 
no exception, in order to discuss every aspect of 
the care of the patient. In this context, the pres-
ence of radiologists, pathologists, neurosurgeons, 
oncologists, and radiation oncologists at these 
meetings is critical.  

   Treatment Side Effects 

 During the course of treatment, children with brain 
tumors are prone to many challenges whether 
related to their original disease or to the applied 

   Table 27.2    Comparison of available resources in high-, middle-, and low-income countries   

 DCs ( n  = 103) vs. COG ( n  = 145)  DCs ( n  = 103) vs. HIC ( n  = 37) 

 Centers seeing ≥150 newly diagnosed pediatric 
oncology patients per year 

 34 (33 %) vs. 24 (16.5 %)  34 (33 %) vs. 10 (27 %) 
  p  = 0.004   p  = 0.6 

 Centers seeing ≥15 newly diagnosed brain tumor 
patients per year 

 42 (40.7 %) vs. 60 (58.2 %)  42 (40.7 %) vs. 22 (32 %) 
  p  = 0.9   p  = 0.07 

 Centers with dedicated NO  NA  48 (46.6 %) vs. 27 (73 %) 
  p  = 0.004 

 Availability of a general LTFU team  NA  69 (67 %) vs. 33 (89.2 %) 
  p  = 0.006 

 Dedicated NO LTFU team for children  8 (7.7 %) vs. 43 (29.6 %)  8 (7.7 %) vs. 7 (21.1 %) 
  p  ≤ 0.001   p  = 0.03 

 Availability of disease-specifi c guidelines 
for the treatment of children with brain tumors 

 NA  71 (68.9 %) vs. 36 (97.3 %) 
  p  < 0.001 

 Dedicated NO LTFU team for >21 years  14 (13.6 %) vs. 42 (30 %)  14 (13.6 %) vs. 12 (31.6 %) 
  p  ≤ 0.001   p  = 0.02 

 Formal NS evaluation in >50 % of irradiated 
children 

 9 (8.7 % vs. 78 (53.7 %)  9 (8.7 %) vs. 17 (45.9 %) 
  p  < 0.001   p  < 0.001 

 Availability of GH  NA  63 (61.2 %) vs. 35 (94.6 %) 
  p  < 0.001 

  Reprinted from Qaddoumi I, Unal E, Diez B, et al. Web-based survey of resources for treatment and long-term follow-
 up for children with brain tumors in developing countries. Childs Nerv Syst 2011; 27(11):1957-1961. With permission 
from Springer Verlag 
  DC  low income country,  COG  Children’s Oncology Group,  HIC  high-income countries,  NO  neuro- oncology,  LTFU  
long-term follow-up,  NS  neuropsychological,  GH  growth hormone,  NA  not assessed  
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treatment protocols. They may require physical 
and occupational rehabilitation, mental and psy-
chosocial support, and reintegration programs. 
When present, visual and hearing defi cits need to 
be assessed, and patients should be directed to spe-
cifi c facilities that will help them to deal with these 
diffi culties. These are generally not a priority in 
low-income countries, and physicians should be 
aware that the use of, for example, ototoxic medi-
cations can lead to irreversible hearing loss and 
usually correcting devices are unaffordable. 

 Supportive therapy during treatment is also a 
concern in developing countries; appropriate 
nutritional support during chemotherapy and 
radiotherapy can be a challenge, and dietitians 
dedicated to pediatric oncology are not a reality 
in most of these countries; prophylactic antibiotics 
and antifungal are part of the practice in some of 
these countries, but their use is inconsistent due 
to the lack of treatment protocols. 

 Many children will also need hormonal sup-
plementation after brain irradiation. Availability 
of regular endocrine testing and daily administra-
tion of hormone replacement, like growth hor-
mone, may be challenging in countries with 
limited resources. In reality, most children with 
CNS tumors are very early lost to follow-up in 
countries with limited resources. A recent interna-
tional survey showed that the number of aftercare 
program in countries with limited resources was 
limited [ 18 ]. It is clear that well-designed pro-
grams for assessment of aftercare morbidities are 
diffi cult to implement in this context (Table  27.3 ).

      Palliative Care 

 Owing to the delayed diagnosis, many children 
with brain tumor diagnosed in countries with 
limited resources present with advanced disease, 

   Table 27.3    Comparison of centers from low- and upper middle-income countries regarding center characteristics, 
availability of resources and follow-up resources   

 L-LMIC ( n  = 45)  UMIC ( n  = 58)   p  Value 

 # of pediatric oncology patients per year  (≥150 cases/year) 
 <49  11  17 
 50–99  5  22 
 100–149  4  10 
 150–199  4  3 
 >200  21  6 
 # of brain tumor patients per year  (≥30 cases/year) 0.34 
 <4  10  9 
 5–14  15  27 
 15–29  7  11 
 30–49  5  7 
 >50  8  4 
 Dedicated brain tumor team  Yes, 17 (37.8 %)  Yes, 31 (53.4 %)  0.08 
 Dedicated LTFU clinic for pediatric oncology 
patients in general 

 Yes, 28 (62.2 %)  Yes, 41 (70.7 %)  0.2 

 Availability of follow-up programs for 
survivors >21 years in the setting 

 Yes, 18 (40 %)  Yes, 30 (51.7 %)  0.16 

 Availability of institutional treatment 
guidelines for the different brain tumors 

 Yes, 24 (33.8 %)  Yes, 47 (66.2 %)  0.002 

 Availability of GH  Yes, 22 (48.9 %)  Yes, 41 (70.7 %)  0.02 

  Reprinted from Qaddoumi I, Unal E, Diez B, et al. Web-based survey of resources for treatment and long-term follow-
 up for children with brain tumors in developing countries. Childs Nerv Syst 2011; 27(11):1957-1961. With permission 
from Springer Verlag 
  L - LMC  low- and middle-income countries,  UMIC  upper middle-income countries,  HIC  high-income countries,  LTFU  
long-term follow-up,  NS  neuropsychological,  GH  growth hormone  
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and very often in this context, supportive care and 
palliative treatment would be the most appropri-
ate option. In addition, a number of pediatric 
brain tumors have a poor prognosis, such as high- 
grade glioma, DIPG, or atypical teratoid rhab-
doid tumors. It is expected that in such context, a 
majority of patients will eventually succumb to 
their disease. Pain control and proper palliative 
care interventions would be important at this 
stage. Low-income countries are particularly 
lacking such services [ 19 ] and families often per-
ceive palliative care as an abandonment of treat-
ment. Other issues are critical such as access to 
appropriate pain medications. There is an obvi-
ous need to develop palliative care guidelines that 
address the need of the pediatric brain tumor 
population in these countries and that also take 
into account local or regional specifi cities, either 
social or cultural or religious. A recent work con-
ducted in families of children diagnosed with 
DIPG in Jordan suggested that it is possible to 
address palliative care issues at an early stage and 
this approach can facilitate the implementation of 
end of life decisions [ 20 ].  

   Twinning Programs 

 In the face of the many challenges associated 
with the management of childhood brain tumor 
in countries with limited resources, efforts have 
been developed to implement neuro-oncology 
programs through twinning initiatives. Support 
from high-income countries to pediatric oncolo-
gists in countries with limited resources provides 
scientifi c expertise and can improve management 
of CNS tumors in these countries. Such initia-
tives have shown success in the management of 
childhood leukemia [ 6 ], demonstrating that 
proven treatment regimens can be adapted for use 
in countries with limited resources. 

 Previous experience with neuro-oncology 
twinning programs and teleconference tumor 
boards [ 14 ] have shown that with very little 
resources, a difference can be made in the diag-
nosis and therapeutic approaches of these 
unprivileged children. Although the multidisci-
plinary care in neuro-oncology requires specifi c 

 attention, successful twinning initiatives have 
been described with signifi cant impact on man-
agement and outcomes [ 21 ,  22 ].  

   Conclusion 

 The concept of pediatric neuro-oncology is still at 
its infancy in countries with limited resources. 
Appropriate neuroimaging facilities, neurosurgical 
units, radiation equipment, and pediatric oncology 
services are prerequisites for the implementation of 
such programs. A number of programs have been 
recently implemented, often in the context of twin-
ning initiatives and teleconferenced tumor boards, 
attempting to provide expertise and therapeutic 
approaches adapted to the needs of these countries.     
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