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Abstract The fourth edition of the World Health Organi-
zation (WHO) classiWcation of tumours of the central ner-
vous system, published in 2007, lists several new entities,
including angiocentric glioma, papillary glioneuronal
tumour, rosette-forming glioneuronal tumour of the fourth
ventricle, papillary tumour of the pineal region, pituicy-
toma and spindle cell oncocytoma of the adenohypophysis.
Histological variants were added if there was evidence of a
diVerent age distribution, location, genetic proWle or clini-
cal behaviour; these included pilomyxoid astrocytoma, ana-
plastic medulloblastoma and medulloblastoma with
extensive nodularity. The WHO grading scheme and the
sections on genetic proWles were updated and the rhabdoid
tumour predisposition syndrome was added to the list of
familial tumour syndromes typically involving the nervous
system. As in the previous, 2000 edition of the WHO ‘Blue

Book’, the classiWcation is accompanied by a concise com-
mentary on clinico-pathological characteristics of each
tumour type. The 2007 WHO classiWcation is based on the
consensus of an international Working Group of 25 pathol-
ogists and geneticists, as well as contributions from more
than 70 international experts overall, and is presented as the
standard for the deWnition of brain tumours to the clinical
oncology and cancer research communities world-wide.

Introduction and historical annotation

The international classiWcation of human tumours pub-
lished by the World Health Organization (WHO) was initi-
ated through a resolution of the WHO Executive Board in
1956 and the World Health Assembly in 1957. Its objec-
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tives have remained the same until today: to establish a
classiWcation and grading of human tumours that is
accepted and used worldwide. Without clearly deWned his-
topathological and clinical diagnostic criteria, epidemiolog-
ical studies and clinical trials could not be conducted
beyond institutional and national boundaries.

The Wrst edition on the histological typing of tumours of
the nervous system was edited by Zülch and published in
1979 [52]. The second edition reXected the advances
brought about by the introduction of immunohistochemis-
try into diagnostic pathology; it was edited by Kleihues
et al. [24]. The third edition, edited by Kleihues and Cave-
nee and published in 2000 [26], incorporated genetic pro-
Wles as additional aids to the deWnition of brain tumours. In
contrast to the previous ‘WHO Blue Books’ (as the series is
commonly termed), the third edition included concise sec-
tions on epidemiology, clinical signs and symptoms, imag-
ing, prognosis and predictive factors. Throughout the
series, the classiWcation was based on the consensus of an
international Working Group. This also applies to the
fourth edition; a group of 25 pathologists and geneticists
convened at the German Cancer Research Center in Heidel-
berg in November 2006 and the results of their delibera-
tions and those of an additional 50 contributors are
contained in the 2007 WHO classiWcation of tumours of the
central nervous system [35]. As the book title indicates, the
focus is on tumours of the central nervous system, includ-
ing tumours of cranial and paraspinal nerves. Tumours of
the peripheral nervous system, e.g. neuroblastomas of the
sympathetic nervous system and aesthesioneuroblastoma,
are covered in other volumes of the WHO Blue Book
series.

ICD-O Coding

The international classiWcation of diseases for oncology
(ICD-O) was established more than 30 years ago and serves
as an indispensable interface between pathologists and can-
cer registries. It assures that histopathologically stratiWed
population-based incidence and mortality data become
available for epidemiological and oncological studies. The
histology (morphology) code is increasingly complemented
by genetic characterization of human neoplasms. The ICD-
O histology codes have been adopted by the systematized
nomenclature of medicine (SNOMED), issued by the Col-
lege of American Pathologists (CAP). The ICD-O topogra-
phy codes largely correspond to those of the tenth edition of
the International statistical classiWcation of diseases, inju-
ries and causes of death (ICD-10) of the WHO.

The third edition of ICD-O (ICD-O-3) was published in
2000 [8] and contains the codes proposed in the previous
edition of the WHO Blue Books [26]. For the fourth edi-

tion, published in the summer of 2007 [35], preliminary
codes were introduced for several new entities and variants
(Tables 1, 2 ).

Entities, variants and patterns

The Working Group distinguished between clinico-patho-
logical entities, variants of entities and histological pat-
terns. To be included in the WHO classiWcation, two or
more reports from diVerent institutions were considered
mandatory. In addition, a new entity had to be characterized
by distinctive morphology, location, age distribution and
biologic behaviour, and not simply by an unusual histo-
pathological pattern. Variants were deWned as being reli-
ably identiWed histologically and having some relevance for
clinical outcome, but as still being part of a previously deW-
ned, overarching entity. Finally, patterns of diVerentiation
were considered identiWable histological appearances, but
that did not have a distinct clinical or pathological signiW-
cance.

New entities

The Working Group for the fourth edition proposed to add
eight new entities.

Angiocentric glioma

ICD-O 9431/1, WHO grade I

This newly identiWed tumour (Fig. 1) occurs predominantly
in children and young adults (mean age at surgery,
17 years), with refractory epilepsy as the leading clinical
symptom. A total of 28 cases has been reported from the
United States [51], France [33], and Austria/Germany [41].
Angiocentric gliomas are located superWcially, the most
common sites being the fronto-parietal cortex and the tem-
poral lobe as well as the hippocampal region. FLAIR
images show well delineated, hyperintense, non-enhancing
cortical lesions, often with a stalk-like extension to the sub-
jacent ventricle [41]. The tumours are stable or slowly
growing and histopathologically characterized by mono-
morphous bipolar cells, an angiocentric growth pattern and
immunoreactivity for EMA, GFAP, S-100 protein and
vimentin, but not for neuronal antigens. Despite frequent
extension of angiocentric glioma to the ventricular wall and
the presence of microscopic features suggestive of ependy-
mal diVerentiation, the predominant clinical symptoms,
cortical location, architectural pattern and outcome were
considered insuYcient to designate this entity as an
ependymoma variant. Given the uncertainties regarding
123
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histogenesis, angiocentric glioma was grouped with astro-
blastoma and chordoid glioma of the third ventricle in the
category of ‘Other neuroepithelial tumours’, previously
designated ‘Tumours of uncertain origin’. Due to its benign
clinical behaviour and the possibility of curative surgery,
the neoplasm was assigned to WHO grade I.

Atypical choroid plexus papilloma

ICD-O 9390/1, WHO grade II 

Most intraventricular papillary neoplasms derived from
choroid plexus epithelium are benign in nature and can be
cured by surgery (choroid plexus papilloma, WHO Grade I,
ICD-O 9390/0). At the other side of the spectrum is the
choroid plexus carcinoma (WHO Grade III, ICD-O 9390/3)
with frank signs of malignancy, including brisk mitotic
activity, increased cellularity, blurring of the papillary pat-
tern, necrosis and frequent invasion of brain parenchyma.
The WHO Working group proposes to introduce an addi-
tional entity with intermediate features, designated ‘atypi-
cal choroid plexus papilloma’ which is primarily
distinguished from the choroid plexus papilloma by
increased mitotic activity. Curative surgery is still possible
but the probability of recurrence appears to be signiWcantly
higher. To reXect this concern, the proposed ICD-O code is
the same as for other choroid plexus tumours but carries the
/1 extension (ICD-O 9390/1).

Extraventricular neurocytoma

 ICD-O 9506/1, WHO grade II

The term central neurocytoma describes a neuronal tumour
with pathological features distinct from cerebral neuroblas-
toma, occurring in young adults, with preferential location
in the lateral ventricles in the region of the foramen of
Monro and a generally favourable prognosis. Central neu-
rocytomas are composed of uniform round cells with
immunohistochemical and ultrastructural evidence of neu-

ronal diVerentiation. Additional features include Wbrillary
areas mimicking neuropil, and a low proliferation rate. Dur-
ing the past decade several reports have shown that neo-
plasms occur in brain parenchyma outside the ventricular
system with similar biological behaviour and histopatho-
logical characteristics although the latter appear to exhibit a
somewhat larger morphological spectrum. For these neo-
plasms, the 2007 WHO classiWcation recommends the term
‘extraventricular neurocytoma’ and proposes an ICD-O
code identical to that of central neurocytoma (9506/1).

Papillary glioneuronal tumour (PGNT)

ICD-O 9509/1, WHO grade I 

The papillary glioneuronal tumour (Fig. 2) was established
as a distinct clinico-pathologic entity by Komori et al. in
1998 [28]. Histopathologically similar tumours had previ-
ously been described as pseudopapillary ganglioglioneuro-
cytoma [29] and pseudopapillary neurocytoma with glial
diVerentiation [23]. PGNT manifests over a wide age range
(mean 27 years) and is a clinically benign neoplasm that
typically corresponds to WHO grade I. Its preferential loca-
tion is the temporal lobe. On CT and MR images, it appears
as a contrast-enhancing, well delineated mass, occasionally
showing a cyst-mural nodule pattern. Histologically, it is
characterized by a single or pseudostratiWed layer of Xat to
cuboidal, GFAP-positive astrocytes surrounding hyalinized
vascular pseudopapillae and by synaptophysin-positive
interpapillary sheets of neurocytes, large neurons and inter-
mediate size “ganglioid” cells. This tumour is part of the
growing list of relatively benign glioneuronal tumours.

Rosette-forming glioneuronal tumour of the fourth 
ventricle

ICD-O 9509/1, WHO grade I

This newly included entity, initially described as dysembry-
oplastic neuroepithelial tumour (DNT) of the cerebellum

Fig. 1 Angiocentric glioma. a 
Elongated tumour cells with 
concentric perivascular arrange-
ment. b Perivascular tumour 
cells strongly express GFAP. 
Courtesy of Dr. V. H. Hans
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Table 1 The 2007 WHO ClassiWcation of Tumours of the Central Nervous System. Reprinted from Ref. 35

TUMOURS OF NEUROEPITHELIAL TISSUE

Astrocytic tumours
Pilocytic astrocytoma 9421/11

Pilomyxoid astrocytoma 9425/3*
Subependymal giant cell astrocytoma 9384/1
Pleomorphic xanthoastrocytoma 9424/3
Diffuse astrocytoma 9400/3

Fibrillary astrocytoma 9420/3
Gemistocytic astrocytoma 9411/3
Protoplasmic astrocytoma 9410/3

Anaplastic astrocytoma 9401/3
Glioblastoma 9440/3

Giant cell glioblastoma 9441/3
Gliosarcoma 9442/3

Gliomatosis cerebri 9381/3

Oligodendroglial tumours
Oligodendroglioma 9450/3
Anaplastic oligodendroglioma 9451/3 

Oligoastrocytic tumours
Oligoastrocytoma 9382/3
Anaplastic oligoastrocytoma 9382/3 

Ependymal tumours
Subependymoma 9383/1
Myxopapillary ependymoma 9394/1
Ependymoma 9391/3

Cellular 9391/3
Papillary 9393/3
Clear cell 9391/3
Tanycytic 9391/3

Anaplastic ependymoma 9392/3

Choroid plexus tumours
Choroid plexus papilloma 9390/0
Atypical choroid plexus papilloma 9390/1*
Choroid plexus carcinoma 9390/3

Other neuroepithelial tumours
Astroblastoma 9430/3
Chordoid glioma of the third ventricle 9444/1
Angiocentric glioma 9431/1*

Neuronal and mixed neuronal-glial tumours
Dysplastic gangliocytoma of cerebellum 

(Lhermitte-Duclos) 9493/0
Desmoplastic infantile astrocytoma/ 

ganglioglioma 9412/1
Dysembryoplastic neuroepithelial tumour 9413/0
Gangliocytoma 9492/0
Ganglioglioma 9505/1
Anaplastic ganglioglioma 9505/3
Central neurocytoma 9506/1
Extraventricular neurocytoma 9506/1*
Cerebellar liponeurocytoma 9506/1*
Papillary glioneuronal tumour 9509/1*
Rosette-forming glioneuronal tumour 

of the fourth ventricle 9509/1*
Paraganglioma 8680/1

Tumours of the pineal region
Pineocytoma 9361/1
Pineal parenchymal tumour of 

intermediate differentiation 9362/3
Pineoblastoma 9362/3
Papillary tumour of the pineal region 9395/3*

Embryonal tumours
Medulloblastoma 9470/3

Desmoplastic/nodular medulloblastoma 9471/3
Medulloblastoma with extensive 

nodularity 9471/3*
Anaplastic medulloblastoma 9474/3*
Large cell medulloblastoma 9474/3

CNS primitive neuroectodermal tumour 9473/3
CNS Neuroblastoma 9500/3
CNS Ganglioneuroblastoma 9490/3
Medulloepithelioma 9501/3
Ependymoblastoma 9392/3

Atypical teratoid / rhabdoid tumour 9508/3

TUMOURS OF CRANIAL AND PARASPINAL
NERVES

Schwannoma (neurilemoma, neurinoma) 9560/0
Cellular 9560/0
Plexiform 9560/0
Melanotic 9560/0

Neurofibroma 9540/0
Plexiform 9550/0

_____________________________________________________________
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Table 1 continued

Perineurioma
Perineurioma, NOS 9571/0
Malignant perineurioma 9571/3

Malignant peripheral 
nerve sheath tumour (MPNST)

Epithelioid MPNST 9540/3
MPNST with mesenchymal differentiation 9540/3
Melanotic MPNST 9540/3
MPNST with glandular differentiation 9540/3

TUMOURS OF THE MENINGES

Tumours of meningothelial cells
Meningioma 9530/0

Meningothelial 9531/0
Fibrous (fibroblastic) 9532/0
Transitional (mixed) 9537/0
Psammomatous 9533/0
Angiomatous 9534/0
Microcystic 9530/0
Secretory 9530/0
Lymphoplasmacyte-rich 9530/0
Metaplastic 9530/0
Chordoid 9538/1
Clear cell 9538/1
Atypical 9539/1
Papillary 9538/3
Rhabdoid 9538/3
Anaplastic (malignant) 9530/3 

Mesenchymal tumours
Lipoma 8850/0
Angiolipoma 8861/0
Hibernoma 8880/0
Liposarcoma 8850/3
Solitary fibrous tumour 8815/0
Fibrosarcoma 8810/3
Malignant fibrous histiocytoma 8830/3
Leiomyoma 8890/0
Leiomyosarcoma 8890/3
Rhabdomyoma 8900/0
Rhabdomyosarcoma 8900/3
Chondroma 9220/0
Chondrosarcoma 9220/3
Osteoma 9180/0
Osteosarcoma 9180/3
Osteochondroma 9210/0
Haemangioma 9120/0
Epithelioid haemangioendothelioma 9133/1

Haemangiopericytoma 9150/1
Anaplastic haemangiopericytoma 9150/3
Angiosarcoma 9120/3
Kaposi sarcoma 9140/3
Ewing sarcoma - PNET 9364/3

Primary melanocytic lesions
Diffuse melanocytosis 8728/0
Melanocytoma 8728/1
Malignant melanoma 8720/3
Meningeal melanomatosis 8728/3

Other neoplasms related to the meninges 
Haemangioblastoma 9161/1

LYMPHOMAS AND HAEMATOPOIETIC 
NEOPLASMS

Malignant lymphomas 9590/3
Plasmacytoma 9731/3
Granulocytic sarcoma 9930/3

GERM CELL TUMOURS

Germinoma 9064/3
Embryonal carcinoma 9070/3
Yolk sac tumour 9071/3
Choriocarcinoma 9100/3
Teratoma 9080/1

Mature 9080/0
Immature 9080/3
Teratoma with malignant transformation 9084/3

Mixed germ cell tumour 9085/3

TUMOURS OF THE SELLAR REGION

Craniopharyngioma 9350/1
Adamantinomatous 9351/1
Papillary 9352/1

Granular cell tumour 9582/0
Pituicytoma 9432/1*
Spindle cell oncocytoma 

of the adenohypophysis 8291/0*

METASTATIC TUMOURS
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[32], was established as distinct disease entity in a report of
11 cases by Komori et al. in 2002 [30]. Since then, a total of
17 cases have been reported. Rosette-forming glioneuronal
tumour of the fourth ventricle (RGNT) is deWned as a rare,
slowly growing tumour of the fourth ventriclular region
that predominantly aVects young adults (mean age
33 years) and causes obstructive hydrocephalus, ataxia
being the most common clinical manifestation. RGNT typi-
cally arises in the midline and primarily involves the cere-
bellum and wall or Xoor of the fourth ventricle. It often
occupies the fourth ventricle and/or aqueduct, and may
show parenchymal extension. T2-weighted MR imaging
reveal a well delineated, hyperintense tumour. Histopatho-
logically, RGNTs are characterized by a biphasic neurocy-
tic and glial architecture [18, 30, 40]. The neuronal
component consists of neurocytes that form neurocytic
rosettes with eosinophilic, synaptophysin-positive cores
and/or perivascular pseudorosettes. The glial component
dominates and typically exhibits features of pilocytic astro-
cytoma. Given its benign clinical behaviour with the possi-
bility of surgical cure, the rosette-forming glioneuronal
tumour (RGNT) corresponds to WHO grade I. It shares the
new ICD-O code 9509/1 with the papillary glioneuronal
tumour (PGNT).

Papillary tumour of the pineal region

ICD-O 9395/3, WHO grade II/III

This recently described rare neuroepithelial tumour (Fig. 3)
of the pineal region manifests in children and adults (mean

age 32 years), is relatively large (2.5–4 cm), and well-cir-
cumscribed, with MR imaging showing a low T1 and
increased T2 signal as well as contrast enhancement. In
addition to the initial 2003 report of six cases by Jouvet
et al. [20], a total of 38 cases have been published to date.
Histologically, papillary tumours of the pineal region are
characterized by a papillary architecture and epithelial
cytology, with immunoreactivity for cytokeratin and,
focally, GFAP. Although macroscopically indistinguish-
able from pineocytoma, the histology is incompatible with
a pineal parenchymal tumour. Ultrastructural features sug-
gest ependymal diVerentiation and a possible origin from
specialized ependymal cells of the subcommissural organ
(SCO) has been suggested [20]. The biological behaviour
of papillary tumour of the pineal region (PTPR) is variable
and may correspond to WHO grades II or III, but precise
histological grading criteria remain to be deWned. The code
9395/3 has been proposed for the fourth edition of ICD-O.

Pituicytoma

ICD-O 9432/1, WHO grade I

Pituicytoma is a rare, solid, low grade, spindle cell, glial
neoplasm of adults that originates in the neurohypophysis
or infundibulum (Fig. 4). In the past, the term pituicytoma
was also applied to other tumours in the sellar and suprasel-
lar region, particularly granular cell tumours and pilocytic
astrocytomas. Presently, it is reserved for low-grade glial
neoplasms that originate in the neurohypophysis or infun-
dibulum and are distinct from pilocytic astrocytoma. Less

Fig. 2 Novel glioneuronal tu-
mour entities. a Papillary glio-
neuronal tumour (PGNT). 
Layers of tumour cells surround 
vessels, forming pseudopapil-
lary structures with b pseudopa-
pillae covered by inner cells with 
hyperchromatic and outer cells 
with vesicular nuclei. Courtesy 
of Dr. Y. Nakazato. c Rosette-
forming glioneuronal tumour of 
the fourth ventricle (RGNT). 
Pseudorosette with ring-like 
arrangement of neurocytic tu-
mour cell nuclei around an 
eosinophilic neuropil core which 
d shows strong immunoreactiv-
ity to synaptophysin. Courtesy 
of Dr. J. A. Hainfellner
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preferred terms for pituicytoma include ‘posterior pituitary
astrocytoma’ and, for lesions arising in the pituitary stalk,
‘infundibuloma’. The WHO Working Group felt that inclu-
sion of the diagnostic term pituicytoma would help to more
clearly delineate neoplasms manifesting in the neurohy-
pophysis and pituitary stalk.

To date, less than 30 bona Wde examples have been
described, often as case reports. Clinical signs and symp-
toms include visual disturbance, headache and features of
hypopituitarism. Pituicytomas are well-circumscribed,
solid masses that can measure up to several centimetres.
Histologically, they show a compact architecture consisting
of elongate, bipolar spindle cells arranged in interlacing
fascicles or assuming a storiform pattern [2, 48]. Mitotic
Wgures are absent or rare. Pituicytomas are generally posi-
tive for vimentin, S-100 protein and, to a variable degree,
GFAP. In contrast to spindle cell oncocytoma (see below),
oncocytic change is lacking. Due to their slow growth and
the possibility of curative surgery, pituicytomas correspond
to WHO grade I. The code 9432/1 has been proposed for
the fourth edition of ICD-O.

Spindle cell oncocytoma of the adenohypophysis

ICD-O 8291/0, WHO grade II

Spindle cell oncocytoma (Fig. 5) is deWned as an oncocytic,
non-endocrine neoplasm of the anterior pituitary that mani-
fests in adults (mean age 56 years). These tumours may
macroscopically be indistinguishable from a non-function-
ing pituitary adenoma and follow a benign clinical course,
corresponding to WHO grade I. The eosinophilic, variably
oncocytic cytoplasm contains numerous mitochondria, is
immunoreactive for the anti-mitochondrial antibody 113-I
as well as to S-100 protein and EMA, but is negative for
pituitary hormones. Since the initial 2002 report of Wve
cases by Roncaroli et al. [43], Wve additional cases have
been published from three institutions [4, 27, 49]. The code
8291/0 has been proposed for the fourth edition of ICD-O.

New variants

Throughout the history of the WHO Blue Book series, his-
tological variants have been introduced if there was evi-
dence that a particular morphological pattern was
associated with a diVerent biological or clinical behaviour.
Admittedly, in retrospect, this criterion was not always ful-
Wlled. In the fourth edition of the WHO ClassiWcation, three
new variants were introduced that can be reliably identiWed
histologically and which have some relevance in terms of
clinical outcome.

Fig. 3 Papillary tumour of the pineal region. a Histology shows the
typical papillary architecture and epithelial cytology. b In papillary ar-
eas, the tumour cells are large with columnar or cuboidal shape. Cour-
tesy of Dr. M. Fevre-Montange

Fig. 4 Pituicytoma with elongate, bipolar spindle cells arranged in
interlacing fascicles. Courtesy of Dr. D. Brat
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Pilomyxoid astrocytoma 

ICD-O 9425/3, WHO grade II

Originally described by Jänisch et al. in 1985 as ‘dience-
phalic pilocytic astrocytoma with clinical onset in infancy’
[19], the term pilomyxoid astrocytoma was introduced in
1999 by Tihan et al. [47] who also deWned its characteristic
histopathological features. Pilomyxoid astrocytoma (PMA)
(Fig. 6) occurs typically in the hypothalamic/chiasmatic
region, sites that are also aVected by classical pilocytic
astrocytomas. PMA is histologically characterized by a
prominent myxoid matrix and angiocentric arrangement of
monomorphous, bipolar tumour cells. The close relation-
ship to pilocytic astrocytoma is underscored by a report of
two cases that occurred in the setting of neuroWbromatosis
type 1 (NF1). PMA aVects predominantly infants and chil-
dren (median age, 10 months) and appears to have a less
favourable prognosis. Local recurrences and cerebrospinal
spread are more likely to occur in pilomyxoid than in pilo-
cytic astrocytomas. The Working Group therefore recom-
mended an assignment to WHO grade II and the new code
9425/3 has been proposed for the fourth edition of ICD-O.

Anaplastic medulloblastoma

ICD-O 9474/3, WHO grade IV

This variant of medulloblastoma is characterized histologi-
cally by marked nuclear pleomorphism, nuclear moulding,
cell–cell wrapping, and high mitotic activity, often with
atypical forms. Although all medulloblastomas show some
degree of atypia, these changes are particularly pronounced
and widespread in the anaplastic variant. Histological pro-
gression from classic to anaplastic medulloblastomas may
be observed, even within the same biopsy. The highly
malignant large cell medulloblastomas and anaplastic
medulloblastomas have considerable cytological overlap.
The large cell variant features often spherical cells with
round nuclei, open chromatin and prominent central nucle-
oli. The patterns may coexist. Indeed, in several studies a

combined large cell/anaplastic category has been used. It is
proposed that in the fourth edition of ICD-O anaplastic
medulloblastoma and large cell medulloblastoma share the
same code 9474/3.

Medulloblastoma with extensive nodularity

ICD-O 9471/3, WHO grade IV

The medulloblastoma with extensive nodularity is closely
related to the desmoplastic/nodular medulloblastoma
(9471/3) and was previously designated ‘cerebellar neuro-
blastoma’. It occurs in infants and diVers from the desmo-
plastic nodular variant by exhibiting a markedly expanded
lobular architecture, due to the fact that the reticulin-free
zones become unusually large and rich in neuropil-like tis-
sue. Such zones contain a population of small cells resem-
bling those of a central neurocytoma and exhibit a
streaming pattern. The internodular reticulin-rich compo-
nent, which dominates in the desmoplastic/nodular variant,
is markedly reduced. Following radiotherapy and/or che-
motherapy, medulloblastomas with extensive nodularity
may occasionally undergo further maturation to tumours
dominated by ganglion cells. A more favourable outcome
than for patients with classic medulloblastomas is recog-
nized for both, the desmoplastic/nodular medulloblastoma
variant and medulloblastoma with extensive nodularity. It
is proposed that medulloblastoma with extensive nodularity
and desmoplastic/nodular medulloblastoma share the same
ICD-O code 9471/3.

Variants versus patterns

Tumours of the CNS often display a signiWcant histopatho-
logical heterogeneity. Surgical pathologists need to know
such divergent patterns of diVerentiation but not every pat-
tern warrants designation as a variant, since some patterns
do not have distinct clinical or genetic features. The WHO
Working Group for the fourth edition proposed that some
recognized tumours should be considered divergent

Fig. 5 Spindle cell oncocy-
toma. a Note spindle and some-
what epithelioid cells with 
abundance of variably granular 
cytoplasm, diVerent degrees of 
nuclear atypia and focal inXam-
matory reaction. b Generalized 
staining for S-100 protein is a 
regular feature of this rare tu-
mour
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patterns of diVerentiation rather than distinct clinico-patho-
logical variants.

Small cell glioblastoma

Although small cells are common in glioblastoma, they are
predominant or exclusive in a subset known as small cell
glioblastoma [38]. This glioblastoma subtype displays a
monomorphic cell population characterized by small, round
to slightly elongated, densely packed cells with mildly
hyperchromatic nuclei, high nuclear:cytoplasmic ratios and
only minor atypia. On occasions, these neoplasms superW-
cially resemble anaplastic oligodendroglioma. Microvascu-
lar proliferation, necrosis and GFAP immunoreactivity may
be minimal while marked proliferative activity is typical.
The small cell glioblastoma phenotype frequently shows
EGFR ampliWcation [3, 16, 38], p16INK4a homozygous
deletion [16], PTEN mutations [16] and LOH 10q [38]. In
one study [38], these tumours more commonly expressed
the EGFR (83 vs. 35%) and its variant EGFR-vIII (50 vs.
21%) as compared to non-small cell glioblastomas. This
glioblastoma type appears to have a poor prognosis [38]
although in one population-based study there was no sig-
niWcant overall survival diVerence when compared to non-
small cell glioblastoma [16]. If future clinical trials show a
diVerence in prognosis and/or response to therapy, the
small cell glioblastoma may be reconsidered as a variant of
glioblastoma with a distinct ICD-O code.

Glioblastoma with oligodendroglioma component

Occasional glioblastomas contain foci that resemble oli-
godendroglioma. These areas are variable in size and fre-
quency. Two large studies of malignant gliomas suggest

that necrosis is associated with signiWcantly worse prog-
nosis in anaplastic gliomas with both oligodendroglial
and astrocytic components [36, 50]: patients whose
tumours showed necrosis had a substantially shorter
median overall survival compared to patients whose
tumours did not. At the WHO consensus meeting, the des-
ignation of these tumours was controversial. Some partic-
ipants proposed the term ‘oligoastrocytoma WHO grade
IV’ or ‘oligodendroglial glioblastoma multiforme’. The
majority of pathologists thought that more clinico-patho-
logical data should be available before this tumour is con-
sidered a new disease entity. In particular, it should be
established whether or not these tumours carry a better
prognosis than standard glioblastomas [13, 16, 31]. For
the time being, the new WHO ClassiWcation recommends
classifying such tumours as ‘glioblastoma with oligoden-
droglioma component’.

Glioneuronal tumour with neuropil-like islands

Rare inWltrating gliomas contain focal, sharply delineated,
round to oval islands composed of a delicate, neuropil-like
matrix with granular immunolabeling for synaptophysin.
Reported cases were located supratentorially [46], with the
exception of one example situated in the cervicothoracic
spinal cord [12]. As a rule, the underlying lesions were
astrocytomas WHO grade II or III [39, 46]; one case was
associated with ependymoma [10].

The neuropil-like islands typically contain neurocytic
cells but occasionally also mature-appearing neurons. Usu-
ally [46], but not always [22], these cells show a lower pro-
liferative activity than the predominant glial component
which typically shows a high degree of atypia, and consists
mainly of GFAP-positive, Wbrillary and gemistocytic ele-
ments identical to those populating conventional astrocyto-
mas. Glioneuronal tumours with neuropil-like islands seem
to behave in a manner comparable to astrocytomas with
similar WHO grade. The Working Group felt that they con-
stitute a distinct pattern of diVerentiation but that more
cases with genetic analysis and clinical follow-up would be
required to consider these lesions as a distinct new variant
or entity.

Medulloblastoma with myogenic diVerentiation versus 
medullomyoblastoma

Medulloblastoma with myogenic diVerentiation was previ-
ously termed medullomyoblastoma (ICD-O: 9472/3). The
code remains but since its clinical features and genetic pro-
Wle are similar to those of other medulloblastomas, this
lesion is no longer considered a distinct entity [14, 34] and

Fig. 6 Pilomyxoid astrocytoma showing a monomorphous population
of tumour cells in a homogenously myxoid background with angiocen-
tric accumulation
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it is suggested that the code for medulloblastoma (9470/3)
be applied. The descriptive term ‘medulloblastoma with
myogenic diVerentiation’ may be used for any variant
(desmoplastic/nodular, large cell medulloblastoma, etc.)
containing focal rhabdomyoblastic elements with immu-
noreactivity to desmin [15, 44], myoglobin [6, 15, 45],
and fast myosin [21], but not smooth muscle �-actin alone
[15, 44].

Medulloblastoma with melanotic diVerentiation versus 
melanotic medulloblastoma

Medulloblastoma with melanotic diVerentiation was previ-
ously termed melanocytic medulloblastoma, with an ICD-O
code identical to that of medulloblastoma (9470/3). The
melanotic tumour cells may appear undiVerentiated or epi-
thelial, with formation of tubules or papillae [1, 7, 9]. They
usually express S-100 protein [1, 9]. Since clusters of mela-
notic tumour cells can occur in any variant of medulloblas-
toma, such lesions are not regarded as a distinct variant or
entity.

CNS primitive neuroectodermal tumours

This term refers to a heterogeneous group of embryonal
tumours that occur predominantly in children and adoles-
cents and show aggressive clinical behaviour. They may
be phenotypically poorly diVerentiated, or show diver-
gent diVerentiation along neuronal, astrocytic and epen-
dymal lines. In the previous edition of the WHO
classiWcation [26], these tumours were termed ‘supraten-
torial primitive neuroectodermal tumours’. In order to
include similar tumours located in the brain stem and spi-
nal cord, the more general term (PNET) is recommended.
Since this designation is also used for similar, but not
identical tumours at extracerebral sites, the WHO Work-
ing Group proposes to add the preWx CNS to these enti-
ties, in order to avoid any confusion. The term CNS
PNET, not otherwise speciWed (NOS) is synonymous
with the current ICD-O term Supratentorial PNET (9473/
3) as used for undiVerentiated or poorly diVerentiated
embryonal tumours that occur at any extracerebellar site
in the CNS.

Tumours with only neuronal diVerentiation are
termed CNS neuroblastomas (9500/3) or, if neoplastic
ganglion cells are also present, CNS ganglioneuroblasto-
mas (9490/3). Tumours that display features of the
embryonal neural tube formation retain the term
medulloepithelioma (9501/3), and those with ependy-
moblastic rosettes the designation ependymoblastoma
(9392/3).

WHO grading

Histological grading is a means of predicting the biological
behaviour of a neoplasm. In the clinical setting, tumour
grade is a key factor inXuencing the choice of therapies,
particularly determining the use of adjuvant radiation and
speciWc chemotherapy protocols. The WHO classiWcation
of tumours of the nervous system includes a grading
scheme that is a ‘malignancy scale’ ranging across a wide
variety of neoplasms rather than a strict histological grad-
ing system [25, 52]. It is widely used, but not a requirement
for the application of the WHO classiWcation. The WHO
Working Group responsible for the fourth edition included
some novel entities (see above); however, since the number
of cases of some newly deWned entities is limited, the
assignment of grades remains preliminary, pending publi-
cation of additional data and long-term follow-up.

Grading across tumour entities

Grade I applies to lesions with low proliferative potential
and the possibility of cure following surgical resection
alone. Neoplasms designated grade II are generally inWltra-
tive in nature and, despite low-level proliferative activity,
often recur. Some type II tumours tend to progress to higher
grades of malignancy, for example, low-grade diVuse
astrocytomas that transform to anaplastic astrocytoma and
glioblastoma. Similar transformation occurs in oligoden-
droglioma and oligoastrocytomas. The designation WHO
grade III is generally reserved for lesions with histological
evidence of malignancy, including nuclear atypia and brisk
mitotic activity. In most settings, patients with grade III
tumours receive adjuvant radiation and/or chemotherapy.
The designation WHO grade IV is assigned to cytologically
malignant, mitotically active, necrosis-prone neoplasms
typically associated with rapid pre- and postoperative dis-
ease evolution and a fatal outcome. Examples of grade IV
neoplasms include glioblastoma, most embryonal neoplasms
and many sarcomas as well. Widespread inWltration of
surrounding tissue and a propensity for craniospinal dis-
semination characterize some grade IV neoplasms.

Grading of astrocytic tumours

Grading has been systematically evaluated and successfully
applied to a spectrum of diVusely inWltrative astrocytic
tumours. These neoplasms are graded in a three-tiered
system similar to that of the Ringertz [42], St Anne-Mayo
[5] and the previously published WHO schemes [52]. The
WHO deWnes diVusely inWltrative astrocytic tumours with
cytological atypia alone as grade II (diVuse astrocytoma),
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Table 2 WHO Grading of Tumours of the Central Nervous System. Reprinted from Ref. 35

II II III IV

Astrocytic tumours

Subependymal giant cell 
astrocytoma •

Pilocytic astrocytoma •

Pilomyxoid astrocytoma •

Diffuse astrocytoma •

Pleomorphic xanthoastrocytoma •

Anaplastic astrocytoma •

Glioblastoma •

Giant cell glioblastoma •

Gliosarcoma •

Oligodendroglial tumours

Oligodendroglioma •

Anaplastic oligodendroglioma •

Oligoastrocytic tumours

Oligoastrocytoma •

Anaplastic oligoastrocytoma •

Ependymal tumours

Subependymoma •

Myxopapillary ependymoma •

Ependymoma •

Anaplastic ependymoma •

Choroid plexus tumours

Choroid plexus papilloma •

Atypical choroid plexus papilloma •

Choroid plexus carcinoma •

Other neuroepithelial tumours

Angiocentric glioma •

Chordoid glioma of 
the third ventricle •

Neuronal and mixed neuronal-glial tumours

Gangliocytoma • 

Ganglioglioma •

Anaplastic ganglioglioma •

Desmoplastic infantile astrocytoma 
and ganglioglioma •

Dysembryoplastic 
neuroepithelial tumour •

I II III IV

Central neurocytoma •

Extraventricular neurocytoma •

Cerebellar liponeurocytoma •

Paraganglioma of the spinal cord •

Papillary glioneuronal tumour •

Rosette-forming glioneuronal 
tumour of the fourth ventricle •

Pineal tumours

Pineocytoma •

Pineal parenchymal tumour of 

intermediate differentiation • •

Pineoblastoma •

Papillary tumour of the pineal region • •

Embryonal tumours

Medulloblastoma •

CNS primitive neuroectodermal 
tumour (PNET) •

Atypical teratoid / rhabdoid tumour •

Tumours of the cranial and paraspinal nerves

Schwannoma •

Neurofibroma •

Perineurioma • • •

Malignant peripheral nerve 
sheath tumour (MPNST) • • •

Meningeal tumours

Meningioma •

Atypical meningioma •

Anaplastic / malignant meningioma •

Haemangiopericytoma •

Anaplastic haemangiopericytoma •

Haemangioblastoma •

Tumours of the sellar region

Craniopharyngioma •

Granular cell tumour 
of the neurohypophysis •

Pituicytoma •

Spindle cell oncocytoma
of the adenohypophysis •
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those also showing anaplasia and mitotic activity as grade
III (anaplastic astrocytoma), and tumours additionally
showing microvascular proliferation and/or necrosis as
WHO grade IV. This system is similar to the St Anne/Mayo
classiWcation [5], with the only major diVerence being
grade I; in the WHO system, grade I is assigned to the more
circumscribed pilocytic astrocytoma, whereas the St Anne/
Mayo classiWcation assigns grade 1 to an exceedingly rare
diVuse astrocytoma without atypia. Since the Wnding of a
solitary mitosis in an ample specimen does not confer grade
III behaviour, separation of grade II from grade III tumours
may be more reliably achieved by determination of MIB-1
labelling indices [11, 17, 37]. For WHO grade IV, some
authors accept only the criterion of endothelial prolifera-
tion, i.e. an apparent multi-layering of endothelium. The
WHO classiWcation also accepts glomeruloid microvascu-
lar proliferations. Necrosis may be of any type; perinecrotic
palisading need not be present.

Tumour grade as a prognostic factor

WHO grade is one component of a combination of criteria
used to predict a response to therapy and outcome. Other
criteria include clinical Wndings, such as age of the patient,
neurologic performance status and tumour location; radio-
logical features such as contrast enhancement; extent of
surgical resection; proliferation indices; and genetic altera-
tions. For each tumour entity, combinations of these param-
eters contribute to an overall estimate of prognosis. Despite
these variables, patients with WHO grade II tumours typi-
cally survive more than 5 years and those with grade III
tumours survive 2–3 years. The prognosis of patients with
WHO grade IV tumours depends largely upon whether
eVective treatment regimens are available. The majority of
glioblastoma patients, particularly the elderly, succumb to
the disease within a year. For those with other grade IV
neoplasms, the outlook may be considerably better. For
example, cerebellar medulloblastomas and germ cell
tumours such as germinomas, both WHO grade IV lesions,
are rapidly fatal if untreated, while state-of-the-art radiation
and chemotherapy result in 5-year survival rates exceeding
60 and 80%, respectively.
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Individualized Targeted Therapy for Glioblastoma
Fact or Fiction?

Michael Weller, MD,* Roger Stupp, MD,Þ Monika Hegi, PhD,Þ and Wolfgang Wick, MDþ

Purpose: This review will address the current state of individualized
cancer therapy for glioblastoma. Glioblastomas are highly malignant
primary brain tumors presumably originating from neuroglial progenitor
cells. Median survival is less than 1 year.
Design: Recent developments in the morphologic, clinical, and mo-
lecular classification of glioblastoma were reviewed, and their impact
on clinical decision making was analyzed.
Results: Glioblastomas can be classified by morphology, clinical char-
acteristics, complex molecular signatures, single biomarkers, or imaging
parameters. Some of these characteristics, including age and Karnofsky
Performance Scale score, provide important prognostic information. In
contrast, few markers help to choose between various treatment options.
Promoter methylation of the O6-methylguanine methyltransferase gene
seems to predict benefit from alkylating agent chemotherapy. Hence, it
is used as an entry criterion for alkylator-free experimental combination
therapy with radiotherapy. Screening for a specific type of epidermal
growth factor receptor mutation is currently being explored as a bio-
marker for selecting patients for vaccination. Positron emission tomog-
raphy for the detection of >MA3/5 integrins could be used to select patients
for treatment with anti-integrin antiangiogenic approaches.
Discussion: Despite extensive efforts at defining biological markers
as a basis for selecting therapies, most treatment decisions for glioblas-
toma patients are still based on age and performance status. However,
several ongoing clinical trials may enrich the repertoire of criteria for
clinical decision making in the very near future. The concept of indi-
vidualized or personalized targeted cancer therapy has gained significant
attention throughout oncology. Yet, data in support of such an approach
to glioblastoma, the most malignant subtype of glioma, are limited, and
personalized medicine plays a minor role in current clinical neuro-
oncology practice. In essence, this concept proposes that tumors that are
currently lumped together based on common morphologic features can
be subclassified in a way that the resulting subentities are more homo-
geneous, for example, in molecular signatures and will therefore be
amenable to selective therapeutic interventions. At present, the major

‘‘biomarkers’’ used to allocate treatment in glioblastoma are age and
Karnofsky Performance Scale score, and these markers have so far sur-
vived all efforts at more sophisticated approaches to the management of
this disease. Treatment allocation basically means intensity of treatment,
especially the use of the standard-of-care or radiotherapy alone beyond
age 65 to 70 years or below a Karnofsky Performance Scale score of 60.

Key Words: Glioblastoma, MGMT, IDH, molecular, therapy,
angiogenesis

(Cancer J 2012;18: 40Y44)

SUBCLASSIFYING GLIOBLASTOMA

By Morphology
The regularly updated World Health Organization classi-

fication describes the histologic hallmarks of primary brain
tumors. Glioblastoma is a distinct glioma entity that can be
distinguished from other brain tumors, notably anaplastic glio-
mas.1 In contrast, primary glioblastoma cannot be morphologi-
cally separated from secondary glioblastoma evolving from a
prior lower-grade tumor. The current World Health Organiza-
tion classification recognizes 2 glioblastoma variants: giant
cell glioblastoma and gliosarcoma. Both clinical course and
treatment are similar to classic glioblastoma, although some
authors have proposed that giant cell glioblastoma may have a
somewhat less aggressive course.

By High-Throughput Analysis
Beyond morphology, an increasing number of publica-

tions used high-throughput techniques to derive a subclassifi-
cation of glioblastomas. One model of molecular classification
based on gene expression analyses was proposed by Phillips
et al.2 Selecting a set of genes associated with survival in their
patient cohort enriched for long-term survivors (92 years),
they identified 3 glioblastoma subtypes with distinct molecu-
lar signatures, which they termed proneural, proliferative, and
mesenchymal. The proneural signature is associated with oli-
godendroglial morphology, younger age, lack of phosphatase
and tensin homolog on chromosome ten (PTEN) or epider-
mal growth factor receptor (EGFR) abnormalities, activation of
the Notch pathway, and better outcome. The proliferative and
mesenchymal signatures are more common in older patients
and are characterized by PTEN loss and Akt pathway activation
and have a less favorable outcome. They are distinguished by a
preponderance of either proliferation or angiogenesis. Verhaak
et al3 took an unsupervised approach, extracting gene ex-
pression patterns that yielded 4 molecular signatures for glio-
blastoma, which they termed proneural, neural, classic, and
mesenchymal subtypes, in allusion to similarities with signa-
tures of the classification proposed by Phillips et al.2 These
subtypes also segregate the characteristic mutations. The pro-
neural subtype comprises most isocitrate dehydrogenase (IDH)
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1 mutations and is enriched for p53 mutations, whereas the
classic subtype particularly enriches for EGFR-amplified tu-
mors expressing also the EGFRvIII variant. The mesenchy-
mal subtype contains most neurofibromatosis (NF )-1-mutant
tumors. Hence, the expression subtypes overlap with major
previously identified pathogenetic pathways involved. Of
note, O6-methylguanine methyltransferase (MGMT) promoter
methylation is not particularly enriched in any specific sub-
type. The authors proposed that patients with classic or mes-
enchymal glioblastoma derive more benefit from aggressive
treatment, but this requires confirmation within a prospective
clinical trial.

Other approaches set out to identify gene signatures char-
acterizing cancer-relevant biological features using unsupervised
approaches. This, among others, has yielded a stem cellYrelated
gene expression signature dominated by HOX genes that was a
predictor of failure from the addition of temozolomide to radio-
therapy, independent of the MGMT status.4 This signature was
thereafter independently identified in pediatric glioblastoma,
tumors that are otherwise quite different from their adult
counterparts. Interestingly, the HOX gene signature predicted
failure from temozolomide therapy independent of MGMT.5

Another view on the biology of tumors is provided by ana-
lyzing microRNAs that have regulatory functions. microRNA
expression profiles yielded biologically meaningful subclas-
sification of glioblastomas, for which 5 subclasses have been
proposed using the Cancer Genome Atlas data that relate to
developmental patterns.6 Three of these overlap substantially
with 3 of the 4 subclasses based on the gene expression clas-
sification of Veerhak et al.3

Yet another approach to characterize tumors is to evalu-
ate aberrant DNA methylation at CpG sites that denote a major
mechanism of epigenetically controlled silencing of genes in-
cluding noncoding RNAs, such as microRNAs. Noushmehr
et al7 assessed DNA methylation at 27K CpG sites in 272
glioblastomas of the Cancer Genome Atlas and observed sev-
eral methylation subtypes of which 1 subgroup exerted a strik-
ing pattern of concerted hypermethylation consistent with
the delineation of a glioma-CpG island methylator phenotype
now commonly referred to as G-CIMP. The G-CIMP phenotype
characterizes a subgroup of tumors with the proneural signa-
ture and is closely associated with IDH mutations (see below)
and is associated with good prognosis. In glioblastoma, G-CIMP
is associated with secondary glioblastoma, arising from lower-
grade lesions.8 Hence not surprising, G-CIMP is also com-
mon in grade 2 and grade 3 glioma with strong association with
IDH mutations. Screening for IDH mutations will identify most
G-CIMPYpositive gliomas.7 The recently presented molecu-
lar data from the Radiation Therapy Oncology Group 0525/
European Organization for Research and Treatment of Cancer
26052 glioblastoma trial support this view. G-CIMP only added
an insignificantly different intermediate group to the highly
correlating IDH1-mutated or G-CIMP-favorable group versus
the IDH1-wild-type/G-CIMPYunfavorable group.9 However, a
recent study in anaplastic glioma suggested that G-CIMP out-
performs IDH1 mutations as a prognostic biomarker, although
IDH2 mutations were not determined.10

The availability of genome-wide methylation analysis pro-
vides new opportunities to find new targets for personalized
therapy or identify the ‘‘Achilles heel’’ of tumors, as previously
described for the silencing of MGMT by promoter methylation
that sensitizes tumors to alkylating agents (see below).11,12 Thus,
at present, despite promising developments, no specific treat-
ment recommendations can be derived from high-throughput
approaches of molecular classification.

SUBCLASSIFYING GLIOBLASTOMA BY
SINGLE MOLECULAR MARKERS

P53
Mutations of the p53 gene or its downstream effector

molecules are among the most common molecular aberrations in
human cancers, including gliomas.13,14 Among glioblastomas,
p53 mutations are more common in secondary glioblastomas
and are thus associated with IDH mutation status. However, the
p53 pathway in typical primary glioblastomas is also commonly
disabled because glioblastoma cells do not readily undergo ap-
optosis when exposed to ionizing irradiation or DNA-damaging
chemotherapy. There is thus no role for the p53 status in de-
termining treatment decisions in glioblastoma. Promising efforts
at exploiting p53 abnormalities are still being evaluated: p53
mutations may result in protein overexpression and give rise to
novel immunogenic targets that might be used for vaccination
therapy.15 Moreover, it is likely that tumors with p53 mutations
would be susceptible to efforts at reintroducing wild-type p53.
This could be accomplished in the form of p53 gene therapy16 or
the development of new experimental agents, which restore an
active conformation of p53, despite the mutation, and thereby
transcriptional activity. Such agents exhibit profound antiglioma
properties in vitro, but not of all of their activity could be linked
strictly to the predicted effect on mutant p53 variants.17,18

EGFR
Increased expression of the EGFR gene is common in

glioblastoma, in particular in primary glioblastoma, and is thus
inversely correlated with p53 and IDH mutations. Enhanced
EGFR signaling may result from enhanced expression related
to amplification or from mutational activation. Loss of exons 2
to 7 of the EGFR gene affects 801 base pairs and results in a
mutant receptor (EGFRvIII) that is constitutively active in the
absence of ligand binding.19 Enhanced EGFR signaling activity
promotes proliferation, invasiveness, and resistance to irradia-
tion and chemotherapy. Extensive efforts at identifying re-
sponders to anti-EGFR treatment have not resulted in a uniform
picture: Patients with high EGFR expression and low levels of
phosphorylated Akt have been proposed to respond better to
erlotinib than patients with tumors with low levels of EGFR
expression and high levels of phosphorylated Akt.20 Coexpres-
sion of EGFRvIII and PTEN was also reported to be associated
with responsiveness to EGFR kinase inhibitors.21 However,
these observations were not confirmed in a prospective ran-
domized trial comparing erlotinib with alkylating agent che-
motherapy in recurrent glioblastoma.22 A randomized trial of
afatinib indicated inferior activity compared with reexposure
to temozolomide,23 and addition of erlotinib to combined che-
moradiotherapy in newly diagnosed glioblastoma showed no
promising results.24 Several trials aiming at targeting the EGFR
in glioblastoma patients have failed to demonstrate meaningful
anti-tumor activity, although it was shown for gefitinib that high
drug levels are reached in the tumor tissue, efficiently dephos-
porylating the EGFR, although without measurable effects on
downstream targets.25 Similar to p53, there is therefore cur-
rently no role for determining the EGFR status except that the
detection of EGFR amplification or EGFRvIII mutation sup-
ports the diagnosis of glioblastoma in cases of doubt.

Nevertheless, targeting the EGFRvIII remains under inves-
tigation as a target for immunotherapy. Rindopepimut (CDX-110)
is a vaccine product that consists of a 14-amino acid synthetic
peptide built from 13 amino acids of EGFRvIII plus a cysteine
residue, covalently linked to keyhole limpet hemocyanin as a
carrier. This vaccine has been explored in phase II trials in patients

The Cancer Journal & Volume 18, Number 1, January/February 2012 Targeted Therapy for Glioblastoma

* 2012 Lippincott Williams & Wilkins www.journalppo.com 41

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



with EGFRvIII-positive glioblastoma. Intriguingly, tumors pro-
gressing after vaccination therapy had commonly lost EGFRvIII
expression, which is probably not the natural course of disease in
standard treated EGFRvIII-positive glioblastoma, and responses
on immune monitoring defined by antibody reactivity and de-
layed skin hypersensitivity were associated with better outcome.26

In this very small trial, a progression-free survival of 14.2 months
and median overall survival of 26.0 months were observed. This
may simply reflect careful patient selection because vaccination
was limited to patients who had undergone a gross tumor resec-
tion and had completed concomitant chemoradiotherapy without
progression. The feasibility of performing a blinded, randomized
trial to test the efficacy of this immunotherapeutic approach is
currently being explored.

MGMT
MGMT has become the most promising and controversial

biomarker in the field of glioblastoma.11,27 MGMT is a DNA
repair protein that removes alkyl groups from DNA and is
consumed by proteasomal degradation during that process. Its
expression by cancer cells confers resistance to alkylating agent
chemotherapy and may be a predictive factor for outcome in
patients treated with such chemotherapy. Methylation of the
MGMT promoter was strongly associated with benefit from
combined chemotherapy and radiotherapy compared with radio-
therapy alone in the registration trial for temozolomide in newly
diagnosed glioblastoma.28 A better outcome of patients with
MGMT promoter methylation has been confirmed in numerous
uncontrolled trials and retrospective analyses of glioblastoma
patients treated with alkylating agents. However, a specific pre-
diction of benefit of chemotherapy can only be deduced from
data sets, which include a chemotherapy-free control arm like
the initial temozolomide trial. Surprisingly, 2 randomized trials in
patients with anaplastic gliomas containing radiotherapy only
control arms reported the same degree of improved outcome
in patients with MGMT promoter methylation irrespective of
whether the patients were treated with radiotherapy alone or
chemotherapy alone29 or radiotherapy alone or radiotherapy plus
nitrosourea-based chemotherapy.30 Whether this is limiting the
relevance of MGMT being predictive or just reflecting biological
differences between anaplastic glioma and glioblastoma is cur-
rently investigated. The missing predictive impact in anaplastic
glioma may be due to a retained allele of MGMTon the other arm
of chromosome 10q or a strong association with the G-CIMP
phenotype at least in anaplastic oligodendroglial tumors.10 So far,
these data support the view that anaplastic gliomas and glio-
blastomas are distinct entities that may be best separated by their
IDH status (see below).31

The MGMT status may assume greater relevance in elderly
patients with glioblastoma where the efficacy of alkylating agent
chemotherapy in addition to radiotherapy has not been demon-
strated and where increased toxicity from combined modality
treatment remains to be of concern and therefore the use of
alkylating agents neither in the first-line or relapsed setting is
standard-of-care.32,33 Whether temozolomide alone may be ef-
fective as radiotherapy alone in this setting remains unclear as
long as complete data from 2 large randomized clinical trials are
not available. The 3-arm Nordic trial that compared standard ra-
diotherapy with hypofractionated radiotherapy and with temo-
zolomide alone in 5 of 28-day cycles reported no difference
between the treatment arms.34 A preliminary report of the 2-
armed randomized NOA-08 trial that compared standard radio-
therapy alone with dose-intensified temozolomide alone (1 week
on 1 week off), failed to demonstrate noninferiority of dose-dense
temozolomide.35 A prospective, noninterventional cohort study of

the German Glioma Network has identified a strong predictive
value of MGMT promoter methylation for benefit from temozo-
lomide: there was no evidence for benefit from alkylating agent
chemotherapy in glioblastoma patients without MGMT promoter
methylation whereas, conversely, there was an indication that
temozolomide alone might be sufficient for patients with glio-
blastomas with MGMT promoter methylation.36 Accordingly,
the final results from the Nordic trial and NOA-08 need to be
awaited and reassessed when data on outcome by MGMT status
become available.

Much of the current discomfort of using MGMT as a bio-
marker results from the fact that it has been difficult to estab-
lish reliable testing procedures and to establish by consensus
which test is best and how to perform it in detail.27 Methylation-
specific polymerase chain reaction remains to be the criterion
standard, whereas more-expensive, less-readily available tech-
niques such as pyrosequencing have not shown to be superior in
correlating MGMT status with clinical outcome. The failure of
MGMT protein assessment to correlate with MGMT promoter
methylation and outcome has been extensively discussed and
reviewed.27,37,38

The S039 trial analyzing enzastaurin and radiotherapy in
newly diagnosed non-MGMT methylated patients was the first
trial that implemented MGMT status as an entry criterion.39 The
most extensive experience with MGMTas a biomarker has been
made in the CENTRIC phase III trial that compared standard
radiotherapy plus temozolomide with this standard plus the
>MA3/5 integrin antagonist cilengitide. On the basis of an un-
controlled phase II trial that indicated preferential benefit from
cilengitide in patients with MGMT promoter methylation,40

centralized upfrontMGMT testing was introduced at study entry
and enrolment restricted to patients with MGMT promoter
methylation. While it remains unclear whether such an effort of
patient selection was entirely justified for demonstrating effi-
cacy of cilengitide, this trial, nevertheless, demonstrated the
feasibility of molecular testing in large trials for patients with
newly diagnosed glioblastoma.

IDH
The identification of somatic mutations of the IDH genes

in most grade 2 and 3 gliomas as well as a minority of glio-
blastomas (G10%) was an important discovery of molecular
neuropathology.41,42 The differential distribution of IDH muta-
tions provides a strong rationale to consider grade 2/3 gliomas
and glioblastomas as distinct tumor entities. IDH mutations are
early events in gliomagenesis and are easy to determine using
mutation-specific antibodies. The consistent mutational target-
ing of specific codons and the heterozygous nature of the
mutations strongly suggest that mutant IDH proteins acquire
a novel oncogenic activity that is only indirectly related to their
physiologic function but results in the accumulation of a can-
didate oncometabolite, D2-hydroxyglutarate. Efforts at measur-
ing this metabolite in peripheral blood of patients with IDH
mutant gliomas were not successful so far,43 but efforts at de-
tection by magnetic resonance spectroscopy are under evalua-
tion and may provide a noninvasive diagnostic tool to identify
and monitor IDH-mutant gliomas.44

The correlation of the neomorphic IDH mutants with
G-CIMP has provided an interesting mechanistic hint: IDH1 or
IDH2 mutations were also correlated with a methylator pheno-
type in leukemia. Furthermore, IDH1 and IDH2 mutations in
leukemia were exclusive with TET2 mutations. It turned out that
D-hydroxyglutarate inhibits TET2 that, in turn, is involved in
DNA demethylation,45 suggesting a functional link between IDH
mutations, the development of a methylator phenotype, and TET2
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function: metabolism meets epigenetics. Of note, it has not been
demonstrated that this or any other metabolite maintains the
neoplastic phenotype of gliomas once the tumors have been
established. If this were the case, specific pharmacological tar-
geting of the gain-of-function enzymatic activity of mutant IDH
enzymes would be a highly promising targeted therapeutic ap-
proach, potentially devoid of adverse effects. In the absence of
such approaches, determining the IDH status has diagnostic and
(positive) prognostic impact but does not help to select among the
current treatment options of radiotherapy versus chemotherapy
versus combination thereof.

Angiogenesis
Inhibitors of angiogenesis are currently in the focus of

drug development in glioblastoma. On the basis of uncontrolled
phase II data, 2 agents with differential modes of action, the
vascular endothelial growth factor antibody bevacizumab46 and
the RGD-mimetic >MA3/5 integrin antagonist cilengitide40 are
being evaluated in phase III registration trials in patients with
newly diagnosed glioblastoma, which have completed enroll-
ment in 2011. Similar to traditional approaches to glioblastoma,
there is significant heterogeneity in the response of glioblastoma
patients to these novel agents, and predictive biomarkers would
greatly aid in the selection of specific treatments, both for patient
enrichment in clinical trials and in the future with a possible
scenario where more than 1 antiangiogenic agent might be ap-
proved for glioblastoma. So far, efforts at defining either pre-
dictive soluble plasma markers or imaging parameters have not
been successful, but promising approaches include the labeling
of the target integrin of cilengitide by positron emission to-
mography47 or the definition of the vascular normalization index
consisting of vascular permeability (K trans) and microvessel
volume determined by magnetic resonance imaging and circu-
lating collagen IV in plasma.48 Extensive biomarker studies are
accompanying most ongoing trials in the angiogenesis field.

Outlook
The perspectives of individualized treatment of glioblas-

toma depend on the identification and prospective evaluation of
biomarkers that allow to predict a preferential benefit from a
specific treatment, depending on the absence versus presence of
this biomarker. To be clinically useful, the predictive biomarker
needs to provide a clear segregation of patients into responders
and nonresponders, and its evaluation should be based on re-
producible, standardized test procedures. The usefulness of the
best predictive biomarker we have at present, MGMT promoter
methylation, is limited for these reasons.27 EGFRvIII is cur-
rently a candidate biomarker that might be developed to meet
these criteria, pending the demonstration of a test suitable for
routine testing and clinical benefit from vaccination against
EGFRvIII in a well-controlled clinical trial.

Further, it would be highly desirable if the targeted ap-
proach would target the most relevant cell populations within
the tumor. Although the stem cell hypothesis has its weak-
nesses, there is, nevertheless, broad consensus that not all glioma
cells within a tumor are alike, and features like spherogenicity,
increased clonogenicity, multilineage differentiation potential,
and tumorigenicity in rodents at low numbers of injected cells
may well characterize a subpopulation of glioma cells that is
responsible for resistance to therapy, progression, or relapse.
However, no reliable stem cell marker has been defined in gli-
oma cells so far, in particular no marker that would define a
suitable target for molecular targeted therapy. Candidate path-
ways include, but are not limited to, the Notch pathway49 and a
HOX gene signature.4

Carefully designed prospective trials are the only way to
define a novel scenario where only patients with EGFRvIII
mutation are vaccinated (if this vaccination is proven to be of
benefit in the future), where only patients withMGMT promoter
methylation receive temozolomide, where only integrin-positive
patients by positron emission tomography will receive cilengi-
tide (if this concept holds its promises), and where a novel
biomarker has been established to predict which patient group
benefits from bevacizumab. This chance should not be missed.
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Recurrent Glioblastoma: A Fresh Look at
Current Therapies and Emerging Novel Approaches

Mark R. Gilbert

Despite international efforts, the treatment of recurrent glioblastoma (GBM) remains challenging.
Although advances in surgical resection, the use of radiotherapy, and, predominantly, improved
medical therapies have led to incremental improvements in median survival, few options exist for
the management of recurrent or resistant disease. Insight into the molecular pathogenesis of GBM
has led to the recent development of targeted therapeutic strategies aimed at the interruption of
key molecular signaling pathways. However, due to the complex and redundant activation of the
signaling mechanisms in GBM tumors, the evaluation of targeted agents in clinical trials has been
largely limited. The ongoing effort to identify effective strategies for the treatment of recurrent
GBM includes combination strategies with agents that target complementary or redundant path-
ways. Incorporation of novel trial designs that permit simultaneous evaluation of several agent
combinations and allow for rapid discontinuation of ineffective regimens can accelerate the clinical
evaluation of such candidate regimens. This review discusses strategies and outcomes of existing
and emerging treatment approaches, and the challenges associated with the integration of novel
therapies into clinical practice.
Semin Oncol 38:S21-S33. © 2011 Published by Elsevier Inc.
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AREAS OF UNMET NEED IN THE
TREATMENT OF RECURRENT GLIOBLASTOMA

Glioblastoma (GBM), classified as a World
Health Organization (WHO) grade IV glioma,
accounts for approximately 54% of all gliomas

nd is the most frequently diagnosed malignant primary
rain tumor, with an incidence of 3 to 4 cases per
00,000.1 GBM is a highly aggressive tumor; about 35%
f patients survive the first year after diagnosis, and

ess than 5% survive more than 5 years.1 Although
options for initial treatment have improved, nearly all
GBMs recur; prognosis for patients with recurrent GBM
is poor, and treatment options are limited. Although a
number of agents have been evaluated, few have
shown efficacy, and there is no consensus on the op-
timal treatment for recurrent disease. Challenges in the
treatment of recurrent GBM include those associated
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with most central nervous system (CNS) tumors, such
as limitations in the extent of feasible surgical resec-
tion, difficulty in drug delivery across the blood-brain
barrier, and changes in drug pharmacology as a conse-
quence of drug–drug interactions. Additional compli-
cating factors specific to GBM are the heterogeneity of
these tumors and the extensive complexity that under-
lies the molecular pathology of GBM. Although ad-
vances in both surgical and imaging techniques permit
safer and more extensive removal of tumor mass after
initial diagnosis, a factor that may provide longer sur-
vival in patients with high-grade gliomas,2 the highly
infiltrative nature and location of tumors often prevents
curative removal, and only a subset of patients with
recurrence are considered to benefit from resection.
Delivery of drugs across the blood-brain barrier can be
a substantial hurdle, and even agents with appropriate
size and lipophilicity may be eliminated by efflux
pumps located in the blood-brain barrier.3 Further-
more, the integrity of the blood-brain barrier can vary
regionally, affecting the local available drug concentra-
tion.3 Because many patients with CNS tumors require
reatment with dexamethasone or anti-epileptic drugs
oncomitantly with anticancer agents,4 drug–drug in-

teractions can reduce efficacy, or cause adverse ef-
fects.5 The ongoing characterization of molecular path-

ays of GBM pathogenesis has revealed complex and
edundant activation of numerous signaling pathways,

hich may explain the failure of many single-agent
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S22 M.R. Gilbert
therapy approaches investigated in clinical trials.6 Re-
cruitment for clinical trials, particularly to those of
larger scale, is limited and prolonged by the relatively
low number of patients, approximately 13,000 diag-
nosed with GBM per year in the United States; this
impedes the rapid assessment of potential therapeutic
options.6 However, some of these challenges may be
overcome by the integration of novel study designs,
selective use of targeted agents depending on tumor
molecular characteristics, and simultaneous inhibition
of several pathways. This review discusses the advan-
tages and drawbacks of several existing chemother-
apeutic strategies and provides an outlook on emerg-
ing therapeutic approaches for the treatment of
recurrent GBM.

CURRENT GUIDELINES FOR
TREATMENT OF RECURRENT DISEASE

The standard treatment for patients with newly di-
agnosed GBM consists of maximal surgical removal of
tumor mass, 6 weeks of postoperative radiotherapy
with concomitant systemic chemotherapy with the al-
kylating agent temozolomide (75 mg/m2 daily), fol-
lowed by 6 months of adjuvant temozolomide
(150–200 mg/m2/d for 5 days of every 28 days).7,8 This
egimen is based on the outcomes of a large random-
zed multicenter phase III trial conducted by the Euro-
ean Organisation for Research and Treatment of
ancer (EORTC) and the National Cancer Institute of
anada (NCIC) in 573 patients with newly diagnosed
BM that reported a median survival of 14.6 months
ompared with 12.1 months with radiotherapy alone,
nd a 2-year survival rate of 26.5% compared with
0.4%.8 However, recommendations for the manage-
ent of recurrent disease are not as well defined.
ptions include surgery with or without carmustine
afer placement in selected patients with local recur-

ence, radiotherapy, chemotherapy (eg, temozolomide;
omustine; combination procarbazine, lomustine, and
incristine [PCV]; carboplatin), the anti-angiogenic
gent bevacizumab alone or in combination with
hemotherapy, or experimental therapies.7 Surgery
rolongs survival only to a limited degree,9 and the
enefits of repeated radiotherapy are unclear.10

Based on activity shown in two phase II studies,
bevacizumab received accelerated approval by the US
Food and Drug Administration (FDA) for the treatment
of recurrent GBM,7 but its use is associated with toxic-
ties, eventual treatment resistance, and the potential
or progression to a more invasive tumor phenotype.11

Temozolomide monotherapy with the standard
EORTC/NCIC regimen can provide modest to signifi-
cant improvement of survival and time to progression
in patients with recurrent disease, although most of
these studies preceded the EORTC/NCIC publica-

tion.12–15 Lack of significant efficacy in trials using sin-
le-agent targeted therapies in recurrent disease, for
xample, with the epidermal growth factor receptor
EGFR) kinase inhibitors gefitinib and erlotinib,16 has
ed to increased interest in the potential of dose-inten-
ified temozolomide regimens, which may be effective
n patients with progressive disease after first-line te-

ozolomide/radiotherapy,17 and alternative targeted
therapies, including anti-angiogenic and integrin-
directed approaches.

CHEMOTHERAPY
OPTIONS IN RECURRENT GBM

Although most chemotherapy agents commonly used
in the past, including lomustine, procarbazine, etoposide,
carboplatin, tamoxifen, and irinotecan,10,18,19 have only
modest activity in recurrent GBM, re-exposure of
pretreated patients to temozolomide, or changing the
temozolomide-dosing regimen, may provide benefit. Pro-
longed exposure and higher cumulative dosing of temo-
zolomide may overcome mechanisms of resistance,20 and

ay also provide anti-angiogenic effects when com-
ined with the cyclooxygenase-2 (COX-2) inhibitor ro-
ecoxib.21 Temozolomide acts by methylating bases
ithin DNA, and confers its predominant cytotoxic

ffect through the formation of O6-methylguanine,
which activates, and subsequently inhibits the cellular
DNA mismatch repair mechanism, producing DNA
double strand breaks, which induce apoptosis.22 The
cellular repair enzyme O6-methylguanine-DNA methyl-
ransferase (MGMT) removes such adducts, and can
hus counter the toxic effect of temozolomide.24,25 As a
onsequence, tumors with overexpression of MGMT
re more resistant to the drug than those with low
evels, or those in which the enzyme has become si-
enced by promoter methylation, a correlation that is
rognostic for patient outcome.23,25 Because MGMT
ecomes irreversibly inactivated during its catalytic
ction, the enzyme supply needs to be continuously
efueled by de novo protein synthesis.26 Therefore,
ose-dense regimens aim at depletion of MGMT by
utcompeting the enzyme with the number of adducts
ormed during extended exposure to temozolomide at
igher cumulative doses.26 Metronomic regimens that
rovide continued exposure to chemotherapy in lower
oses are also thought to interfere with angiogenesis by

imiting the availability of endothelial precursor cells.27

Temozolomide is generally well tolerated, with pa-
tients in one study receiving as many as 44 cycles of
second-line treatment without cumulative toxicity.28

Dose-Dense Regimens

Based on a study demonstrating successful MGMT
depletion in peripheral white blood cells with dose-
dense temozolomide regimens, two alternative dosing

regimens (150 to 200 mg/m2/d for 5 days every
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28 days) have been evaluated for the treatment of
recurrent GBM: treatment for 21 consecutive days of
every 28-day cycle (21/28-day schedule) and an alter-
nating weekly schedule (7 days on/7 days off).29 These
regimens result in approximately twofold higher dose
intensity than the standard EORTC/NCIC regimen.26

In the setting of recurrent GBM, the 21/28-day dose-
dense regimen resulted in a 6-month progression-free
survival (PFS-6) rate of 30%, but caused substantial
hematologic side effects including cumulative lympho-
cytopenia in 45.4% of patients (N � 33).30 Other phase
II studies have reported PFS-6 rates of 21%,13 18%,15 and
24%.31 The protracted MGMT depletion in peripheral
blood mononuclear cells induced by this regimen26

may be a factor in the observed hematologic toxicity.
The outcomes of two phase II studies applying the

7-days-on/7-days-off regimen suggest efficacy without
substantial hematopoietic adverse events, yielding an
overall response rate of 10%, a PFS-6 rate of 48%, and a
median PFS of 21 weeks in one study (N � 21),32 and
a PFS-6 rate of 44% and a PFS of 24 weeks in the second
study (N � 64).33 Direct comparison of the 7-days-on/
7-days-off regimen with the standard 5/28-day schedule
in a small phase II trial involving 20 patients with
recurrent GBM suggested better efficacy for the 7-days-
on/7-days-off regimen, with a median survival of 21
months versus 14 months with the standard dosing
schedule.34 A retrospective analysis of 45 patients with
recurrent GBM determined that dose-dense temozolo-
mide rechallenge yielded similar PFS-6 rates in patients
who progressed on temozolomide and those with
recurrent disease after a temozolomide-free period.20

Similarly, a retrospective analysis of temozolomide re-
challenge in 14 patients with recurrent grade III or IV
gliomas that were initial responders to the drug re-
ported a PFS-6 of 36%, and a median time to progres-
sion of 3 months.35 These outcomes, and observations
that the PFS-6 rates achieved with dose-dense regimens
were independent of MGMT promoter methylation sta-
tus,30,33 support the hypothesis that alternate dosing
regimens may overcome resistance mechanisms asso-
ciated with MGMT upregulation.20,26

Metronomic Chemotherapy

In addition to an increased dose intensity and thus
potential to overcome resistance, regimens involving
prolonged exposure to temozolomide may also have
anti-angiogenic effects.21,36 In a retrospective review,
echallenge with continuous 50 mg/m2 temozolomide

provided clinical benefit to 47% of 21 patients with
recurrent disease at second relapse who had been
treated with radiation therapy alone (before adoption
of radiation therapy/temozolomide strategy), and re-
sulted in a PFS-6 rate of 17% in this group; in patients
with first progression during standard concomitant and

adjuvant temozolomide treatment, PFS-6 was 57%.37 A
multicenter phase II study of continuous, dose-intense
temozolomide for recurrent GBM used the same regi-
men (continuous 50 mg/m2 for up to 1 year or until
progression). With a PFS-6 rate and a 1-year survival
rate of 27.3%, patients with progression before com-
pletion of six cycles of adjuvant temozolomide (“early”)
responded best to the treatment, whereas patients with
progression while receiving extended adjuvant temo-
zolomide (“extended”) had the poorest response
(PFS-6 of 7.4% and 1-year survival of 14.8%). Patients
with recurrent disease after a treatment-free interval
(“rechallenge”) responded well, with a PFS-6 of 35.7%
and 1-year survival of 28.6%.38 Similar outcomes noted
or patients with and without MGMT promoter hyper-
ethylation suggest MGMT depletion with the contin-

ous regimen.38 A phase II study comparing the safety
and efficacy of two dose-dense therapy regimens in
recurrent GBM is ongoing.39

Chemotherapy Resistance
Modulation Using Poly(Adenosine-
Diphosphate-Ribose) Polymerase Inhibitors

Interactions between cellular DNA repair mecha-
nisms in tumor cells and therapeutic approaches based
on induction of DNA damage, such as radiation and
chemotherapy, are multifold, rendering targeting of
specific DNA repair mechanisms a potential approach
to sensitize tumor cells to radiation and chemotherapy.
The cytotoxic effect of temozolomide requires func-
tionality of the DNA mismatch repair (MMR) pathway.
Otherwise the formation of double strand breaks is
prohibited, and apoptosis is prevented. Temozolomide
treatment also produces N7-methylguanine and N3-
methyladenine, which are substrates for the cellular
base excision repair pathway.40 This repair pathway
depends on the activity of two enzymes of the family of
poly(adenosine-diphosphate-ribose) polymerases (PARPs),
PARP 1 and PARP 2.41 PARP inhibition using small-
molecule inhibitors blocks the PARP-dependent base
excision repair, such that single-strand breaks are con-
verted to double-strand breaks during replication.41 For

MR-deficient tumor cells, this effect is cytotoxic and
ediates their selective killing, suggesting a potential

ole for monotherapy approaches with PARP inhibitors
ollowing the concept of “synthetic lethality,” whereby
wo nonlethal genetic mutations or inactivation occur-
ing together cause cell death.42–44

In cells with functional MMR mechanism, PARP in-
hibitors can increase the number of cytotoxic lesions
and thus enhance the effects of alkylating drugs such as
temozolomide, platinum-containing agents, topoisom-
erase inhibitors, anthracyclines, and radiotherapy,43

providing the rationale for testing their use as chemo-
therapy and radiation sensitizers in combination ther-
apy. PARP inhibition overcame temozolomide resis-

tance in several preclinical studies conducted with
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glioma cells45,46; in mice with intracranial human GBM
enografts,47 and rat orthotopic glioma models.48 How-
ver, a recent study observed a sensitizing effect of
ARP inhibition with the PARP inhibitor ABT-888 only

n temozolomide-naïve tumor cell lines, but not in
hose that had acquired temozolomide resistance, rais-
ng questions about efficacy in recurrent disease.49 Eval-
ation of combination therapy with temozolomide and
BT-888 is ongoing in a multicenter, phase I dose-
scalation study followed by a phase II randomized
tudy in patients with both temozolomide-naive and
esistant recurrent GBM.50 Results from an ongoing
hase I/II study on the intravenous administration of
he PARP inhibitor BSI-201 in combination with temo-
olomide in patients with newly diagnosed malignant
lioma (NCT00687765) suggest that the combination
f BSI-201 with standard dose temozolomide was well
olerated.51 In a preclinical study, the oral PARP inhib-

itor AZD2281 (olaparib) increased the radiosensitivity
of four human glioma cell lines,52 and will be tested in

multicenter, dose-escalation study in combination
ith extended low-dose temozolomide in patients with

elapsed GBM.53

MOLECULAR ASSESSMENT OF GBM

Increasing knowledge of the molecular pathogene-
sis of GBM has identified many candidate molecular
targets for therapeutic intervention, as well as prognos-
tic factors. Frequent molecular alterations in GBM
include upregulation of signaling cascades through
overexpression of growth factors receptor genes, in
particular epidermal growth factor receptor (EGFR)
and platelet-derived growth factor receptor (PDGFR).54

Mutations of proteins within the Ras-Raf-MAPK-ERK
and PI3K-PTEN-Akt-mTOR pathways cause reduction of
apoptosis and uncontrolled proliferation.54 Regulators

f apoptosis and cell cycle control that are inactivated
n GBM include p53 and retinoblastoma, whereas cy-
lin D and CDK4 are overexpressed.55 Increased angio-
enesis, a hallmark of GBM pathology, is linked to the
ommon overexpression of vascular epidermal growth
actor (VEGF).54 To date, molecular factors with truly

predictive value for the potential response of GBM to
therapeutic response have not been identified. In a
prospective study, EGFR, angiogenic and hypoxia
markers failed to show predictive value for patient
response and survival.56 The methylation status of the
MGMT promoter, however, has emerged as a factor
with prognostic value for responsiveness to temozolo-
mide.57 Patients with tumors that exhibit epigenetic si-
encing of MGMT, evident from hypermethylation of its
romoter, have substantially higher 2-year and 5-year sur-
ival rates with addition of temozolomide than patients
ith a demethylated (ie, active) promoter.57,58

Because of the diversity of GBM tumors, single mark-

ers may be elusive, and more extensive genome and p
expression profiling is required for insight into a po-
tential response to treatment approaches. A microar-
ray-based gene expression analysis of 110 GBM tumor
samples identified 38 genes for which expression pat-
terns consistently related with prognosis.59 Expression
nalysis of a subset of 9 of these genes in combination
ith MGMT promoter methylation status maintained
rognostic value.59 Consistent with previous indica-
ions of the existence of distinct molecular subtypes of
BM,60–62 the outcomes of a large integrated analysis of

genomic alterations and gene expression patterns in
GBM tumors suggest the existence of several distinct
subgroups. Two studies report that there are three or
four distinct molecular subgroups.63,64 In 2006, Phillips
and colleagues63 identified three distinct tumor types:
proliferative, mesenchymal/angiogenic, and proneural.
With marked upregulation of proliferation markers, the
proliferative type resembles stem cells, whereas the
mesenchymal subtype expresses mesenchymal and an-
giogenic signatures. Both subtypes are characterized by
activation of PI3K/Akt signaling, losses on chromo-
some 10 leading to reduced PTEN expression, and
gains on chromosome 7 associated with EGFR amplifi-
cation.63 Poor outcome associated with these two sub-
ypes correlates with pathways leading to aggressive
rowth and angiogenesis, and tumors sometimes
hange to the mesenchymal subtype with recurrence.63

Proneural tumors, which are found more frequently in
younger patients, are less necrotic than proliferative or
mesenchymal tumors and are associated with a better
prognosis.63 The gene expression pattern of the pro-
neural subtype resembles that of normal brain tissue,
with expression of both neuronal stem cell and neuro-
nal differentiation markers, and upregulation of Notch
signaling.63 The three subtypes are reminiscent of
stages of developmental neurogenesis. Proneural tu-
mors share characteristics of slowly proliferating neu-
roblasts, proliferating tumors resemble neural stem
cells and/or transit amplifying cells, and mesenchymal
tumors resemble neural stem cells.63

In 2009, Verhaak and colleagues64 reported on four
ategories: classical, mesenchymal, proneural, and neu-
al. The classical subtype is characterized by markers of
ighly proliferative cells, with amplifications of the
GFR gene, and loss of the tumor-suppressor genes
TEN and CDKN2A, inactivating the RB pathway.64

This tumor type exhibited significantly reduced mortal-
ity with aggressive radiation and chemotherapy ap-
proaches (hazard ratio [HR], 0.45; P � .02).64 The

esenchymal subtype exhibits extensive necrosis and
nflammation, upregulation of mesenchymal and angio-
enic genes, and loss of tumor suppressors including
53 and PTEN.64 Although considered responsive to
ggressive radiation and chemotherapy treatment (HR,
.54; P � .02),64 this tumor subtype is associated with

poorer outcomes.59 The proneural subtype is found

redominantly in younger patients and is distinguished
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by focal amplification in conjunction with high levels
of expression of the PDGFRA gene, as well as frequent

oint mutations in the IDH1 gene. Its expression pro-
file includes neural, particularly oligodendrocytic and
proneural marker genes.64 Patients with the proneural
ubtype may have better survival; however, aggressive
adiation and chemotherapy regimens do not have a
ifferential impact on survival in this subgroup (HR,
.8; P � .4), as was noted in the other, more malignant
ubgroups.59,64 The neural subtype exhibits expression
atterns similar to normal brain tissue, and a numerical
rend toward efficacy of aggressive radiation and che-
otherapy (HR, 0.56; P � .1).64

CLINICAL TRIAL DESIGN
CONSIDERATIONS FOR TARGETED THERAPY

The multiplicity and overlap of potential target path-
ways underlying the molecular pathogenesis of GBM
and its subtypes strongly supports the need for clinical
trials that include the combinatorial analysis of sev-
eral agents. Considerations such as target presence,
drug access to the target, downstream effects of
target inactivation, optimal dose, patient selection,

Factorial design
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permission of Future Science Ltd.
and possible multitarget and multimodality ap-
proaches, need to be addressed.65

Several novel trial designs that permit simultaneous
evaluation of agent combinations and allow for rapid
discontinuation of ineffective regimens include sequen-
tial accrual, factorial, randomized discontinuation,
adaptive randomization, and seamless integrated phase
II/III designs.6 Combined phase I/II sequential accrual
designs are time efficient, with maximal openness to
accrual, a critical feature for trials in settings with
relatively low incidence, such as GBM. The increased
statistical power of factorial designs (Figure 1A)6 allows
simultaneous evaluation of multiple treatment combi-
nations with fewer patients than in comparable series
of phase II trials,7 exemplified by a recent phase I/II
trial evaluating all possible combinations of dose-dense
temozolomide with three other drugs.66 Due to the
overlap of drug exposure in the eight distinct treatment
arms, this design allowed for statistical evaluation of
both individual agents and combinations with only a
minimum of three patients per arm. Possible drug–
drug interactions, or multiplicative effects of combina-
tions can, however, mask outcomes and distort inter-
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pretation when using this approach.67 Minimal use of
lacebo can be achieved with randomized discontinua-
ion designs (Figure 1B),6 in which all patients are
nitially treated with the drug, but only those with
table disease become randomized to drug or placebo,
hile responding and progressing patients continue on

he drug, or stop treatment, respectively. This design is
ot only useful for the evaluation of monotherapy can-
idates, but could be used to evaluate the efficacy of
ach agent of a combination approach. Adaptive ran-
omization designs (Figure 1C),6 in which patient allo-
ation to various arms of a multi-arm study is informed
y ongoing evaluation of potential treatment success,
enefit patients while being cost-effective by decreas-

ng inefficient arms, and allow for the incorporation of
ovel findings, such as stratification for new biomark-
rs, into ongoing trials. For agents with preliminary
ata that are promising but insufficient to support im-
lementation of phase III trials, integrated phase II/III
rial designs can accelerate evaluation. The most effec-
ive arm of a multi-arm phase II stage, which may
dditionally incorporate an adaptive design allocating
ore patients to the more beneficial regimens, is im-
ediately continued in a phase III trial, with patients

rom the phase II stage contributing to the accrual.6

The use of such novel trial designs, particularly,
adaptive designs, can substantially enhance the evalu-
ation of targeted agents and treatment strategies based
on molecular characteristics of tumors. For example,
one biomarker-based adaptive study conducted in the
setting of non-small cell lung cancer has shown prom-
ising correlations of biomarkers and drug responses.68

Most trials in recurrent GBM have been conducted
as noncomparative single-arm studies, which may aid
retrospective analysis if confounding factors such as
eligibility criteria or difference in supported care can
be identified and considered. Although still emerging in
the field of neuro-oncology, new concepts being
adapted include the incorporation of novel trial de-
signs, specific targets, and molecular stratification of
tumors. Two future trials will use the adaptive random-
ization approach to evaluate the anti-angiogenic agent
bevacizumab alone and in combination with the his-
tone deacetylase inhibitor vorinostat,69 and vorinostat
and the tyrosine kinase inhibitor erlotinib with or with-
out the alkylating agent temozolomide in patients with
recurrent GBM.70

CURRENT CLINICAL TRIAL DATA
ON THE EFFICACY AND SAFETY OF
TARGETED AGENTS IN RECURRENT GBM

Targeted Anti-angiogenic Agents

GBM is characterized by extensive vascularization
and increased microvascular proliferation, and angio-

genesis is central to tumor growth and invasion.71,72
Vascular endothelial growth factor A (VEGF-A) and its
receptor, VEGF receptor 2 (VEGFR2), are the key me-
diators of this process. Tissue hypoxia leads to activa-
tion of VEGF signaling, particularly the upregulation of
VEGF-A secretion from tumor cells and stromal cells.
Interaction of VEGF-A with its receptors on the endo-
thelial cells activates downstream pathways that increase
vascular permeability, stimulate migration of endothelial
cells, induce reorganization of the extracellular matrix,
and mobilize endothelial precursor cells.72 GBM cells also
express various proangiogenic factors.71 VEGF expres-
ion level and density of the vasculature in tumors
orrelate with the degree of tumor malignancy.73 Par-
icularly high levels of VEGF are found in areas of
ecrosis and hypoxia, and regions of endothelial pro-

iferation74; and VEGF levels in recurrent GBMs are
substantially higher than in nonrecurrent disease.75

Anti-angiogenic therapy has therefore been extensively
explored as a therapeutic approach in the recurrent
setting. Although older anti-angiogenic agents such as
thalidomide, lenalidomide, carboxyamidotriazole, and
penicillamine did not prove more effective than stan-
dard treatment at the time of investigation,71 trials
with several newer approaches that target VEGF sig-
naling or integrins (Figure 2)71 have reported more
promising outcomes.

Monotherapy With Antiangiogenic Agents in
Recurrent GBM

Due to emerging evidence of cumulative toxicity
associated with the combination of anti-angiogenic
with other chemotherapy agents, monotherapy with
several anti-angiogenic agents has been evaluated. Be-
vacizumab, a humanized monoclonal antibody targeted
against VEGF, received FDA approval as monotherapy
for the treatment of recurrent GBM,7 supported by the

utcomes of a randomized phase II study in patients
ith recurrent GBM at first or second relapse

BRAIN),76 and a phase II single-arm study using bev-
acizumab monotherapy in heavily pretreated patients
with recurrent GBM (NCI 06-C-0064E).77 Independent
eviews of these sponsored studies by the FDA deter-
ined an objective response rate of 26%, PFS-6 of 36%,

nd a median overall survival of 9.2 months for the
onotherapy arm, and a 20% response rate and a me-

ian duration of response of 3.9 months for the non-
omparative study.78 Bevacizumab administration also
ecreased peritumoral edema in the majority of pa-
ients, reducing the need for corticosteroids by more
han 50%.76,77 A retrospective analysis evaluating the

efficacy of bevacizumab monotherapy as salvage ther-
apy for alkylating-agent refractory recurrent GBM re-
ported PFS at 6 and 12 months of 42% and 22%, a
partial radiographic response in 42% of patients, while
58% progressed following one or two cycles of bevaci-

zumab.79 Although bevacizumab shows efficacy and is
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considered to provide increased quality of life while
permitting steroid withdrawal,76,77 its impact on overall
urvival is unclear.80 In phase II studies, progression

occurred after approximately 4 months of bevaci-
zumab treatment,76,77 and has been associated with a
more invasive tumor phenotype, which may reflect
adaptation to anti-angiogenic inhibition by activation of
alternative proangiogenic pathways, including those
regulated by placental growth factor or basic fibroblast
growth factor.80,81

Other anti-VEGF directed agents evaluated for use in
recurrent GBM include aflibercept (VEGF-Trap), a sol-
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mustine with or without cediranib failed to confirm
benefit of the agent.16 Results of a phase II study on
flibercept (VEGF-Trap) suggest minimal efficacy for
ecurrent GBM.84 Preliminary results of a phase II trial

of XL184 in 124 patients with recurrent GBM at first or
second relapse reported an overall response rate of
30% in anti-angiogenic therapy-naïve patients receiv-
ing a 125-mg dosing regimen, and PFS-6 was 25%;
however, adverse events including fatigue and plan-
tar-palmar erythrodysesthesia were observed and
caused dose interruptions.85

Integrin-Targeted Therapies

Integrins, a family of more than 24 heterodimeric
cell surface receptors, mediate cell adhesion to the
extracellular matrix, and affect intracellular signaling
cascades relevant to cell migration, survival and angio-
genesis. Upregulation of integrin expression in both
tumor cells and cells of the tumor microenvironment,
such as vascular endothelium, fibroblasts, and bone
marrow–derived cells, contributes substantially to tu-
mor growth and malignancy by promoting adhesion,
growth, invasion, and angiogenesis.86 The �v�3 and
�v�5 forms are the predominant mediators of inte-
rin function in GBMs,87–89 and their inhibition resul-
ed in decreased angiogenesis in preclinical models
f GBM.90,91

The synthetic cyclic peptide cilengitide competi-
tively blocks integrin binding to the �v�3 and �v�5
receptors. A randomized phase II trial of cilengitide
monotherapy reported radiographic responses of 5% or
13% of 81 patients with recurrent GBM treated twice
weekly with doses of 500 mg or 2,000 mg, respectively.
PFS-6 was 10% in those receiving 500 mg and 15% in
those receiving 2,000 mg, and overall survival dura-
tions were 6.5 and 9.9 months, respectively.92 Long-
erm survival results from this study include a 4-year
urvival rate of 2.4% in patients on the lower dose, and
f 10.0% in patients on the higher dose.93 With a PFS-6

of 12%, similar activity of single-agent cilengitide in
recurrent GBM was reported for a phase II trial that
confirmed adequate delivery of the drug into the tu-
mor.94 Thus, as a single-agent, cilengitide has exhibited
moderate activity for the treatment of recurrent GBM,
but because of its low toxicity profile94 and absence of
apparent drug–drug interactions or pharmacokinetic
alterations with concurrent use of antiepileptic agents,
ongoing trials are investigating its efficacy in combina-
tion with sunitinib malate95 and cediranib maleate96 in
ecurrent disease.

Specific Considerations
of Anti-angiogenic Therapy

Several issues specific to the use anti-angiogenic
agents include potentially severe toxicities, the inter-

pretation of radiographic changes after treatment, and t
eventual progression due to the development of “eva-
sive” resistance mediated by the upregulation of alter-
native pro-angiogenic pathways.97 Toxicities associated

ith anti-angiogenic drugs include hypertension, pro-
einuria, fatigue, thromboembolic events, and wound-
ealing complications due to angiogenic inhibition in
ormal tissues.78 Although common, these adverse

events are rarely severe, rendering treatment accept-
able; however, life-threatening intracranial hemor-
rhages associated with bevacizumab have been
observed in 4.9% of patients.78 Other rare but poten-
tially severe adverse events are gastrointestinal perfo-
ration and reversible leukoencephalopathy.78 Due to
he effect of anti-angiogenic agents on vascular perme-
bility, diminished contrast enhancement on computed
omography or MRI scans may lead to overestimation of
rue antitumor activity, rendering response evaluation
hallenging. Revised criteria developed for evaluation
f tumor response or progression during anti-angio-
enic therapies therefore include the use of non–
ontrast-enhancing imaging such as T2-weighted and
uid-attenuated inversion recovery (FLAIR).98

Other Agents and
Combination Strategies Under Investigation

A large number of targeted molecular therapies have
been evaluated in recurrent GBM, such approaches
included inhibitors targeting receptor tyrosine kinases
such as EGFR, PDGFR, VEGFR, and inhibitors of signal
transduction pathways directed against mTOR, farne-
syltransferase and PI3K, and histone deacetylase.6 In
trials evaluating these agents as monotherapy options
for recurrent GBM, PFS-6 rates were poor to moderate,
ranging from less than 3% to 15%, with no prolongation
of survival (Table 1).6 This lack of efficacy of single
gents in clinical trials is likely due to the presence and
oactivation of redundant signaling in GBM, such that
any of these agents are being evaluated in combina-

ion strategies that target overlapping or complemen-
ary pathways. Furthermore, due to the heterogeneity
f tumors, responses specific to a subtype may have
een masked in trials without patient stratification,
s illustrated by the better efficacy observed with
GFR inhibitors in patients whose tumors express
GFRvIII and have intact PTEN compared with those
ho do not.61

SEQUENCING AND COMBINING THERAPIES
IN THE SETTING OF RECURRENT DISEASE

Although anticipated to increase GBM treatment ef-
ficacy by broadening pathway inhibition, most combi-
nation regimens with novel targeted agents thus far
have not produced substantial improvement over
monotherapy approaches in recurrent GBM.110 Al-

hough the combination of bevacizumab and the topo-
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isomerase inhibitor irinotecan has proven effective in
metastatic colon cancer, the addition of irinotecan did
not provide benefit for patients progressing on bevaci-
zumab in a limited study.77 Response and PFS-6 rates of
combination therapy with bevacizumab with other
chemotherapy agents such as carboplatin, etoposide,
and temozolomide were similar to those reported with
bevacizumab monotherapy, and may be associated
with higher toxicity.78,111–113 A triple combination of
etuximab, an EGFR inhibitor, bevacizumab, and irino-
ecan yielded a PFS-6 of 33% and a median overall
urvival of 30 weeks in patients with recurrent disease,
nd was thus not superior to bevacizumab alone.78,114 A

retrospective study reported a PFS-6 of 43% for patients
with recurrent GBM treated with low-dose continuous
temozolomide in combination with the cyclo-oxygen-
ase inhibitor celecoxib.115

Sequencing regimens, in which the different agents
of a combination approach are administered consecu-
tively, aim to maximize potential synergy of agents
while avoiding overlap of dose-limiting toxicities. A
recent study assessing the combination of 6-thiogua-
nine, capecitabine, and celecoxib with temozolomide
or lomustine in patients with recurrent malignant gli-
oma used a scheme in which dose-intense thioguanine
was administered prior to addition of temozolomide or
lomustine to potentiate the cytotoxic effects of the
alkylating agent. Subsequent treatment with capecit-
abine and celecoxib aimed to enhance antitumor inter-
actions by COX-2 inhibition. This alternative regimen
did not show improvement over earlier trials for pa-
tients with recurrent GBM (14% PFS-6).116

Anti-angiogenic agents may enhance effects of irra-

Table 1. Examples of Single-Agent Targeted The

Agent Target

Erlotinib99 EGFR
Gefitinib100,101 EGFR
Imatinib102 C-ABL, C-KIT, PDGFR
Pazopanib103 VEGFR, PDGFR
Cediranib83 pan-VEGFR
Bevacizumab78 VEGF-A
Cilengitide92,94 �v�3 and �v�5 integ
Vorinostat104 HDAC
Tipifarnib105 Farnesyltransferase
Temsirolimus106,107 mTOR
Enzastaurin108,109 PKC
XL-18485 EGFR, C-MET
Abbreviations: C-ABL, a non-receptor protein tyrosine kinase;

proto-oncogene; EGFR, epidermal growth factor receptor; HD
platelet-derived growth factor receptor; PKC, protein kinase C

Adapted from Clinical Investigation, June 2011 Vol.1, No.6, Pag
diation by suppressing VEGF-mediated radio resistance.
The combination of bevacizumab with re-irradiation
has shown efficacy and good tolerability in a pilot study
on patients with recurrent GBM. Bevacizumab and con-
comitant hypofractionated stereotactic radiotherapy
(HSFRT) produced an overall response rate of 50%, a
PFS-6 of 65%, and a median overall survival of 12.5
months.117 Possibly, the anti-angiogenic effects of bev-
cizumab also counteract adverse effects of re-irradia-
ion such as radiation necrosis.

The increasing number of candidate agents allows
or a large number of permutations on potentially ef-
ective combination strategies. Currently, more than 35
ngoing phase I, I/II, or II trials are investigating com-
ination regimens and monotherapy with targeted
gents in recurrent GBM.110

INCORPORATING CURRENT
DATA INTO CLINICAL PRACTICE

The integration of novel agents into existing treat-
ment algorithms remains challenging and relies on the
availability of data that permit the development of
scheduling, timing, and dosing regimens, as well as
extensive knowledge of toxicity profiles and potential
interactions with other agents. Certain aspects of man-
agement may be incorporated more easily, such as
routine molecular characterization and classification of
GBM tumors, which appears feasible because of the
rapid expansion of affordable molecular diagnostic
tools, including genomic sequencing and gene expres-
sion analyses. Integration of MGMT promoter status
and tumor subtype will allow for a much more indi-

Investigated in Recurrent Glioblastoma6

Trial Phase N PFS-6, %

II 110 11
II 53; 28 13; 14
II 51 16
II 35 3
II 31 26
II 85 36
II 81; 26 15; 12
II 66 15
II 67 12
II 65; 41 8; 3
III; I/II 174; 72 11; 7
II 124 21

cell surface protein that binds stem cell factor; C-MET, met
ne deacetylase; mTOR, mammalian target of rapamycin; PDGF,
, vascular endothelial growth factor receptor.
94 with permission of Future Science Ltd.
rapies

rins

C-KIT, a
AC, histo
; VEGFR
es 781-7
vidualized and targeted therapeutic approach—for
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example, the use of anti-angiogenic agents for the
mesenchymal subtype, and the use of alkylating
agents in tumors with silencing of the MGMT pro-
moter. Due to potential changes in tumor character-
istics at recurrence, such approaches will have to
include the analysis of additional biopsies. The man-
agement of recurrent GBM remains highly dependent
on an integrated multidisciplinary approach that relies
on combining expertise and new outcomes in the fields
of neurosurgery, neuropathology, radiation oncology,
and medical oncology to determine the most appropri-
ate and effective treatment for each individual patient.
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background

 

Glioblastoma, the most common primary brain tumor in adults, is usually rapidly fatal.
The current standard of care for newly diagnosed glioblastoma is surgical resection to
the extent feasible, followed by adjuvant radiotherapy. In this trial we compared radio-
therapy alone with radiotherapy plus temozolomide, given concomitantly with and after
radiotherapy, in terms of efficacy and safety.

 

methods

 

Patients with newly diagnosed, histologically confirmed glioblastoma were randomly
assigned to receive radiotherapy alone (fractionated focal irradiation in daily fractions of
2 Gy given 5 days per week for 6 weeks, for a total of 60 Gy) or radiotherapy plus contin-
uous daily temozolomide (75 mg per square meter of body-surface area per day, 7 days
per week from the first to the last day of radiotherapy), followed by six cycles of adju-
vant temozolomide (150 to 200 mg per square meter for 5 days during each 28-day
cycle). The primary end point was overall survival.

 

results

 

A total of 573 patients from 85 centers underwent randomization. The median age was
56 years, and 84 percent of patients had undergone debulking surgery. At a median fol-
low-up of 28 months, the median survival was 14.6 months with radiotherapy plus
temozolomide and 12.1 months with radiotherapy alone. The unadjusted hazard ratio
for death in the radiotherapy-plus-temozolomide group was 0.63 (95 percent confidence
interval, 0.52 to 0.75; P<0.001 by the log-rank test). The two-year survival rate was
26.5 percent with radiotherapy plus temozolomide and 10.4 percent with radiotherapy
alone. Concomitant treatment with radiotherapy plus temozolomide resulted in grade 3
or 4 hematologic toxic effects in 7 percent of patients.

 

conclusions

 

The addition of temozolomide to radiotherapy for newly diagnosed glioblastoma result-
ed in a clinically meaningful and statistically significant survival benefit with minimal
additional toxicity.

abstract
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lioblastoma is the most frequent

 

primary malignant brain tumor in adults.
Median survival is generally less than one

year from the time of diagnosis, and even in the
most favorable situations, most patients die within
two years.

 

1-3

 

 Standard therapy consists of surgical
resection to the extent that is safely feasible, fol-
lowed by radiotherapy; in the United States, adju-
vant carmustine, a nitrosourea drug, is commonly
prescribed.

 

4,5

 

 Cooperative-group trials have inves-
tigated the addition of various chemotherapeutic
regimens to radiotherapy,

 

6-9

 

 but no randomized
phase 3 trial of nitrosourea-based adjuvant chemo-
therapy has demonstrated a significant survival ben-
efit as compared with radiotherapy alone, although
there were more long-term survivors in the chemo-
therapy groups in some studies.

 

10 

 

A meta-analysis
based on 12 randomized trials suggested a small
survival benefit of chemotherapy, as compared
with radiotherapy alone (a 5 percent increase in
survival at two years, from 15 percent to 20 per-
cent).

 

11 

 

The meta-analysis included 37 percent of
patients with prognostically more favorable, lower-
grade gliomas.

Temozolomide, an oral alkylating agent, has
demonstrated antitumor  activity as a single agent
in the treatment of recurrent glioma.

 

12-14

 

 The ap-
proved conventional schedule is a daily dose of 150
to 200 mg per square meter of body-surface area for
5 days of every 28-day cycle. Daily therapy at a dose
of 75 mg per square meter for up to seven weeks is
safe; this level of exposure to temozolomide

 

15

 

 de-
pletes the DNA-repair enzyme O

 

6

 

-methylguanine-
DNA methyltransferase (MGMT).

 

16

 

 This effect may
be important because low levels of MGMT in tumor
tissue are associated with longer survival among pa-
tients with glioblastoma who are receiving nitroso-
urea-based adjuvant chemotherapy.

 

17,18

 

A pilot phase 2 trial demonstrated the feasibility
of the concomitant administration of temozolo-
mide with fractionated radiotherapy, followed by up
to six cycles of adjuvant temozolomide, and suggest-
ed that this treatment had promising clinical activ-
ity (two-year survival rate, 31 percent).

 

19 

 

The Euro-
pean Organisation for Research and Treatment of
Cancer (EORTC) Brain Tumor and Radiotherapy
Groups and the National Cancer Institute of Canada
(NCIC) Clinical Trials Group therefore initiated a
randomized, multicenter, phase 3 trial to compare
this regimen with radiotherapy alone in patients
with newly diagnosed glioblastoma.

 

patients

 

Patients 18 to 70 years of age with newly diagnosed
and histologically confirmed glioblastoma (World
Health Organization [WHO] grade IV astrocytoma)
were eligible for the study. Eligible patients had a
WHO performance status of 2 or less and adequate
hematologic, renal, and hepatic function (absolute
neutrophil count, ≥1500 per cubic millimeter; plate-
let count, ≥100,000 per cubic millimeter; serum cre-
atinine level, ≤1.5 times the upper limit of normal
in the laboratory where it was measured; total se-
rum bilirubin level, ≤1.5 times the upper limit of
normal; and liver-function values, <3 times the up-
per limit of normal for the laboratory). Patients who
were receiving corticosteroids had to receive a stable
or decreasing dose for at least 14 days before ran-
domization. All patients provided written informed
consent, and the study was approved by the ethics
committees of the participating centers. 

 

study design and treatment

 

Within six weeks after the histologic diagnosis of
glioblastoma, we randomly assigned eligible pa-
tients to receive standard focal radiotherapy alone
(the control group) or standard radiotherapy plus
concomitant daily temozolomide, followed by adju-
vant temozolomide. Randomization was performed
at the EORTC Data Center, and patients were strat-
ified according to WHO performance status, wheth-
er or not they had previously undergone debulking
surgery, and the treatment center.

 

20

 

 The assigned
treatment had to begin within one week after ran-
domization.

Radiotherapy consisted of fractionated focal ir-
radiation at a dose of 2 Gy per fraction given once
daily five days per week (Monday through Friday)
over a period of six weeks, for a total dose of 60 Gy.
Radiotherapy was delivered to the gross tumor vol-
ume with a 2-to-3-cm margin for the clinical target
volume. Radiotherapy was planned with dedicated
computed tomography (CT) and three-dimensional
planning systems; conformal radiotherapy was de-
livered with linear accelerators with nominal energy
of 6 MV or more, and quality assurance was per-
formed by means of individual case reviews.

 

21

 

 
Concomitant chemotherapy consisted of tem-

ozolomide (marketed as Temodal in Europe and
Canada and Temodar in the United States; Scher-
ing-Plough) at a dose of 75 mg per square meter per

g
methods
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day, given 7 days per week from the first day of ra-
diotherapy until the last day of radiotherapy, but for
no longer than 49 days. After a 4-week break, pa-
tients were then to receive up to six cycles of adju-
vant temozolomide according to the standard 5-day
schedule every 28 days. The dose was 150 mg per
square meter for the first cycle and was increased to
200 mg per square meter beginning with the second
cycle, so long as there were no hematologic toxic ef-
fects. Because continuous daily temozolomide can
cause lymphocytopenia, with a possible increased
risk of opportunistic infections, patients in the ra-
diotherapy-plus-temozolomide group were to re-
ceive prophylaxis against 

 

Pneumocystis carinii

 

 pneu-
monia, consisting of either inhaled pentamidine
or oral trimethoprim–sulfamethoxazole,

 

22

 

 during
concomitant treatment with radiotherapy plus tem-
ozolomide. Antiemetic prophylaxis with metoclo-
pramide or a 5-hydroxytryptamine

 

3

 

 antagonist was
recommended before the initial doses of concomi-
tant temozolomide and was required during the ad-
juvant five-day courses of temozolomide.

 

surveillance and follow-up

 

The baseline examination included CT or magnetic
resonance imaging (MRI), full blood counts and
blood chemistry tests, and a physical examination
that included the Mini–Mental State Examination
(MMSE) and a quality-of-life questionnaire. During
radiotherapy (with or without temozolomide), pa-
tients were to be seen every week. Twenty-one to 28
days after the completion of radiotherapy and every
3 months thereafter, patients underwent a compre-
hensive evaluation, including administration of the
MMSE and the quality-of-life questionnaire and
radiologic assessment of the tumor. During adju-
vant temozolomide therapy, patients underwent a
monthly clinical evaluation and a comprehensive
evaluation at the end of cycles 3 and 6. Tumor pro-
gression was defined according to the modified
WHO criteria as an increase in tumor size by 25 per-
cent, the appearance of new lesions, or an increased
need for corticosteroids.

 

23

 

 When there was tumor
progression or after two years of follow-up, patients
were treated at the investigator’s discretion, and the
type of second-line therapy was recorded. Toxic ef-
fects were graded according to the National Cancer
Institute Common Toxicity Criteria, version 2.0,
with a score of 1 indicating mild adverse effects, a
score of 2 moderate adverse effects, a score of 3 se-
vere adverse effects, and a score of 4 life-threatening
adverse effects. 

 

statistical analysis

 

The primary end point was overall survival; second-
ary end points were progression-free survival, safety,
and the quality of life. Overall survival and pro-
gression-free survival were analyzed by the Kaplan–
Meier method, with use of two-sided log-rank
statistics. This study had 80 percent power at a sig-
nificance level of 0.05 to detect a 33 percent in-
crease in median survival (hazard ratio for death,
0.75), assuming that 382 deaths occurred. All analy-
ses were conducted on an intention-to-treat basis.
The Cox proportional-hazards model was fitted to
adjust for stratification factors and other confound-
ing variables. Toxic effects are reported separately
for the radiotherapy period, defined as extending
from day 1 of radiotherapy until 28 days after the
last day of radiotherapy, or until the first day of ad-
juvant temozolomide therapy. The adjuvant-therapy
period was defined as extending from the first day
of adjuvant temozolomide therapy until 35 days
after day 1 of the last cycle of temozolomide. Find-
ings with respect to the quality of life are not re-
ported here.

 

organization of the trial

 

The concept of the trial was developed by Dr. Stupp
in collaboration with the EORTC Data Center, the
EORTC Brain Tumor and Radiotherapy Groups,
and the NCIC Clinical Trials Group, represented by
Drs. Cairncross and Eisenhauer. The radiotherapy
design and quality assurance were supervised by
Dr. Mirimanoff. The trial was sponsored by the
EORTC Brain Tumor and Radiotherapy Groups
(trial 22981/26981) in Europe and the NCIC Clini-
cal Trials Group (trial CE.3) in Canada. The trial was
supported by an unrestricted educational grant
from Schering-Plough, which also provided the
study drug; however, Schering-Plough was not in-
volved in trial design or analysis. All data were col-
lected by the EORTC and NCIC data centers and re-
viewed by Drs. Stupp and Mirimanoff. The analysis
was performed by the EORTC statistician, Mr. Gor-
lia. Histologic specimens were reviewed centrally
(according to the revised WHO classification sys-
tem

 

24

 

) by a panel of three neuropathologists in Eu-
rope (Robert C. Janzer in Lausanne, Switzerland
[chair]; Peter Wesseling in Nijmegen, the Nether-
lands; and Karima Mohktari in Paris) and a single
neuropathologist in Canada (Samuel Ludwin, King-
ston, Ont.). The article was written by Dr. Stupp with
support from a medical writer and coauthors; all au-
thors reviewed the manuscript.
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patients

 

From August 2000 until March 2002, 573 patients
from 85 institutions in 15 countries were randomly
assigned to receive radiotherapy (286 patients) or
radiotherapy plus temozolomide (287 patients).
Nearly 50 percent of the patients were enrolled at
17 institutions. The characteristics of the patients
in the two groups were well balanced at baseline
(Table 1). The median age was 56 years, and 84 per-
cent of patients had undergone debulking surgery.
Slightly more patients in the radiotherapy group
than in the radiotherapy-plus-temozolomide group
were receiving corticosteroids at the time of ran-
domization (75 percent vs. 67 percent). Histologic
slides were submitted for 85 percent of patients,
and central pathological review confirmed the diag-
nosis of glioblastoma in 93 percent of the reviewed
cases; 3 percent had anaplastic astrocytoma or oli-
goastrocytoma (WHO grade III), and in 1 percent
submitted material was insufficient for a definitive
diagnosis.

 

disposition of patients and delivery 
of treatment

 

The median time from diagnosis to the start of ther-
apy was 5 weeks (range, 2.0 to 12.9) in the radio-
therapy group and 5 weeks (range, 1.7 to 10.7) in
the radiotherapy-plus-temozolomide group. Table 2
summarizes the details of treatment. Unplanned
interruptions in radiotherapy were usually brief
(median, four days) and interruptions due to the
toxicity of therapy occurred in only 3 percent of the
radiotherapy group and 4 percent of the radiother-
apy-plus-temozolomide group. The other reasons
were mainly administrative (e.g., holidays, radio-
therapy equipment maintenance, or technical prob-
lems). One patient randomly assigned to radiother-
apy alone received radiotherapy plus temozolomide.
Among the 287 patients who were assigned to re-
ceive concomitant radiotherapy plus temozolo-
mide, 85 percent completed both radiotherapy and
temozolomide as planned. Thirty-seven patients
(13 percent) prematurely discontinued temozolo-
mide because of toxic effects (in 14 patients), dis-
ease progression (in 11), or other reasons (in 12).

After radiotherapy, 223 patients in the radio-
therapy-plus-temozolomide group (78 percent)
started adjuvant temozolomide and received a me-
dian of 3 cycles (range, 0 to 7); 47 percent of pa-
tients completed 6 cycles. The main reason for not

results

 

* This characteristic was used as a stratification factor at the time of random-
ization.

† A performance status of 0 denotes asymptomatic, 1 symptomatic and fully 
ambulatory, and 2 symptomatic and in bed less than 50 percent of the day.

‡ The maximum score on the Mini–Mental State Examination (MMSE) is 30, 
and scores above 26 are considered to indicate normal mental status.

 

§ Anaplastic astrocytoma included oligoastrocytoma.

 

Table 1. Demographic Characteristics of the Patients at Baseline.

Characteristic
Radiotherapy 

(N=286)

Radiotherapy 
plus Temozolo-
mide (N=287)

 

Age — yr

Median 57 56

Range 23–71 19–70

Age — no. (%)*

<50 yr 81 (28) 90 (31)

≥50 yr 205 (72) 197 (69)

Sex — no. (%)

Male 175 (61) 185 (64)

Female 111 (39) 102 (36)

WHO performance status — no. (%)*†

0 110 (38) 113 (39)

1 141 (49) 136 (47)

2 35 (12)  38 (13)

Extent of surgery — no. (%)*

Biopsy 45 (16) 48 (17)

Debulking 241 (84) 239 (83)

Complete resection 113 (40) 113 (39)

Partial resection 128 (45) 126 (44)

Time from diagnosis to radiotherapy — wk

Median 5 5

Range 2.0–12.9 1.7–10.7

Baseline MMSE score — no. (%)‡

30 91 (32) 100 (35)

27–29 97 (34) 96 (33)

≤26 86 (30) 81 (28)

Data missing 12 (4) 10 (3)

Corticosteroid therapy — no. (%)

Yes 215 (75) 193 (67)

No 70 (24) 94 (33)

Data missing 1 (<1) 0

Slides available for pathological review
— no. (%)

246 (86) 239 (83)

Findings on pathological review — no. (%)

Glioblastoma 229 (93) 221 (92)

Anaplastic astrocytoma§ 9 (4) 7 (3)

Inconclusive material 3 (1) 3 (1)

Other 5 (2) 8 (3)
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* Other reasons included any missed dose or patient or prescription error.

 

Table 2. Disposition of Patients and Intensity of Treatment.

Variable Radiotherapy (N=286) Radiotherapy plus Temozolomide (N=287)

Radiotherapy

 

Never started radiotherapy — no. (%) 7 (2) 3 (1)

Dose — Gy  

Median 60 60

Range 12–62 12–62

No. of fractions

Median 30 30

Range 6–33  5–33

Duration — wk  

Median 6.1 6.0

Range  1.3–7.6 0.6–10.3

Interruption or delay in radiotherapy — no. (%) 78 (27) 92 (32)

Delay due to toxicity — no. (%) 8 (3) 12 (4)

Received ≤90% of planned dose — no. (%) 22 (8) 14 (5)

Early discontinuation of radiotherapy — no. (%) 19 (7) 14 (5)

Reason for discontinuation — no. (%)

Disease progression 17 (6) 11 (4)

Other* 2 (1) 3 (1)

 

Concomitant temozolomide

 

Never started concomitant temozolomide — no. (%) — 6 (2)

Duration of therapy — days

Median — 42

Range —  40–55

Received ≤90% of planned dose — no. (%) — 23 (8)

Early discontinuation of concomitant temozolomide — no. (%) — 37 (13)

Reason for discontinuation of temozolomide — no. (%)

Toxic effects — 14 (5)

Disease progression — 11 (4)

Other* — 12 (4)

 

Adjuvant-therapy period

 

Adjuvant temozolomide started — no. (%) 223 (78)

Cycles of temozolomide 

Median — 3

Range — 0–7

Patients completing 6 cycles — no. (%) — 105 (47)

Dose escalated to 200 mg/m

 

2

 

 at cycle 2 — no. (%) — 149 (67)

Adjuvant temozolomide discontinued — no. (%) 118 (53)

Reason for discontinuation — no. (%)

Disease progression — 86 (39)

Toxic effects — 17 (8)

Decision by patient — 8 (4)

Other — 6 (3)

Missing data — 1 (<1)
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beginning or not completing adjuvant temozolo-
mide therapy was disease progression. Only 8 per-
cent of patients discontinued adjuvant temozolo-
mide because of toxic effects. Beginning with cycle
2, the dose of temozolomide was increased to 200
mg per square meter in 67 percent of patients. Only
9 percent of patients did not receive the higher dose
because of hematologic toxicity.

 

survival and progression

 

At a median follow-up of 28 months, 480 patients
(84 percent) had died. The unadjusted hazard ratio
for death in the radiotherapy-plus-temozolomide
group as compared with the radiotherapy group was
0.63 (95 percent confidence interval, 0.52 to 0.75;
P<0.001 by the log-rank test). These data indicate a
37 percent relative reduction in the risk of death for
patients treated with radiotherapy plus temozolo-
mide, as compared with those who received radio-
therapy alone.

The median survival benefit was 2.5 months; the
median survival was 14.6 months (95 percent con-
fidence interval, 13.2 to 16.8) with radiotherapy plus
temozolomide and 12.1 months (95 percent confi-
dence interval, 11.2 to 13.0) with radiotherapy alone
(Fig. 1 and Table 3). The two-year survival rate was

26.5 percent (95 percent confidence interval, 21.2
to 31.7 percent) in the group given radiotherapy
plus temozolomide, as compared with 10.4 percent
(95 percent confidence interval, 6.8 to 14.1 percent)
with radiotherapy alone. The median progression-
free survival was 6.9 months (95 percent confidence
interval, 5.8 to 8.2) with radiotherapy plus temozo-
lomide and 5.0 months (95 percent confidence in-
terval, 4.2 to 5.5) with radiotherapy alone (hazard
ratio for death or disease progression, 0.54 [95 per-
cent confidence interval, 0.45 to 0.64]; P<0.001 by
the log-rank test) (Fig. 2).

The hazard ratio for death was adjusted by fitting
the Cox proportional-hazard models. In addition
to the stratification factors (the extent of surgery,
WHO performance status, and treatment center),
other possible confounding factors — age, use or
nonuse of corticosteroids at randomization, sex,
score on the MMSE, and tumor location — were in-
cluded. The adjusted hazard ratio for death in the
radiotherapy-plus-temozolomide group as com-
pared with the radiotherapy group — 0.62 (95 per-
cent confidence interval, 0.51 to 0.75) — was es-
sentially the same as the unadjusted hazard ratio.

Survival according to prognostic factors, includ-
ing age, sex, extent of surgery, WHO performance
status, and use or nonuse of corticosteroids, was
also analyzed (see Table 1 in the Supplementary Ap-
pendix, available with the full text of this article at
www.nejm.org). Radiotherapy plus temozolomide
was associated with a significant improvement in
median overall survival in nearly all subgroups of
patients (see Fig. 1 in the Supplementary Appen-
dix); the exceptions were the small subgroup of 93
patients who underwent biopsy only and the 70 pa-
tients with a poor performance status.

 

safety

 

We analyzed adverse events separately during radio-
therapy (with or without concomitant temozolo-
mide), the adjuvant-therapy period, and the entire
study period (from study entry until disease progres-
sion or last follow-up). No grade 3 or 4 hematologic
toxic effects were observed in the radiotherapy
group. During concomitant temozolomide thera-
py, grade 3 or 4 neutropenia was documented in 12
patients (4 percent), and grade 3 or 4 thrombocyto-
penia occurred in 9 patients (3 percent) (Table 4).
Overall, 19 patients (7 percent) had any type of
grade 3 or 4 hematologic toxic effect. During adju-
vant temozolomide therapy, 14 percent of patients

 

Figure 1. Kaplan–Meier Estimates of Overall Survival According to 
Treatment Group.

 

The hazard ratio for death among patients treated with radiotherapy plus temo-
zolomide, as compared with those who received radiotherapy alone, was 0.63 
(95 percent confidence interval, 0.52 to 0.75; P<0.001).
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had any grade 3 or 4 hematologic toxic effect, 4 per-
cent had grade 3 or 4 neutropenia, and 11 percent
had grade 3 or 4 thrombocytopenia.

 During the radiotherapy period, severe infec-
tions occurred in 6 patients in the radiotherapy
group (2 percent) and in 9 patients in the radiother-
apy-plus-temozolomide group (3 percent); during
adjuvant temozolomide therapy, 12 patients (5 per-
cent) had severe infections. The most common non-
hematologic adverse event during radiotherapy was
moderate-to-severe fatigue in 26 percent of patients
in the radiotherapy group and 33 percent in the ra-
diotherapy-plus-temozolomide group (Table 2 in
the Supplementary Appendix). Thromboembolic
events occurred in 28 patients (5 percent) — 16 in
the radiotherapy group and 12 in the radiotherapy-
plus-temozolomide group. Two patients in the ra-
diotherapy-plus-temozolomide group died of cere-
bral hemorrhage in the absence of a coagulation
disorder or thrombocytopenia. Pneumonia was re-
ported in five patients in the radiotherapy group
and three in the radiotherapy-plus-temozolomide
group. Opportunistic infections occurred in two pa-
tients; one patient treated with radiotherapy alone
had suspected 

 

P. carinii

 

 pneumonia, and one patient
in the radiotherapy-plus-temozolomide group had
proven bacterial and candida pneumonia.

 

treatment after disease progression

 

If disease progression occurred, further treatment
was at the physician’s discretion. At the cutoff date
(May 10, 2004), 512 patients — 268 in the radiother-
apy group (94 percent) and 244 in the radiotherapy-
plus-temozolomide group (85 percent) — had dis-
ease progression. At the time of progression, 23
percent of patients in both treatment groups under-
went a second surgery, and 72 percent of patients
in the radiotherapy group and 58 percent in the ra-
diotherapy-plus-temozolomide group received che-
motherapy. Salvage chemotherapy consisted of
temozolomide in 60 percent of patients in the ra-
diotherapy group and 25 percent of patients in the
radiotherapy-plus-temozolomide group. The re-
sponse to salvage chemotherapy was not recorded
as part of our study.

For more than 30 years, chemotherapy given as an
adjunct to radiotherapy or before radiotherapy has
been widely investigated in patients with malig-

nant glioma. Such treatment has had limited suc-
cess.

 

6-8,10,25-27

 

 The present study demonstrates
that the addition of chemotherapy to radiotherapy
significantly prolongs survival among patients with
newly diagnosed glioblastoma, with a median in-
crease in survival of 2.5 months or a relative reduc-
tion in the risk of death of 37 percent. Unlike most
previous studies, which included patients with both
glioblastoma (WHO grade IV) and anaplastic astro-
cytoma (WHO grade III), who have a better prog-
nosis, our study was designed to include only pa-
tients with glioblastoma. At two years, we found a
clinically meaningful increase — by a factor of 2.5
— in the survival rate, from 10 percent with radio-
therapy alone to 27 percent with radiotherapy plus
temozolomide, consistent with the findings of the
preceding phase 2 trial.

 

19

 

 An exploratory analysis of
subgroups defined according to known prognostic
factors demonstrated a survival benefit in nearly all
subgroups.

The outcome for patients treated with radiother-
apy alone in our trial compares favorably with the
outcome in other trials.

 

9,11,28

 

 Patients being treated
with corticosteroids received stable or decreasing
doses before randomization and started radiother-
apy within one week after randomization. These cri-

discussion

 

* A total of 160 patients in the radiotherapy group and 60 patients in the radio-
therapy-plus-temozolomide group received temozolomide as salvage therapy. 

 

CIdenotes confidence interval. 

 

Table 3. Overall and Progression-free Survival According to Treatment Group.*

Variable
Radiotherapy

(N=286)

Radiotherapy 
plus Temozolomide

(N=287)

 

value (95% CI)

 

Median overall survival (mo) 12.1 (11.2–13.0) 14.6 (13.2–16.8)

Overall survival (%)

At 6 months 84.2 (80.0–88.5) 86.3 (82.3–90.3)

At 12 months 50.6 (44.7–56.4) 61.1 (55.4–66.7)

At 18 months 20.9 (16.2–26.6) 39.4 (33.8–45.1)

At 24 months 10.4 (6.8–14.1) 26.5 (21.2–31.7)

Median progression-free
survival (mo)

5.0 (4.2–5.5) 6.9 (5.8–8.2 )

Progression-free survival (%)

At 6 months 36.4 (30.8–41.9) 53.9 (48.1–59.6)

At 12 months 9.1 (5.8–12.4) 26.9 (21.8–32.1)

At 18 months 3.9 (1.6–6.1) 18.4 (13.9–22.9)

At 24 months 1.5 (0.1–3.0) 10.7 (7.0–14.3)
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teria may have served to exclude patients with the
worst prognosis, who may not benefit from any
therapy. Moreover, most patients had undergone
debulking surgery. The relatively long survival after
disease progression (approximately seven months
in both groups) is also noteworthy. This extended
survival may reflect either patient selection or the
early detection of tumor progression by means of
regular radiographic assessment. Furthermore, 72

percent of patients in the radiotherapy group and
58 percent of patients in the radiotherapy-plus-tem-
ozolomide group received salvage chemotherapy at
the time of progression.

This trial was designed to determine whether the
addition of temozolomide to radiotherapy early in
the course of treatment prolongs survival among
patients with glioblastoma, but it was not designed
to distinguish between the effects of concomitant
therapy with radiotherapy plus temozolomide and
adjuvant treatment with temozolomide. At the time
the trial was conceived, it was deemed most impor-
tant to administer chemotherapy early in the course
of the disease, for a sufficiently long time, and con-
currently with radiotherapy. Temozolomide was
given concomitantly with radiotherapy on a contin-
uous schedule for several reasons. First, daily ad-
ministration of low doses makes possible an in-
crease by almost a factor of two in dose intensity, as
compared with the standard regimen, without an
increase in toxicity.

 

15

 

 Second, continuous adminis-
tration of an alkylating agent depletes MGMT,

 

16

 

 an
enzyme that may be induced by radiotherapy and
that is necessary for repair of damage to DNA caused
by alkylating agents.

 

29

 

 In a companion translation-
al study also reported in this issue of the 

 

Journal,

 

 we
observed that methylation of the 

 

MGMT

 

 promoter,
which results in gene silencing, is associated with a
striking survival benefit in patients treated with ra-
diotherapy plus temozolomide.

 

30

 

 Third, synergy
between temozolomide and radiotherapy has been
observed in vitro.

 

31-33

 

 The spontaneous conversion
of temozolomide into the active metabolite and its
ability to cross the blood–brain barrier also favors
this regimen.

 

34

 

 Finally, to ensure sufficient exposure
to the drug, we added six cycles of adjuvant temo-
zolomide after the completion of radiotherapy.

In the context of palliative care, chemotherapy-
induced toxic effects should be manageable. Nau-
sea was controlled with standard antiemetic agents.
Severe myelosuppression was observed in 16 per-
cent of patients, leading to the early discontinuation
of chemotherapy in 5 percent. Whether the addition
of chemotherapy increases the risk of radiotherapy-
induced cognitive deficits cannot be assessed at this
time. However, long-term monitoring and observa-
tional studies of late toxic effects will be important
to guide treatment recommendations in the future.
Furthermore, prolonged chemotherapy with alkyl-
ating agents has been associated with myelodys-
plastic syndromes and secondary leukemia occur-
ring years after therapy.

 

35

 

 In our trial, at a median

 

Figure 2. Kaplan–Meier Estimates of Progression-free Survival According to 
Treatment Group.

 

The hazard ratio for death or disease progression among patients treated 
with radiotherapy plus temozolomide, as compared with those treated with 
radiotherapy alone, was 0.54 (95 percent confidence interval, 0.45 to 0.64; 
P<0.001).
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* The entire study period was defined as the period from study entry to seven 

 

days after disease progression.

 

Table 4. Grade 3 or 4 Hematologic Toxic Effects in Patients Treated
with Temozolomide.

Toxic Effect

Concomitant
Temozolomide 

Therapy
(N=284)

Adjuvant
Temozolomide 

Therapy 
(N=223)

Entire Study
Period*
(N=284)

 

number of patients (percent)

 

Leukopenia 7 (2) 11 (5) 20 (7)

Neutropenia 12 (4) 9 (4) 21 (7)

Thrombocytopenia 9 (3) 24 (11) 33 (12)

Anemia 1 (<1) 2 (1) 4 (1)

Any 19 (7) 32 (14) 46 (16)
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follow-up of approximately two years, there had
been no evidence of any increase in treatment-
induced late toxic effects. Such late toxicity may be-
come a greater concern, however, if this regimen is
used in patients with intermediate- or low-grade
glioma, who have a more favorable prognosis in
terms of survival.

In conclusion, the addition of temozolomide to
radiotherapy early in the course of glioblastoma pro-
vides a statistically significant and clinically mean-
ingful survival benefit. Nevertheless, the challenge
remains to improve clinical outcomes further. For
this reason, the regimen of radiotherapy plus tem-
ozolomide should serve as the new platform from
which to explore innovative regimens for treating
malignant gliomas. Many questions remain unan-

swered regarding the applications of this regimen
to lower grade gliomas and the optimal combina-
tion of radiotherapy and temozolomide.
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background

 

Epigenetic silencing of the 

 

MGMT

 

 (O

 

6

 

-methylguanine–DNA methyltransferase) DNA-
repair gene by promoter methylation compromises DNA repair and has been associated
with longer survival in patients with glioblastoma who receive alkylating agents.

 

methods

 

We tested the relationship between 

 

MGMT

 

 silencing in the tumor and the survival of
patients who were enrolled in a randomized trial comparing radiotherapy alone with
radiotherapy combined with concomitant and adjuvant treatment with temozolomide.
The methylation status of the 

 

MGMT

 

 promoter was determined by methylation-specific
polymerase-chain-reaction analysis.

 

results

 

The 

 

MGMT

 

 promoter was methylated in 45 percent of 206 assessable cases. Irrespective
of treatment, 

 

MGMT

 

 promoter methylation was an independent favorable prognostic
factor (P<0.001 by the log-rank test; hazard ratio, 0.45; 95 percent confidence interval,
0.32 to 0.61). Among patients whose tumor contained a methylated 

 

MGMT

 

 promoter,
a survival benefit was observed in patients treated with temozolomide and radiotherapy;
their median survival was 21.7 months (95 percent confidence interval, 17.4 to 30.4),
as compared with 15.3 months (95 percent confidence interval, 13.0 to 20.9) among
those who were assigned to only radiotherapy (P=0.007 by the log-rank test). In the ab-
sence of methylation of the 

 

MGMT

 

 promoter, there was a smaller and statistically insig-
nificant difference in survival between the treatment groups.

 

conclusions

 

Patients with glioblastoma containing a methylated 

 

MGMT

 

 promoter benefited from
temozolomide, whereas those who did not have a methylated 

 

MGMT

 

 promoter did not
have such a benefit.

abstract
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pigenetic silencing of the 

 

mgmt

 

(O

 

6

 

-methylguanine–DNA methyltransfer-
ase) gene by promoter methylation has been

associated with longer overall survival in patients
with glioblastoma who, in addition to radiotherapy,
received alkylating chemotherapy with carmustine
or temozolomide.

 

1,2

 

 The 

 

MGMT

 

 gene is located on
chromosome 10q26 and encodes a DNA-repair pro-
tein that removes alkyl groups from the O

 

6

 

 position
of guanine, an important site of DNA alkylation.
The restoration of the DNA consumes the MGMT
protein, which the cell must replenish. Left unre-
paired, chemotherapy-induced lesions, especially
O

 

6

 

-methylguanine, trigger cytotoxicity and apopto-
sis.

 

3,4

 

 High levels of MGMT activity in cancer cells
create a resistant phenotype by blunting the thera-
peutic effect of alkylating agents and may be an im-
portant determinant of treatment failure.

 

5-10

 

 Epi-
genetic silencing of the 

 

MGMT

 

 gene by promoter
methylation is associated with loss of MGMT ex-
pression

 

11-13

 

 and diminished DNA-repair activity.
In the course of tumor development, gene silencing
by DNA methylation is an early and important
mechanism by which tumor-suppressor genes are
inactivated.

 

14,15

 

In a phase 2 evaluation of combined radiotherapy
and temozolomide for newly diagnosed glioblas-
toma, we found that methylation of the 

 

MGMT

 

promoter in the tumor was associated with longer
survival.

 

2

 

 In the current study, we investigated
whether 

 

MGMT

 

 promoter methylation in glioblas-
toma is associated with a benefit from temozolo-
mide treatment. We determined the 

 

MGMT

 

 pro-
moter methylation status in tumor tissues from
patients who were enrolled in a randomized trial
that showed a survival advantage among patients
treated with temozolomide and radiotherapy as
compared with radiotherapy alone.

 

16

 

patients and treatment

 

Patients were enrolled in a randomized trial of
chemoradiotherapy (temozolomide plus radiother-
apy) versus radiotherapy alone (carried out by the
European Organisation for Research and Treatment
of Cancer and the National Cancer Institute of Can-
ada [NCIC]) (EORTC trial 26981/22981 and NCIC
trial CE.3).

 

16

 

 Patients in the experimental group re-
ceived the alkylating agent temozolomide (Temodal
or Temodar, Schering-Plough) at a dose of 75 mg
per square meter of body-surface area daily during
standard fractionated radiotherapy (60 Gy) for 6 to

7 weeks and at a dose of 150 to 200 mg per square
meter per day for 5 days of every 28-day cycle after
radiotherapy, for up to six cycles. In the case of
tumor progression, salvage or second-line therapy
was administered at the investigators’ discretion;
most patients received additional chemotherapy. All
patients provided written informed consent for mo-
lecular studies of their tumor, and the protocol was
approved by the ethics committee at each center.

 

dna extraction and methylation-specific 
polymerase chain reaction

 

Genomic DNA was isolated from one or two paraf-
fin sections of glioblastoma tissue (Ex-Wax DNA
Extraction Kit S4530, Chemicon) (proteinase diges-
tion lasted a maximum of six hours). DNA was de-
natured with sodium hydroxide in a volume of 35 µl
and subjected to bisulfite treatment in a volume of
360 µl (4.4 M sodium bisulfite and 20 mM hydro-
quinone) for five hours at 55°C and then purified
(Wizard DNA Clean-Up System A7280, Promega).
Unmethylated cytosine, but not its methylated coun-
terpart, is modified into uracil by the treatment.
The methylation-specific polymerase chain reaction
(PCR) was performed in a two-step approach.

 

17

 

The results were confirmed in an independent ex-
periment, starting with reisolation of DNA from the
tumor. The PCR products were separated on 4 per-
cent agarose gels. The investigators who selected
and analyzed the glioblastoma samples were blind-
ed to all clinical information.

 

statistical analysis

 

Overall and progression-free survival curves were
estimated by the Kaplan–Meier technique and
compared with use of the two-sided log-rank test.
All treatment comparisons are presented on an
intention-to-treat basis according to the random-
ized assignment. The Cox proportional-hazards
model was fitted to assess the prognostic and pre-
dictive values of the methylation status of the

 

MGMT

 

 promoter, the protocol treatment, and po-
tential prognostic factors

 

18

 

 that were found to be
statistically significant in this population on the
basis of univariate testing.

 

organization of the study

 

This project was initiated and carried out without
the involvement of a commercial sponsor. Dr. Hegi
designed and supervised the translational study
and wrote the manuscript, with input from the co-
authors. Methylation-specific PCR was performed
by Ms. Diserens. The statistical analysis was per-

e

methods
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formed by Mr. Gorlia. The clinical trial was designed
and directed by Dr. Stupp, in collaboration with the
EORTC and the NCIC Clinical Trials Group.

Methylation-specific PCR was performed on 307 of
573 glioblastoma specimens (53.6 percent) from
patients enrolled at 66 of 85 participating centers
(Fig. 1); adequate paraffin-embedded tumor tissue
was not available from 266 patients. 

 

MGMT

 

 meth-
ylation status could be determined for 206 of the
307 tumors (67.1 percent), or 36.0 percent of the
tumors from the overall study population. The suc-
cess rate of methylation-specific PCR on paraffin-
embedded tumor samples was highly variable and
center-dependent. For centers with four or more
testable samples, the median success rate was 75.0
percent (range, 0 to 100 percent). Treatment as-
signments among the 307 patients with evaluable
tumor specimens was equally distributed, with 152
patients (49.5 percent) randomly assigned to radio-
therapy alone and 155 (50.5 percent) randomly as-
signed to temozolomide and radiotherapy.

The subgroup of 206 patients in whom 

 

MGMT

 

promoter methylation status could be determined
was representative of the overall treatment popula-
tion with respect to known prognostic factors and
outcomes. However, the proportion of patients who
had only a diagnostic biopsy specimen (and no de-
bulking surgery) was smaller in the subgroup test-
ed for 

 

MGMT

 

 promoter methylation than in the sub-
group of patients in whom methylation status could
not be determined (3.4 percent vs. 23.0 percent).
Overall survival did not vary significantly according
to whether or not the test was attempted (P=0.27
by the log-rank test) or whether or not the results
were interpretable (P=0.23 by the log-rank test)
(Fig. 1 of the Supplementary Appendix, available
with the full text of this article at www.nejm.org).
Of the 206 evaluated tumors, 92 (44.7 percent) had
detectable 

 

MGMT

 

 promoter methylation, whereas
114 (55.3 percent) did not. The proportion of
methylated tumors was similar in the two treat-
ment groups (Table 1).

For the entire population of 206 patients for
whom 

 

MGMT

 

 status could be evaluated, there was
a significant difference, irrespective of treatment
assignment, in overall survival between patients
whose tumors had 

 

MGMT

 

 promoter methylation
and those whose tumors did not (P<0.001 by the
log-rank test) (Fig. 2). The hazard ratio for death
was 0.45 (95 percent confidence interval, 0.32 to

results

 

Figure 1. Methylation Status of the 

 

MGMT

 

 Promoter in Glioblastoma Biopsy 
Specimens, as Determined by a Nested Methylation-Specific PCR Assay.

 

DNA from normal peripheral blood lymphocytes (PBL) was used as a control 
for the unmethylated 

 

MGMT

 

 promoter (U), enzymatically methylated DNA 
from PBL (MPBL) served as a positive control for the methylated 

 

MGMT

 

 pro-
moter (M), and water was used as a negative control for the PCR. A 100-bp 
marker ladder was loaded to estimate molecular size, as shown on the left 
scale; the sizes of PCR products are indicated on the right scale. Glioblastoma 
numbers 549 and 527 contain a methylated promoter, whereas 555, 569, and 
529 harbor only an unmethylated promoter. The nested PCR approach ren-
ders the analysis highly sensitive, while allowing it to retain the specificity that 
results in the detection of unmethylated 

 

MGMT

 

 promoter in all specimens 
that may also contain DNA derived from infiltrating lymphocytes, blood ves-
sels, or contaminating normal tissue.

300 bp —
200 bp —

100 bp — — 93 bp
— 81 bp

U M U M U M U M U M U M U MU M

549 555 569
M

ar
ke

r
Water 527 529 MPBL PBL

 

* Numbers in parentheses are 95 percent confidence intervals.

 

† None of the patients in this subgroup were followed up for two years.

 

Table 1. Effect of 

 

MGMT

 

 Promoter Methylation Status on Survival, 
According to Random Treatment Assignment.*

Promoter Status and Outcome
Radiotherapy

(N=100)
Temozolomide plus

Radiotherapy (N=106)

Methylated 

 

MGMT

 

 promoter

 

No. of patients 46 46

Progression-free survival

Median duration (mo) 5.9 (5.3–7.7) 10.3 (6.5–14.0)

Rate at 6 mo (%) 47.8 (33.4–62.3) 68.9 (55.4–82.4)

Hazard ratio for death 1.00 0.48 (0.31–0.75)

Overall survival

Median duration (mo) 15.3 (13.0–20.9) 21.7 (17.4–30.4)

Rate at 2 yr (%) 22.7 (10.3–35.1) 46.0 (31.2–60.8)

Hazard ratio for death 1.00 0.51 (0.31–0.84)

 

Unmethylated 

 

MGMT

 

 promoter

 

No. of patients 54 60

Progression-free survival

Median duration (mo) 4.4 (3.1–6.0) 5.3 (5.0–7.6)

Rate at 6 mo (%) 35.2 (22.5–47.9) 40.0 (27.6–52.4)

Hazard ratio for death 1.00 0.62 (0.42–0.92)

Overall survival

Median duration (mo) 11.8 (9.7–14.1) 12.7 (11.6–14.4)

Rate at 2 yr (%) <2† 13.8 (4.8–22.7)

Hazard ratio for death 1.00 0.69 (0.47–1.02)
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0.61) among those with 

 

MGMT

 

 promoter methyl-
ation, a result that corresponds to a 55 percent de-
crease in the risk of death in this subgroup. The
median overall survival among patients with meth-
ylation was 18.2 months (95 percent confidence in-
terval, 15.5 to 22.0), as compared with 12.2 months
(95 percent confidence interval, 11.4 to 13.5) among
those without methylation.

When both treatment assignment and 

 

MGMT

 

promoter methylation status were considered, the
longest median overall survival, 21.7 months, was
observed among patients with promoter methyla-
tion who were assigned to receive both temozolo-
mide and radiotherapy (Table 1). Their two-year
survival rate was 46.0 percent, as compared with
22.7 percent among those with 

 

MGMT

 

 promoter
methylation who were assigned to radiotherapy
alone. Kaplan–Meier estimates of overall survival
in these two subgroups were significantly different
(P=0.007 by the log-rank test) (Fig. 3A). 

By contrast, among patients whose tumors were
not methylated at the 

 

MGMT

 

 promoter, the differ-
ence in overall survival favoring the temozolomide-

plus-radiotherapy group was only marginally sig-
nificant (P=0.06 by the log-rank test) (Fig. 3A); the
median survival was 12.7 months among those
assigned to temozolomide and radiotherapy and
11.8 months among those assigned to radiotherapy,
with 2-year survival rates of 13.8 percent and less
than 2 percent, respectively (Table 1). The interac-
tion between the magnitude of the treatment effect
and 

 

MGMT

 

 promoter methylation status with re-
spect to overall survival was not statistically signif-
icant, according to the Cox proportional-hazards
model (P=0.29) (Table 2). However, this result was
not unexpected, since neither the clinical trial nor
this study was powered to test the interaction.

In addition, a probable confounding factor in
the analysis of overall survival was the administra-
tion of temozolomide or other alkylating chemo-
therapy as salvage or second-line treatment after
disease progression. More than 70 percent of the
patients in the radiotherapy group received sal-
vage chemotherapy; 59.7 percent received temozo-
lomide. In the temozolomide-plus-radiotherapy
group, 57.8 percent received second-line chemo-
therapy; 24.6 percent were retreated with temozo-
lomide. We therefore analyzed progression-free sur-
vival relative to 

 

MGMT

 

 promoter methylation status
and treatment assignment (Fig. 3B and Table 1).

In the group of patients whose tumors con-
tained a methylated 

 

MGMT

 

 promoter, those who re-
ceived temozolomide and radiotherapy had a me-
dian progression-free survival of 10.3 months, as
compared with 5.9 months for patients who re-
ceived radiotherapy alone (P=0.001). Among the
patients whose tumors contained an unmethylated

 

MGMT 

 

promoter, those who received temozolomide
and radiotherapy had a median progression-free
survival of 5.3 months, as compared with 4.4
months for patients who were treated with radio-
therapy alone (P=0.02) (Fig. 3B). The relatively long
overall survival despite the short progression-free
survival among patients with a methylated 

 

MGMT

 

promoter who were assigned to receive only radio-
therapy indicates that salvage therapy at the time of
recurrence has some efficacy in this subpopulation.

To analyze further the influence of the methyla-
tion status of the 

 

MGMT

 

 promoter, we performed a
multivariate analysis with the use of the Cox pro-
portional-hazards model, stratified according to
treatment group and including known clinical prog-
nostic factors (Table 2). The methylation status of
the 

 

MGMT

 

 promoter (P<0.001) and the score on the

 

Figure 2. Kaplan–Meier Estimates of Overall Survival, According to 

 

MGMT

 

 
Promoter Methylation Status.

 

The difference in survival between patients with a methylated 

 

MGMT

 

 pro-
moter (92 patients, 65 of whom died) and those with an unmethylated 

 

MGMT

 

 
promoter (114 patients, 105 of whom died) was highly significant (P<0.001 by 
the log-rank test), indicating that the 

 

MGMT

 

 methylation status has prognos-
tic value. In the group of patients with a methylated 

 

MGMT

 

 promoter, there 
was a risk reduction of 55 percent (hazard ratio for death, 0.45; 95 percent 
confidence interval, 0.32 to 0.61), as compared with the group with an un-
methylated 

 

MGMT

 

 promoter.
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Figure 3. Kaplan–Meier Estimates of Overall and Progression-free Survival, According to 

 

MGMT

 

 Promoter Methylation 
Status and Random Assignment to Temozolomide plus Radiotherapy or Radiotherapy Alone.

 

The Kaplan–Meier estimates for overall survival indicate that the group of patients with a methylated 

 

MGMT

 

 promoter 
who were randomly assigned to temozolomide and radiotherapy (46 patients, 40 of whom had progression and 27 of 
whom died) had a 49 percent risk reduction (hazard ratio for death, 0.51; 95 percent confidence interval, 0.31 to 0.84), 
as compared with the group with a methylated 

 

MGMT

 

 promoter who were randomly assigned to radiotherapy only (46 
patients, 45 of whom had progression and 38 of whom died) (Panel A). An unmethylated 

 

MGMT

 

 promoter and random 
assignment to temozolomide and radiotherapy (60 patients, 53 of whom had progression and 52 of whom died) yielded 
a risk reduction of 31 percent (hazard ratio for death, 0.69; 95 percent confidence interval, 0.47 to 1.02), as compared 
with an unmethylated 

 

MGMT

 

 promoter and random assignment to radiotherapy only (54 patients, all of whom had pro-
gression and 53 of whom died). In order to display a possible effect of salvage treatment on overall survival, in particular 
in the group of patients with a methylated 

 

MGMT

 

 promoter who were randomly assigned to radiotherapy alone. Kaplan–
Meier curves are also shown for progression-free survival (Panel B) in a similar manner.

A

B

100

Pr
ob

ab
ili

ty
 o

f O
ve

ra
ll 

Su
rv

iv
al

 (%
)

80

90

70

60

40

30

10

50

20

0
0 6 12 18 24 30 36 42

Months

No. at Risk
Unmethylated, radiotherapy
Unmethylated, radiotherapy plus temozolomide
Methylated, radiotherapy
Methylated, radiotherapy plus temozolomide

0 
1 
0 
1

0 
7 
8 

16

0 
4 
0 
7

5 
11 
18 
28

25 
34 
30 
34

47 
53 
42 
42

54 
60 
46 
46

100

Pr
ob

ab
ili

ty
 o

f P
ro

gr
es

si
on

-fr
ee

Su
rv

iv
al

 (%
)

80

90

70

60

40

30

10

50

20

0
0 6 12 18 24 30 36 42

Months

No. at Risk
Unmethylated, radiotherapy
Unmethylated, radiotherapy plus temozolomide
Methylated, radiotherapy
Methylated, radiotherapy plus temozolomide

0 
1 
0 
0

0 
7 
1 
6

0 
4 
0 
2

0 
8 
2 

13

0 
8 
7 

18

19 
24 
22 
31

54 
60 
46 
46

P=0.007

P=0.06

P=0.001

P=0.02

Unmethylated,
radiotherapy

Unmethylated,
radiotherapy plus
temozolomide

Methylated,
radiotherapy

Methylated,
radiotherapy plus
temozolomide 

Unmethylated,
radiotherapy

Unmethylated,
radiotherapy plus
temozolomide

Methylated,
radiotherapy

Methylated,
radiotherapy plus
temozolomide 

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at WASHINGTON UNIV SCH MED MEDICAL LIB on May 31, 2006 . 



 

n engl j med 

 

352;10

 

www.nejm.org march 

 

10

 

, 

 

2005

 

The

 

 new england journal 

 

of

 

 medicine

 

1002

 

Mini–Mental State Examination (P=0.007) emerged
as significant independent prognostic factors. The
adjusted hazard ratio of 0.41 (95 percent confidence
interval, 0.29 to 0.57) for 

 

MGMT

 

 promoter meth-
ylation was consistent with the unadjusted hazard
ratio of 0.45 (95 percent confidence interval, 0.32
to 0.61).

We found that 

 

MGMT

 

 promoter methylation is as-
sociated with a favorable outcome after temozolo-
mide chemotherapy in patients with newly diag-
nosed glioblastoma. Our data suggest that the
methylation status of the 

 

MGMT

 

 promoter may have
prognostic value and, in addition, may be a clini-
cally relevant predictor of benefit from temozolo-
mide chemotherapy. Despite the survival benefit as-
sociated with temozolomide among patients with
a methylated 

 

MGMT

 

 promoter, the overall survival
curves for temozolomide and radiotherapy and for
radiotherapy alone remain similar for the first nine
months of follow-up. This suggests that 

 

MGMT

 

methylation, though important, is not the sole fac-
tor determining outcome. Lack of mismatch-repair
has also been shown to render tumors resistant to
alkylating agents, even in the absence of MGMT.

 

4

 

Additional mechanisms and predictive factors are
likely to be relevant and need to be identified.

Diagnostic 

 

MGMT

 

 testing requires sufficient
and optimally preserved tumor tissue. The best re-
sults with methylation-specific PCR are obtained
with cryopreserved tumor specimens, thus avoid-
ing fixation-related deterioration of the quality of
tumor DNA. Other methods, such as immunohis-
tochemistry or activity testing, may not be reliable,

since MGMT expression is prone to induction by
glucocorticoids, ionizing radiation, and genotoxic
agents

 

19,20

 

 when the 

 

MGMT

 

 promoter is not meth-
ylated.

Determination of MGMT promoter methylation
status by methylation-specific PCR may allow the
selection of patients most likely to benefit from
temozolomide treatment; patients whose tumors
are not methylated at the 

 

MGMT

 

 promoter appear
to derive little or no benefit from the addition of
temozolomide to radiotherapy. For these patients,
alternative treatments with a different mechanism
of action or methods of inhibiting MGMT should
be developed.

 

21,22 

 

Our findings may be applicable
to other solid tumors commonly treated with alkyl-
ating agents, such as melanoma, but possibly also
to lung and breast cancer and lymphoma. Stratifi-
cation according to 

 

MGMT

 

 promoter methylation
status may be considered in future trials in which
temozolomide or other alkylating agents are used.
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* CI denotes confidence interval, and NA not applicable.

 

Table 2. Results of Analyses with the Cox Proportional-Hazards Models.* 

Variable Prognostic-Factor Model Predictive-Factor Model

 

P Value
Hazard Ratio

(95% CI) P Value
Hazard Ratio

(95% CI)

 

MGMT

 

 promoter methylation and temozolomide plus 
radiotherapy (vs. no methylation or radiotherapy)

NA NA 0.29 0.71 (0.37–1.35)

Temozolomide plus radiotherapy (vs. radiotherapy) NA NA 0.06 0.68 (0.45–1.02)

 

MGMT

 

 promoter methylation (vs. no methylation) <0.001 0.41 (0.29–0.57) 0.001 0.49 (0.32–0.76)

Age (continuous) 0.47 1.01 (0.99–1.02) 0.36 1.01 (0.99–1.03)

Mini–Mental State Examination score (continuous 
increments)

0.007 0.94 (0.89–0.98) 0.004 0.93 (0.89–0.98)

Use of corticosteroids at randomization (vs. nonuse) 0.07 1.41 (0.97–2.04) 0.08 1.39 (0.96–2.00)

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at WASHINGTON UNIV SCH MED MEDICAL LIB on May 31, 2006 . 



 

n engl j med 

 

352;10

 

www.nejm.org march 

 

10, 2005

 

mgmt

 

 promoter methylation and temozolomide in glioblastoma

 

1003

 

references

 

1.

 

Esteller M, Garcia-Foncillas J, Andion E,
et al. Inactivation of the DNA-repair gene

 

MGMT

 

 and the clinical response of gliomas
to alkylating agents. N Engl J Med 2000;343:
1350-4. [Erratum, N Engl J Med 2000;343:
1740.]

 

2.

 

Hegi ME, Diserens A-C, Godard S, et al.
Clinical trial substantiates the predictive val-
ue of O-6-methylguanine-DNA methyltrans-
ferase promoter methylation in glioblasto-
ma patients treated with temozolomide.
Clin Cancer Res 2004;10:1871-4.

 

3.

 

Ochs K, Kaina B. Apoptosis induced by
DNA damage O6-methylguanine is Bcl-2 and
caspase-9/3 regulated and Fas/caspase-8
independent. Cancer Res 2000;60:5815-
24.

 

4.

 

Liu L, Markowitz S, Gerson SL.
Mismatch repair mutations override alkyl-
transferase in conferring resistance to tem-
ozolomide but not to 1,3-bis(2-chloro-
ethyl)nitrosourea. Cancer Res 1996;56:
5375-9.

 

5.

 

Gerson SL. MGMT: its role in cancer
aetiology and cancer therapeutics. Nat Rev
Cancer 2004;4:296-307.

 

6.

 

Hotta T, Saito Y, Fujita H, et al. O6-alkyl-
guanine-DNA alkyltransferase activity of hu-
man malignant glioma and its clinical im-
plications. J Neurooncol 1994;21:135-40.
7. Belanich M, Pastor M, Randall T, et al.
Retrospective study of the correlation be-
tween the DNA repair protein alkyltrans-
ferase and survival of brain tumor patients
treated with carmustine. Cancer Res 1996;
56:783-8.
8. Jaeckle KA, Eyre HJ, Townsend JJ, et al.
Correlation of tumor O6 methylguanine-
DNA methyltransferase levels with survival
of malignant astrocytoma patients treated
with bis-chloroethylnitrosourea: a South-

west Oncology Group study. J Clin Oncol
1998;16:3310-5.
9. Friedman HS, McLendon RE, Kerby T,
et al. DNA mismatch repair and O6-alkyl-
guanine-DNA alkyltransferase analysis and
response to Temodal in newly diagnosed
malignant glioma. J Clin Oncol 1998;16:
3851-7.
10. Silber JR, Blank A, Bobola MS, Ghatan
S, Kolstoe DD, Berger MS. O6-methylgua-
nine-DNA methyltransferase-deficient phe-
notype in human gliomas: frequency and
time to tumor progression after alkylating
agent-based chemotherapy. Clin Cancer Res
1999;5:807-14.
11. Qian XC, Brent TP. Methylation hot spots
in the 5' flanking region denote silencing of
the O6-methylguanine-DNA methyltrans-
ferase gene. Cancer Res 1997;57:3672-7.
12. Watts GS, Pieper RO, Costello JF, Peng
YM, Dalton WS, Futscher BW. Methylation
of discrete regions of the O6-methylguanine
DNA methyltransferase (MGMT) CpG is-
land is associated with heterochromatiniza-
tion of the MGMT transcription start site
and silencing of the gene. Mol Cell Biol
1997;17:5612-9.
13. Esteller M, Hamilton SR, Burger PC,
Baylin SB, Herman JG. Inactivation of the
DNA repair gene O6-methylguanine-DNA
methyltransferase by promoter hypermeth-
ylation is a common event in primary hu-
man neoplasia. Cancer Res 1999;59:793-7.
14. Herman JG, Baylin SB. Gene silencing in
cancer in association with promoter hyper-
methylation. N Engl J Med 2003;349:2042-
54.
15. Komine C, Watanabe T, Katayama Y,
Yoshino A, Yokoyama T, Fukushima T. Pro-
moter hypermethylation of the DNA repair
gene O6-methylguanine-DNA methyltrans-

ferase is an independent predictor of short-
ened progression free survival in patients
with low-grade diffuse astrocytomas. Brain
Pathol 2003;13:176-84.
16. Stupp R, Mason WP, van den Bent MJ, et
al. Radiotherapy plus concomitant and ad-
juvant temozolomide for glioblastoma.
N Engl J Med 2005;352:987-96.
17. Palmisano WA, Divine KK, Saccomanno
G, et al. Predicting lung cancer by detecting
aberrant promoter methylation in sputum.
Cancer Res 2000;60:5954-8.
18. Gorlia T, Stupp R, Eisenhauer EA, et al.
Clinical prognostic factors affecting survival
in patients with newly diagnosed Glioblas-
toma Multiforme (GBM). J Clin Oncol 2004;
22:Suppl:859s. abstract.
19. Grombacher T, Mitra S, Kaina B. Induc-
tion of the alkyltransferase (MGMT) gene by
DNA damaging agents and the glucocorti-
coid dexamethasone and comparison with
the response of base excision repair genes.
Carcinogenesis 1996;17:2329-36.
20. Fritz G, Tano K, Mitra S, Kaina B. Induc-
ibility of the DNA repair gene encoding O6-
methylguanine-DNA methyltransferase in
mammalian cells by DNA-damaging treat-
ments. Mol Cell Biol 1991;11:4660-8.
21. Friedman HS, Pluda J, Quinn JA, et al.
Phase I trial of carmustine plus O6-benzyl-
guanine for patients with recurrent or pro-
gressive malignant glioma. J Clin Oncol
2000;18:3522-8.
22. Quinn JA, Weingart J, Brem H, et al.
Phase I trial of temozolomide plus O6-ben-
zylguanine in the treatment of patients with
recurrent or progressive cerebral anaplastic
gliomas. Prog Proc Am Soc Clin Oncol
2003;22:103. abstract.
Copyright © 2005 Massachusetts Medical Society.

clinical trial registration

The Journal encourages investigators to register their clinical trials in a public trials 
registry. The members of the International Committee of Medical Journal Editors 

plan to consider clinical trials for publication only if they have been registered 
(see N Engl J Med 2004;351:1250-1). The National Library of Medicine’s 

www.clinicaltrials.gov is a free registry, open to all investigators, that meets 
the committee’s requirements.

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at WASHINGTON UNIV SCH MED MEDICAL LIB on May 31, 2006 . 



Emerging Clinical Principles on the Use
of Bevacizumab for the Treatment of
Malignant Gliomas
Marc C. Chamberlain, MD

Despite advances in adjuvant therapy, the prognosis for most patients with high-grade glioma (HGG) is poor, and almost all

HGGs have a likelihood of disease recurrence. HGGs are highly vascularized tumors with elevated expression levels of vascu-

lar endothelial growth factor (VEGF), an important mediator of angiogenesis. A compelling biologic rationale, a pressing

need for improved therapeutics and positive results from studies of bevacizumab in other tumor types, led to the evaluation

of bevacizumab in the treatment of HGG. It was demonstrated previously that bevacizumab, which is a humanized monoclo-

nal antibody that targets VEGF, improved outcomes when combined with chemotherapy (most commonly irinotecan) in

patients with recurrent HGG; and, on the basis of an improved objective response rate in 2 prospective phase 2 studies, bev-

acizumab was granted accelerated approval by the US Food and Drug Administration as a single agent in patients with pre-

viously treated glioblastoma (GB). Bevacizumab-containing therapy has been associated with manageable, class-specific

toxicity; however, severe treatment-related adverse events are observed in a minority of patients. Preliminary data on bevaci-

zumab-based therapy in recurrent anaplastic gliomas, in the frontline treatment of GB, and in additional patient populations

are also encouraging. With the goal of addressing unanswered questions regarding the optimal use of bevacizumab, the

objective of the current review was to provide a summary of the clinical efficacy and safety data on bevacizumab in patients

with HGG, the practical issues surrounding the administration of bevacizumab, and ongoing investigations of bevacizumab in

additional brain tumor treatment settings. Cancer 2010;116:3988–99.VC 2010 American Cancer Society.

KEYWORDS: antiangiogenesis, bevacizumab, glioma, glioblastoma, vascular endothelial growth factor.

Glioblastoma (GB) is the most aggressive subtype of high-grade glioma (HGG) and is associated with a median
survival of less than 15 months.1 Patients with anaplastic gliomas (AG) have a modestly better prognosis, with an esti-
mated median survival of between 3 years (for anaplastic astrocytoma [AA]) and 7 years (for anaplastic oligodendroglial
tumors).2,3 Responses to treatment are observed in<10% of patients with recurrent GB, and the median progression-free
survival (PFS) is estimated at 9 weeks and 13 weeks for patients with recurrent GB and AA, respectively.4 In 2005, a
randomized phase 3 trial demonstrated that the addition of temozolomide (TMZ) to adjuvant radiation therapy was
associated with an improvement in the median survival of patients with newly diagnosed GB from 12.1 months to
14.6 months.1 Although this treatment regimen is currently the standard of therapy for GB, there is still no clearly estab-
lished standard of care for recurrent HGG.

Nearly all HGGs recur after initial therapy, and most patients do not survive beyond 1 year after the diagnosis of
recurrent disease.4 In historic phase 2 trials of a variety of chemotherapeutics in patients with previously treated GB,
response rates have not exceeded 6%, and 6-month PFS (PFS-6) rates have ranged between 9% and 28%.4-7 By contrast,
therapies for recurrent AG have been associated with response rates of approximately 35%, and PFS-6 rates have ranged
between 17% and 47%.4,5,7

Because reoperation and reradiation are treatment options for only a subset of patients, the majority of patients with
progressive HGG are offered chemotherapy (investigational or best available) at the time of recurrence. Data from clinical
trials have established antiangiogenic therapy with the humanized antivascular endothelial growth factor (anti-VEGF)
monoclonal antibody bevacizumab (Avastin; Genentech, South San Francisco, Calif), with or without cytotoxic
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chemotherapy, as an active treatment option for patients
with recurrent GB who have failed previous TMZ ther-
apy,8 leading to the recent US. Food and Drug Adminis-
tration (FDA) approval of single-agent bevacizumab in
previously treated GB.9 Preliminary efficacy and safety
data describing bevacizumab-based therapy in recurrent
AG and additional neuro-oncology treatment settings,
although emerging, also are of interest. This review will
provide an overview of the role of angiogenesis in HGG
and the development of bevacizumab-based treatment,
the clinical efficacy and safety data on bevacizumab in this
tumor setting, practical insights into bevacizumab admin-
istration, and a forward outlook on bevacizumab in other
brain tumor treatment settings.

Angiogenesis and Malignant Gliomas

Angiogenesis is the process by which new blood vessels
form from existing vasculature by endothelial cell migra-
tion and proliferation. Although angiogenesis is a natural
physiologic process, it is also required for tumor growth
beyond 0.125 mm because of to the limits of oxygen and
nutrient diffusion.10 Antiangiogenic strategies may be
effective in the treatment of cancer in part because of the
accessibility and genetic stability of endothelial cells, the
finding that angiogenesis largely is absent in healthy
adults, allowing for therapeutic selectivity, and the
residence of tumor stem cells in the (potentially targeted)
microvascular niche.11

Glioblastoma is 1 of the most vascularized cancers,12

and many preclinical studies use GB as a tumor model of
angiogenesis.13 VEGF is an important regulator of angio-
genesis that is highly expressed within brain tumors14; in
GB, the highest levels of VEGF expression are observed in
areas of necrosis and regions of endothelial prolifera-
tion.15,16 The degree of both vasculature density and
VEGF expression is correlated with the malignancy and
aggressiveness of these tumors as well as with outcomes,
such as clinical recurrence and survival.17-20

The antiangiogenic agents that were evaluated first
in GB included the oral inhibitors thalidomide, lenalido-
mide (an analog of thalidomide), and carboxyamidotria-
zole as well as the copper-chelating drug penicillamine.
The results with these first-generation antiangiogenic
therapies, however, were disappointing—the demon-
strated no additional clinical benefit compared with the
standard of care, weak inhibition of VEGF-mediated
angiogenesis, or a lack of survival benefit.21-25 Conse-
quently, more recent investigations have focused on
newer, more potent antiangiogenic agents.

Bevacizumab for the Treatment of
Malignant Gliomas

Initially, the addition of bevacizumab to standard chemo-
therapy produced significant clinical benefit (PFS and/or
overall survival [OS]) in patients with previously
untreated and pretreated metastatic colorectal cancer,
advanced nonsmall cell lung cancer, and metastatic
breast cancer.26-29 Despite the exclusion of patients with
untreated central nervous system (CNS) metastases from
the majority of early trials of bevacizumab, the combina-
tion of proven clinical activity in other solid tumors and
the pressing need for improved therapeutics in patients
with HGG resulted in considerable interest in evaluating
bevacizumab for the treatment of HGG. Notably, a recent
meta-analysis reported that patients with CNS metastases
who received bevacizumab have had low rates of tumor-
associated CNS hemorrhage consistent with historic rates
in this patient population, providing subsequent evidence
of the safety of these investigations.30 Bevacizumab was
evaluated first in previously treated and recurrent HGG
in combination with irinotecan, a topoisomerase I inhibi-
tor, because of its activity with irinotecan-containing regi-
mens in patients with metastatic colorectal cancer.26 An
encouraging response rate (43%) was reported in an initial
retrospective study in HGG,31 prompting the investiga-
tion of bevacizumab with irinotecan in subsequent phase
2 studies.32-37 Several mechanisms of action have been
suggested for the antiglioma effect of antiangiogenic
agents, including direct inhibition of tumor-associated
neoangiogenesis, a direct antiglial effect on VEGF recep-
tor-expressing tumor cells, disruption of the tumor stem
cell microvascular niche, and improved vascular function
or normalization (Fig. 1).13,39,42,44 The tumor stem cell
microvascular niche may represent an important target of
antiangiogenic agents, because the resident glioma stem
cells are a population of CD133-positive, nestin-positive,
self-renewing, multipotent tumor-initiating cells that are
relatively radioresistant and chemoresistant.38,39

Efficacy of Bevacizumab

Combination therapy for recurrent glioblastoma

To date, the available clinical data for bevacizumab
in GB are derived from phase 2 and retrospective
studies (Table 1). In the first completed, prospectively
designed, single-institution, phase 2 trial of bevacizumab
and irinotecan for recurrent GB, 20 of 35 patients (57%)
had at least a partial response (PR), and the PFS-6 rate
was 46% (95% confidence interval [CI], 32%-66%).33

Investigators in the large, multicenter, randomized,
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noncomparative phase 2 BRAIN study evaluating bevaci-
zumab with or without irinotecan in previously treated
and recurrent GB subsequently reported a response rate of
38% (31 of 82 patients) with combination therapy and a
median response duration of 4.3 months.34 The combina-
tion of bevacizumab and irinotecan was associated with a
PFS-6 rate of 50% and a median OS of 8.7 months (95%
CI, 7.8-10.9 months).34 In retrospective analyses and
additional phase 2 studies, response rates with bevacizu-
mab-based combination therapy have ranged between
38% and 62%, and PFS-6 rates have ranged between
30% and 46% in patients with recurrent GB, representing
a significant improvement compared with historic out-
comes in this patient population.31,32,37,46,47 An improve-
ment in median OS (ranging from 31 weeks to 42 weeks)
also has been observed with bevacizumab-based regimens
relative to historic controls.33,34,46,47 In a recent pilot
study, investigators demonstrated that the combination of
bevacizumab and concurrent radiotherapy was active and
well tolerated in patients with recurrent, malignant gli-
oma.48 In patients with recurrent GB (n ¼ 20) who
received bevacizumab and hypofractionated stereotactic

radiotherapy, the overall response rate was 50%, the PFS-
6 rate was 65%, and the median OS was 12.5 months.

Monotherapy for recurrent glioblastoma

In addition to its activity when combined with
chemotherapeutics, it also has been demonstrated that
bevacizumab increases response and PFS when adminis-
tered as a single agent in patients with recurrent GB
(Table 1).9,34,36 In the phase 2 BRAIN study of patients
with GB who developed recurrent disease after TMZ
treatment, the objective response rate with single-agent
bevacizumab was 28% (24 of 85 patients), and the
median response duration was 5.6 months.34 When
responses in that study were calculated on the basis of
radiographic criteria and stable or decreasing corticoste-
roid use, 25.9% of patients (95% CI, 17%-36.1%)
responded to bevacizumab monotherapy.9 The PFS-6
rate with single-agent bevacizumab was 42.6% (95% CI,
29.6%-55.5%), and the median OS was 9.2 months
(95% CI, 8.2-10.7 months).34 In the single-institution,
prospective phase 2 National Cancer Institute (NCI) NCI
06-C-0064E study of 48 patients with recurrent GB who

Figure 1. Proposed mechanisms of antiangiogenic agents in malignant gliomas are illustrated. Tumor stem cells represent a
potential target for antiangiogenic agents.38,39 It is hypothesized that vascular normalization mediates multiple effects: reduced
peritumoral edema, reduced contrast enhancement of the tumor, improved oxygen and drug delivery, and decreased tumor inter-
stitial pressure.40-42 Antiangiogenic therapy also may sensitize endothelial cells to cytotoxic therapies.43
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received single-agent bevacizumab, 71% and 35% of
patients achieved a radiographic response based on Levin
criteria and MacDonald criteria, respectively.36 When
using radiographic criteria and stable or decreasing corti-
costeroid use as a measure of response, the objective
response rate was 19.6% (11 of 56 patients; 95% CI,
10.9%-31.3%),9 the median PFS was 16 weeks (95% CI,
12-26 weeks), the PFS-6 rate was 29% (95% CI, 18%-
48%), and the median OS was 31 weeks (95% CI, 21-54
weeks).36 The improved objective response rates observed
in the BRAIN and NCI 06-C-0064E studies resulted in
the accelerated approval of single-agent bevacizumab for
patients with progressive GB after previous, upfront,
TMZ-based therapy. Two additional studies (a phase 2
trial and a retrospective analysis) have evaluated single-
agent bevacizumab in recurrent GB—response rates in
those trials were 25% and 42%, respectively, and the PFS-
6 rates were 32% and 42%, respectively.49,50

Therapy for recurrent anaplastic gliomas

Bevacizumab treatment in patients with recurrent
AG also has achieved favorable outcomes compared with
historic controls, with response rates ranging between
34% and 68% and PFS-6 rates ranging between 32% and
68% for patients who received bevacizumab and chemo-
therapy.35,46,51,52 Despite the improvements in response
rates reported in those studies, no apparent survival bene-
fit was observed: The median OS ranged between 36
weeks and 65 weeks in patients with recurrent AG who
received bevacizumab treatment.35,46,51,52

Safety Profile of Bevacizumab

Overall, bevacizumab treatment is generally well tolerated
in patients with recurrent GB, and the bevacizumab-
related toxicities are similar to those that have been char-
acterized in other solid tumor types. Reported rates of
grade 3 or greater adverse events with bevacizumab in
patients with recurrent GB have ranged between 18% and
66%, and it appears that the rate of serious treatment-
related adverse events is lower when bevacizumab is used
as a single agent.34,36,37,49 In the randomized, noncom-
parative phase 2 BRAIN study in patients with progressive
GB, the rate of grade 3 or greater adverse events was 46%
in patients who received bevacizumab monotherapy and
66% in patients who received combined bevacizumab
plus irinotecan.34 Cross-trial comparisons also have sug-
gested that single-agent bevacizumab is associated with a
lower rate of grade 3 adverse events than bevacizumab-
containing combinations for GB; however, those observa-

tions were subject to differences in study design and
patient populations.37,49

The most common adverse events with bevacizumab
treatment in recurrent GB include low-grade bleeding,
hypertension, impaired wound healing, and proteinu-
ria,32-34 which also were associated with bevacizumab in
other cancer types.26,28,29 The majority of these toxicities
appear to be caused by on-target, class-specific actions of
antiangiogenic agents and reflect the disruption of VEGF
in normal tissue. The rates of serious adverse events, such
as gastrointestinal perforation, reversible posterior leu-
koencephalopathy syndrome, and wound-healing compli-
cations studies are low in GB studies(each �4%
incidence) (Fig. 2).31-34,46,48,50,53 Although the reported
rate of grade 2 or greater bleeding events has been as high
as 5.3%, life-threatening intracranial hemorrhages have
occurred in only a small percentage of patients (�3%)
treated with bevacizumab.31-34,37,46,50 This latter inci-
dence rate falls within the expected range for spontaneous
events in patients with HGG (approximately 2%-
3%).54,55 Relatively high rates of thromboembolism have
been reported in studies that evaluated bevacizumab-con-
taining therapy in recurrent GB (ranging from 1.6% to
12.5%) (Fig. 2); however, these rates must be considered
in the context of the significant risk of thromboembolic
events that is inherent in patients with HGG.56 Thus, the
cumulative data from clinical trials suggest that, despite
small risks of life-threatening complications, including in-
tracranial hemorrhages and thromboembolic events, beva-
cizumab-containing therapy is well tolerated with
manageable, class-specific toxicities.

Practical Issues Surrounding Bevacizumab
Administration

There are several practical issues related to treatment
administration, combination therapy, contraindications
and other safety-related issues, response evaluation, and
disease course that are relevant to the use of bevacizu-
mab for HGG (Table 2). With regard to administra-
tion, the recommended dose and schedule of single-
agent bevacizumab is 10 mg/kg intravenously every 2
weeks in patients with recurrent GB.9 Although most
studies in recurrent HGG have evaluated bevacizumab
(in combination with irinotecan) on a schedule of
10 mg/kg every 2 weeks or a weekly equivalent dose
of 15 mg/kg every 3 weeks, the ideal treatment sched-
ule or dosage of bevacizumab is unclear, because no
direct comparisons of different treatment schedules
or dose-response studies have been conducted.57,58
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Consequently, until a benefit in efficacy and/or toler-
ability has been established with an alternative dosing
regimen, bevacizumab should be administered as a sin-
gle agent according to the prescribing information at a
dose of 10 mg/kg every 2 weeks.

It is also unclear which therapeutic agent, if any,
should be combined with bevacizumab to improve effi-
cacy in recurrent HGG. The similar response and PFS-6
rates observed with bevacizumab monotherapy relative to
bevacizumab plus chemotherapy (predominantly irinote-
can), combined with the limited single-agent activity of
irinotecan in recurrent GB, have led investigators and the
FDA to argue that it is unclear whether irinotecan

contributes additional clinical benefit to bevacizumab-
based regimens in recurrent HGG.36,59-63 For these rea-
sons, along with the observation that higher rates of grade
3 or greater adverse events are associated with the combi-
nation of chemotherapy and bevacizumab, the addition of
irinotecan does not appear to be justified at this time. The
identification of an alternative partner for bevacizumab
currently is an active area of research; for example, phase 2
studies are evaluating bevacizumab with erlotinib (an
epidermal growth factor receptor tyrosine kinase inhibi-
tor), etoposide (a topoisomerase II inhibitor), and fote-
mustine (a second-generation nitrosourea) in recurrent
HGG.20,64,65

Figure 2. Selected adverse events reported in large (�35 patients) phase 2 studies and retrospective analyses of bevacizumab
with33,34,37,46 and without34,36,49,52 chemotherapeutics in patients with recurrent glioblastoma are shown. BV indicates bevacizu-
mab; CT, chemotherapy; An asterisk indicates clinical trials that also included patients with recurrent anaplastic gliomas (21 of 55
patients46 and 11 of 61 patients50); dagger, clinical trials that reported only grade �3 adverse events.
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Clinical experience suggests that bevacizumab is not
contraindicated in patients who are receiving other
concomitant medications, such as enzyme-inducing antie-
pileptic drugs (EIAEDs) or anticoagulants. Dose modifi-
cations of bevacizumab generally are not required, even
when administered to patients who are receiving EIAEDs
like phenytoin or carbamazepine.32,33 In addition, there
does not appear to be an increased risk of hemorrhage (in-
tracranial or extracranial) with or without the concurrent
use of bevacizumab with anticoagulants46,66; in a retro-
spective review of thromboembolic events in 21 patients
with HGG, the investigators concluded that the use of
anticoagulants did not lead to any major hemorrhages and
did not appear to prohibit the initiation or continuation
of bevacizumab therapy.66

However, there are specific severe adverse events
that occur at a relatively low incidence but that require
dose delays or cessation of bevacizumab. Compelling indi-
cations for discontinuing bevacizumab therapy include in-
tracranial hemorrhage (Common Toxicity Criteria grade
2 or greater), bowel perforation, and wound dehiscence53;
and temporary suspension of bevacizumab is recom-
mended 4 weeks before surgery and for patients who have
evidence of moderate-to-severe proteinuria or severe
hypertension that is not controllable with medication.9 It

has been demonstrated that the blockade of VEGF
impairs wound healing, and several studies have indicated
a small risk of wound dehiscence, either at the site of the
craniotomy or at the central venous line.31-34,45,46,67 In
practice, this observation mandates that antiangiogenic
therapy not commence until the craniotomy (or surgical
wound) is healed, which may require 4 to 6 weeks. It is
noteworthy that there are differences in the frequency of
monitoring for select bevacizumab-related side effects,
such as proteinuria, between clinical trials and current
clinical practice; based on clinical trial protocols, testing
the urine protein/creatinine ratio is recommended either
with every cycle or with every other cycle of bevacizumab.

Clinical experience has delineated the challenges of
determining patient response and disease course after
treatment with antiangiogenic agents in HGG. Currently,
there are no clear guidelines for evaluating neuroradio-
graphic response or progression because of limitations of
standard MacDonald response criteria, and it remains
unclear what constitutes the best response criteria for anti-
angiogenic therapies.36,68 Proposed methods for meas-
uring antiangiogenesis include assaying for angiogenic
factors (eg, serum or urinary VEGF, basic fibroblast
growth factor, matrix metalloproteinase, or urokinase
plasminogen activator) or for ex vivo markers (eg,

Table 2. Clinical Pearls: Practical Issues Regarding Bevacizumab Treatment in Patients With High-Grade Glioma

Administration and concomitant treatment
� The recommended dose and schedule of single-agent bevacizumab in patients with recurrent GB is 10 mg/kg intravenously every

2 wk until disease progression or unacceptable toxicity.

� Dose reductions of bevacizumab are not required in patients who are receiving enzyme-inducing, antiepileptic drugs.

� There appears to be no increased risk of intracranial hemorrhage with the concurrent use of bevacizumab and anticoagulants.

Safety considerations
� Treatment with bevacizumab should be discontinued for specific severe adverse events, including symptomatic intracranial hemor-

rhage, wound dehiscence, and bowel perforation. Other important adverse events that warrant discontinuation of bevacizumab include

medically refractory hypertension, proteinuria (NCI CTC grade >2), and arterial/venous thrombosis.

� Bevacizumab-based therapy should be suspended within 4 to 6 wk of surgery.

� Blood pressure should be assessed before each bevacizumab administration and proteinuria should be monitored by urine protein/

creatinine ratio every cycle or every other cycle.

Response to therapy and disease course
� It is not yet established which brain tumor radiographic response criteria (ie, Levin, MacDonald, or RANO) are best for evaluating anti-

angiogenic therapies.

� Bevacizumab therapy is associated with a clinically meaningful corticosteroid sparing effect in >33% of patients with HGG.

� The results of a recent retrospective analysis support the inclusion of older patients (aged ‡55 y) in studies of bevacizumab in HGG.

� Antiangiogenic therapy appears to be cytostatic and likely requires long-term, continuous treatment.

� An increased FLAIR MRI signal appears to be the best indicator of progressive disease, although this is best appreciated retrospec-

tively and by serial imaging.

� The appropriate options are unclear for patients with HGG who develop disease progression after antiangiogenic treatment; the cur-

rent data do not support the use of bevacizumab with irinotecan for patients with progressive disease after single-agent bevacizumab

nor bevacizumab with carboplatin after treatment with bevacizumab and irinotecan.

GB indicates glioblastoma; NCI CTC, National Cancer Institute Common Toxicity Criteria; RANO, Response Assessment in Neuro-Oncology; HGG, high-grade

gliomas; FLAIR, fluid-attenuated inversion recovery; MRI, magnetic resonance imaging.
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circulating endothelial cells); biopsy analysis (to deter-
mine tumor density and drug-target interactions); and
radiographic assessment (calculating fluoro-L-thymidine-
positron emission tomographic response, changes in the
apparent diffusion coefficient, or the ratio of fluid-attenu-
ated inversion-recovery [FLAIR] volume to contrast-
enhancing tumor volume).67,69-73 In addition, there is no
current consensus regarding the most effective method for
a priori determination of response to bevacizumab treat-
ment. Common practice in patients with recurrent HGG
who receive bevacizumab involves magnetic resonance
imaging (MRI) evaluations after 2 cycles of treatment
and, if the patient is stable or responding, then MRI eval-
uations after every subsequent 4 cycles of bevacizumab.

A secondary benefit of bevacizumab in patients with
HGG is its demonstrated ability to decrease both tumoral
and peritumoral edema in patients with HGG, thereby
reducing the requirement for chronic corticosteroid use.
Several studies have reported that corticosteroid reduc-
tions were feasible in 33% to 59% of patients with recur-
rent GB after bevacizumab treatment,32,34,36,46,49,74 and
2 trials have reported average corticosteroid dose reduc-
tions of 72% and 59%,36,74 respectively. The ability of
bevacizumab-based therapy to reduce corticosteroid usage
is an important benefit, because chronic corticosteroid use
in patients with HGG is associated with significant mor-
bidity and numerous side effects, including a Cushingoid
pattern of weight gain, hyperglycemia, skin fragility, and
bleeding; myopathy; lymphopenia; infection; and throm-
boembolism.75-77

It is noteworthy that a recent retrospective analysis
in recurrent GB comparing outcomes between patients
who received bevacizumab treatment (n ¼ 44) and
patients in a control group (n ¼ 79) suggested that the
effect of bevacizumab is greater in older patients.47 In the
older cohort (patients aged �55 years), bevacizumab
treatment was associated with a significant improvement
in both PFS (P ¼ .02) and OS (P ¼ .03) relative to the
control group. By contrast, no treatment-related differen-
ces in outcomes were observed in younger patients (aged
<55 years). The authors hypothesized that this age-de-
pendent response may be reflective of biologic differences
(eg, VEGF expression levels) in GB between various age
groups.47 At a minimum, these results support the applic-
ability of bevacizumab for older patients with GB.

Despite clear evidence of bevacizumab activity in
recurrent HGG, not all patients respond to treatment,
and no biomarkers for patients who are responsive to
antiangiogenic therapies have been identified. One expla-

nation for the lack of response after bevacizumab treat-
ment is that antiangiogenic therapy treats only 1 of several
tumor compartments—the angiogenic-dependent, con-
trast-enhancing component—and does not target the
highly infiltrative, migratory, angiogenic-independent
compartment (eg, the leading edge of infiltrating glioma
cells [FLAIR-defined tumor volume]).53,68 In a retrospec-
tive analysis, a diffuse, infiltrative pattern of recurrence
was observed in 8 or 40 patients (20%; 95% CI, 9%-
36%) who received salvage bevacizumab treatment for
recurrent GB.78 Although those authors noted that this
pattern of recurrence appeared to be more prevalent with
bevacizumab treatment, the analysis, because it lacked a
control arm, did not provide a corresponding baseline
value to establish a more definitive association for this re-
currence pattern. It is known that abrupt cessation of anti-
VEGF therapy may result in rebound edema and clinical
deterioration (the so-called flare response), activation of
non-VEGF proangiogenic stimuli, and the emergence of
highly proliferative tumor clones, suggesting that antian-
giogenic therapy is cytostatic rather than cytocidal.79

Consequently, in stable or responding patients who
receive bevacizumab, long-term, continuous treatment is
required.80 FLAIR MRI, in conjunction with clinical
symptoms, appears to be the best indicator of progressive
disease, and an increased FLAIR signal often precedes the
re-emergence of contrast-enhancing tumor.45,46,51,52

Determining appropriate treatment options for
patients with HGGwho progress after bevacizumab treat-
ment is of significant clinical interest and is another area
of active investigation. In 2 retrospective studies, it was
observed that patients who progressed (after an initial
response) on frontline treatment with a bevacizumab-con-
taining regimen rarely responded to bevacizumab com-
bined with alternative chemotherapy upon disease
progression: The reported PFS-6 rate was 2%, and long-
term disease control was achieved in 9.5% of patients,
respectively.46,81 Additional studies have reported that
patients who received bevacizumab plus irinotecan or an
alternative cytotoxic therapy after progression on single-
agent bevacizumab had poor outcomes: Zero of 19
patients had radiographic responses in a prospective phase
2 study, and a median OS of 2 months (range, 1-5
months) was reported in a retrospective analysis.36,49 In a
recent study of 35 patients with GB who progressed after
treatment with bevacizumab and irinotecan, continuous
low-dose TMZ was added to bevacizumab and irinotecan.
The authors concluded that this regimen appears to have
activity in patients with previously treated GB (partial
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responses in 11.4%, stable disease for�2 months in 40%,
and a median survival of 5 months [range, 2-13
months]).82 Further investigation is necessary, however,
to confirm these preliminary results. Patients with GB
who progress after an initial response to bevacizumab rep-
resent a challenging patient population. These patients
are offered and increasingly will be offered novel investi-
gational treatments, such as vascular-disrupting agents,
therapies that target cell migration, and alternative antian-
giogenic therapies (ie, therapeutics that target basic fibro-
blast growth factor; stromal cell-derived factor-1a; the
TEK tyrosine kinase receptor, endothelial Tie2; hepato-
cyte growth factor; and the c-Met receptor83).

Forward Outlook

Because of the positive clinical results observed in recur-
rent GB, bevacizumab continues to be evaluated in addi-
tional treatment settings. Data from clinical trials of
bevacizumab in the treatment of recurrent AG are emerg-
ing, as discussed above, and suggest that bevacizumab
may improve response and PFS-6 rates compared with
historic controls.35,46,51,52

There also are several ongoing and planned studies
evaluating bevacizumab in patients with newly diagnosed
GB, and several studies recently reported preliminary data
on the use of bevacizumab with chemoradiation in this
treatment setting.84-89 The initial results suggest that the
addition of bevacizumab to the upfront management of
GB is associated with acceptable toxicity and promising
activity. Early efficacy results in 2 studies evaluating beva-
cizumab with radiotherapy and TMZ for the treatment of
newly diagnosed GB compare favorably with data from a
historic European Organization for Research and Treat-
ment of Cancer/National Cancer Institute of Canada
Clinical Trials Group trial.1,86,87 One of those studies
reported that the addition of bevacizumab resulted in an
improved median PFS of 13 months (95% CI, 11.3-15.9
months) compared with 6.9 months (95% CI, 5.9-8.2
months) in the historic study.87 It is noteworthy that
2 large phase 3 trials—Radiation Therapy Oncology
Group (RTOG) trial RTOG-0825 (a US-based study
sponsored by the RTOG) and AVAglio (a global study
sponsored by Roche Pharmaceuticals of bevacizumab
combined with standard-of-care therapy after surgery in
patients with GB multiforme)—have opened this year
and will prospectively evaluate bevacizumab-containing
regimens in patients with newly diagnosed GB. The
results from those studies are needed to establish the safety
(including the potential for wound-healing complica-

tions) and efficacy of combining bevacizumab with radio-
therapy and TMZ in the frontline setting for newly
diagnosed GB.

Because a secondary benefit of bevacizumab therapy
is a marked improvement of peritumoral edema, leading
to reductions in or discontinuance of chronic corticoste-
roid use, bevacizumab also may be useful in the manage-
ment of symptomatic patients who have suspected
pseudoprogression after concurrent TMZ and radiation
for newly diagnosed GB90 and in patients who have inop-
erable, newly diagnosed GB complicated by large, cortico-
steroid-dependent tumor masses. In addition, there are
indications that bevacizumabmay be beneficial in patients
with other brain tumors and CNS disorders, such as
radiation-induced necrosis with mass effect,74,91,92 and
highly angiogenic, nonglioma, recurrent primary brain
tumors like meningioma, medulloblastoma, ependy-
moma,93 oligodendroglial tumors,52,94,95 neurofibro-
matosis 2-related vestibular schwannomas,96 and
radiation-induced myelopathy.97

DISCUSSION
Antiangiogenic agents hold great promise for the treat-
ment of HGG—a malignant disease associated with poor
patient prognosis. Bevacizumab is the best characterized
antiangiogenic therapy and recently received FDA ap-
proval as a single agent for the treatment of patients with
progressive GB after previous upfront, TMZ-based ther-
apy. In addition to its use as monotherapy for recurrent
GB, preliminary data with bevacizumab in recurrent AG
and in additional treatment settings appear promising,
and these are areas of active clinical investigation. Overall,
treatment with bevacizumab in multiple GB studies
appears to be well tolerated with toxicity (ie, bleeding,
hypertension, wound dehiscence, proteinuria, intracranial
hemorrhage, and thromboembolism) similar to that
observed in other solid cancers treated with bevacizumab-
containing therapies.

Because of the extensive clinical experience with bev-
acizumab, practical issues regarding its administration,
safety profile, and response to treatment have been
described. Notwithstanding this knowledge, several im-
portant questions about the use of bevacizumab in HGG
remain unanswered—for example, the optimal therapeu-
tic partner, dosage, treatment schedule, and radiographic
response criteria of bevacizumab all are unknown, as are
the treatment options that should be offered to patients
who progress on bevacizumab-based therapy. Many of
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these unanswered questions are being addressed in on-
going clinical trials, and the results from those trials likely
will to continue to drive improvements in the treatment
of patients with HGG.
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Molecular Diagnostics in Central Nervous
System Tumors

Christine E. Fuller, MD* and Arie Perry, MD†

Abstract: Central nervous system (CNS) neoplasms can be

diagnostically challenging, due to remarkably wide ranges in

histologic appearance, biologic behavior, and therapeutic approach.

Nevertheless, accurate diagnosis is the critical first step in providing

optimal patient care. As with other oncology-based specialties, there

is a rapidly expanding interest and enthusiasm for identifying and

utilizing new biomarkers to enhance the day-to-day practice of

surgical neuropathology. In this regard, the field is primed by recent

advances in basic research, elucidating the molecular mechanisms of

tumorigenesis and progression in the most common adult and pedia-

tric brain tumors. Thus far, few have made the transition into routine

clinical practice, the most notable example being 1p and 19q testing

in oligodendroglial tumors. However, the field is rapidly evolving and

many other biomarkers are likely to emerge as useful ancillary diag-

nostic, prognostic, or therapeutic aids. The goal of this article is to

highlight the most common genetic alterations currently implicated in

CNS tumors, focusing most on those that are either already in

common use in ancillary molecular diagnostics testing or are likely to

become so in the near future.

Key Words: central nervous system tumors, fluorescence in situ

hybridization, molecular, review

(Adv Anat Pathol 2005;12:180–194)

As with other subspecialties of pathology, molecular
diagnostics is beginning to play an important role in

surgical neuropathology. In fact, the complementary roles of
morphology and tumor genetics are already highlighted in the
World Health Organization (WHO) ‘‘blue book’’ of CNS
tumors, which includes both pathology and genetics in its
title.1 Currently, the most common utilization of molecular
diagnostics is chromosome 1p and 19q deletion testing for
prognosis and therapeutic guidance in oligodendrogliomas.
However, we are quickly learning about genetic subsets in all
of the major classes of brain tumors and the list of clinically
useful assays will surely increase over the next few years. The

goal of this article is to review the currently known associations
between classic brain tumor pathology and molecular genetics,
focusing especially on those that have translated or are likely to
translate in the near future into useful ancillary tests in diag-
nostic neuropathology.

Numerous molecular testing techniques are available
and used to varying degrees in pathology departments at major
medical centers. These include Western, Southern, and Northern
blots, reverse transcriptase polymerase chain reaction (RT-PCR),
various forms of quantitative PCR, methylation-specific PCR,
mutation analysis by single strand conformation polymorphism
(SSCP) and DNA sequencing, loss of heterozygosity (LOH) by
microsatellite analysis, fluorescence in situ hybridization (FISH),
comparative genomic hybridization (CGH), array CGH [a.k.a.
bacterial artificial chromosome (BAC) arrays], single nucleotide
polymorphism (SNP) arrays, expression profiling with oligo-
nucleotide or cDNA microarrays, and serial analysis of gene
expression (SAGE). Some of these are genomic screening tech-
niques, whereas others assess specific alterations. Each of these
techniques provides information at the DNA, RNA, or protein
levels and has distinct advantages and disadvantages. Unfor-
tunately, brain tumors are not characterized by signature trans-
locations and fusion products as seen in many hematologic and
soft tissue tumors. Therefore, the alterations of interest consist
predominantly of gains in oncogene function and tumor sup-
pressor losses, through a variety of genetic and epigenetic
mechanisms.

For routinely processed formalin-fixed paraffin-embedded
tissue (FFPE), FISH and PCR-based techniques are most
practical. FISH is useful for detecting chromosomal/gene
losses/gains, gene amplifications, and translocations, though
the latter generally does not apply for primary brain tumors. It
has the advantage of being morphology-based so that distinct
cellular subsets may be identified within a heterogeneous
sample. However, it is not useful for detecting small deletions,
intragenic mutations, epigenetic mechanisms such as methyl-
ation of CpG islands in the promoter region, and inactiva-
tion by mitotic recombination, with loss of the wild type and
duplication of the mutant allele. PCR has the advantage that it
can be adapted to detect a wide variety of aberrations, inclu-
ding LOH, single base pair mutations, gene amplification,
hypermethylation, etc. However, morphology is lost, unless
the cells of interest are first microdissected. Also, it often
requires a minimum 70%–80% degree of tumor purity, which
may be difficult to obtain in highly infiltrative tumors, such as
gliomas. Furthermore, LOH studies require matched normal
patient DNA from either a separate blood sample or micro-
dissected FFPE non-neoplastic tissue and these are not always
available. Some have bypassed the latter requirement using
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techniques such as quantitative microsatellite analysis
(QuMA) to detect chromosomal deletions.2,3 Lastly immuno-
histochemistry, which is routinely performed on FFPE, may be
used to determine the level of expression of many of the
markers discussed herein. With this background in mind, the
molecular diagnostics of individual brain tumor categories are
discussed. Table 1 summarizes the important molecular alter-
ations for each class of tumor.

ASTROCYTOMAS
Diffusely infiltrative astrocytomas are among the most

common and deadly of all CNS tumors. Although patients
with these lesions are still currently stratified predominantly by
age and histologic grade, these parameters alone do not fully
account for the broad biologic spectrum encountered clini-
cally. In addition, conventional therapeutic options are limited.
It should come as no surprise that astrocytomas are the most
thoroughly studied of all CNS tumors in terms of molecular
pathogenesis. This interest is fueled by the hope that specific
molecular markers may serve as ancillary diagnostic and prog-
nostic tools and/or provide the basis for targeted molecular
therapeutic approaches. The bulk of the information that fol-
lows depicts our current knowledge of molecular alterations in
adult patients with diffuse astrocytomas; pediatric and discrete
astrocytoma variants (ie, pilocytic astrocytoma and pleomor-
phic xanthoastrocytoma) will be specifically addressed at the
end of this section.

In adults, at least two distinct molecular pathways leading
to the development of WHO grade IV astrocytoma (glioblas-
toma) have been identified. Primary (de novo) glioblastomas
frequently harbor amplification of the epidermal growth factor
receptor gene (EGFR; 7p12), are associated with an older age of
onset, and an aggressive clinical course. In contradistinction, the
evolution of secondary glioblastoma from lower-grade precursor
lesions is characterized by alterations of the p53 gene (17p13.1)
and a more protracted clinical course.4–6 Although p53 mutation
and EGFR amplification are generally mutually exclusive in this
setting, occasional glioblastomas will harbor both alterations.6

There is conflicting evidence as to whether or not p53 alterations
independently correlate with patient survival,7–11 though they
may indirectly impact prognosis in certain patient subgroups. For
example, a significant association between EGFR overexpres-
sion in glioblastoma and shortened survival was identified by

Simmons et al12 in their younger patient cohort (,55 years old),
but only in tumors that simultaneously lacked p53 alterations.

A number of investigators have provided strong evi-
dence correlating EGFR alterations in adult astrocytic tumors
with an adverse patient outcome. In glioblastomas, EGFR
overexpression/amplification may in fact have differing bio-
logic significance based on patient age, being associated with
worse survival in young patients (age ,60) and prolonged
survival in those over 60.12,13 Though detected with much less
frequency than in these grade IV tumors, EGFR overex-
pression and/or gains of chromosome 7 in low-grade (WHO II)
and anaplastic astrocytomas (WHO III) have similarly been
linked with shortened survival.14–16

Of particular interest is the frequent finding of EGFR
amplification in malignant astrocytomas exhibiting a small cell
phenotype.17–19 Small cell astrocytoma is notable for its
deceptively bland monomorphous cellularity that may closely
mimic anaplastic oligodendroglioma.17 Discriminating be-
tween these lesions is clinically important as even in the absence
of endothelial hyperplasia and necrosis necessary for a WHO
grade IV designation, small cell astrocytomas have been shown
to behave as aggressively as primary glioblastoma.18 FISH ana-
lyses may be especially useful for this diagnostic consideration;
the 1p/19q codeletion that is commonplace in anaplastic
oligodendrogliomas is not a feature of small cell astrocytoma,
whereas EGFR amplification and chromosome 10q deletion
(Figs. 1A and 1B, respectively) is frequently detected in the
latter. Immunohistochemical detection of EGFR protein over-
expression, both wild type and the EGFRvIII variant, is likewise
more frequent in small cell, as opposed to non-small cell
astrocytomas,18 and EGFRvIII overexpression has been asso-
ciated with poorer survival prognosis in patients with malignant
astrocytomas in some studies.20,21 It is important to emphasize
that in the workup of malignant gliomas with bland monotonous
nuclei, positive staining with simple EGFR immunohistochem-
istry alone should be viewed with caution as this may occur in
the absence of gene amplification in other gliomas subtypes,
including oligodendrogliomas; EGFRvIII immunopositivity
and/or detection of EGFR amplification and PTEN deletion by
FISH analysis provides the strongest molecular evidence
supporting a small cell astrocytoma diagnosis.18,22,23

Second only to gains on chromosome 7, losses involving
chromosome 10 are quite frequent in astrocytomas, limited
mainly to high-grade tumors.24,25 Most of CGH and FISH
studies to date have identified 10q loss/monosomy 10 as an
independent predictor of shorter patient survival24–27; in only
rare instances has this association not reached statistical sig-
nificance in multivariate models.28–30 Several candidate tumor
suppressor genes have been mapped to 10q, including PTEN
(10q23), DMBT1 (10q25.3–26.1), and more recently annex-
inVII (ANX7; 10q21). Loss of PTEN functionality by way of
deletion or inactivating mutations may be seen in association
with both primary and secondary glioblastoma variants,
though is apparently limited to high-grade astrocytomas.31,32

There is a particularly close association with chromosome 10q
loss and the small cell phenotype.18 Though codeletion of PTEN
andDMBT1 by FISH analysis is most common,33 biallelic inac-
tivation of DMBT1 has not been found and only PTEN altera-
tions have been specifically associated with a negative prognosis

TABLE 1. Chromosomal and Genetic Targets for Molecular
Diagnostic Testing of Central Nervous System Tumors

Diffuse astrocytomas Chromosomes 7, 9, 10q, 19q, p53, EGFR, PTEN,
ANX7, p16, p27

Oligodendroglial
tumors Chromosomes 1p, 9p, 10q, 19q, p16, PTEN

Ependymomas Chromosomes 1q, 6q, 18, 22q, NF2,
Protein 4.1B, ErbB2

Embryonal tumors Chromosomes 17, 10q, 22, ErbB2, c-myc,
N-myc, TrkC, INI1 (BAF-47)

Meningiomas Chromosomes 1p, 14q, 17q23, 18, 22q, NF2,
Proteins 4.1B and 4.1R, p16
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in high-grade astrocytomas.34–36 However, in a recent study of
99 glioblastomas, immunohistochemical detection of ANX7was
found to be a strong predictor of prolonged patient survival,
independent of other clinical variables.37 Additional validation
of this finding will be necessary to determine whether ANX7 is
truly an effective clinical prognosticator, independent of PTEN.

In addition to p53, alterations in a variety of other genes
regulating the G1 checkpoint of the cell cycle are involved in
the malignant progression of astrocytomas, some of which
show potential in serving as molecular prognostic indica-
tors.38–41 The p16/RB/CDK4 pathway is quite frequently dis-
rupted in astrocytomas, with homozygous deletion of p16
representing the most common mechanism of pathway
inactivation.38,42–44 Although a number of reports show p16 gene
deletion or decreased p16 protein expression as independent
predictors of poor patient survival,39,45 these same findings failed
to reach significance on multivariate analysis in other cohorts,
possibly due to the close association of p16 alterations and high
tumor grade.36,43 Nonetheless, Iwadate et al46 found mutations
and homozygous deletions of p16 correlative with increased
sensitivity to antimetabolite chemotherapeutic agents, suggesting
p16 status may be helpful in predicting chemosensitivity in
individual patients. MDM2 is a regulator of p53 that is overex-
pressed and to a lesser extent amplified in high-grade astro-
cytomas; its overexpression was found to be a negative prognostic
indicator in some studies.41,47,48 The p27/CDK2/cyclinE path-
way also influences the G1 checkpoint and several independent
studies have shown decreased p27 expression to be related to
high astrocytoma grade and poor patient outcome.40,49–51

Lastly, there are a few other molecular alterations in
adult astrocytomas that deserve further consideration. For
example, chromosome 19 alteration is a feature shared by all
three diffuse glioma subtypes; although 19q deletion has been

associated with malignant progression in astrocytic lesions,
there is also evidence to suggest that this may be a marker of
long-term survival.26,27,30,52–54 Both VEGF and ErbB2 expres-
sion are likewise more common in high-grade lesions, though
data on prognostic usefulness are conflicting.10,22,55–64 In
summary, EGFR amplification/EGFRvIII overexpression and
losses involving 10q, p16, 19q, and p27 are alterations that all
have shown strong promise as prognostic markers in adult
astrocytoma, several additionally serving as potential targets
for novel therapies.65–67 It is likely that some of these will
eventually get incorporated into developing clinical and
molecular patient stratification schemes, necessitating their
detection by FISH or other means on a routine basis.

In contrast to their adult counterparts, much less is
known about the molecular events involved in the pathogen-
esis and progression of pediatric astrocytomas. Whereas
glioblastomas predominate in adults, low-grade lesions are
more prevalent in children and include both diffuse/infiltrative
astrocytomas as well as ‘‘circumscribed’’ variants, such as
pilocytic astrocytoma and pleomorphic xanthoastrocytoma
(PXA). The anatomic distribution of these tumors also differs
from that in adult patients, with the majority of childhood
tumors arising at sites remote from the cerebral hemispheres,
namely within the subcortical deep gray structures, brain stem,
and posterior fossa.1 Despite these differences, a number of
studies have confirmed that several of the molecular alterations
common in adult astrocytomas may be found in the diffuse
pediatric astrocytomas, though in most cases at a much lower
incidence.1,68–71 Interestingly, children harboring malignant
astrocytomas tend to have a more favorable outcome than
adults with similar tumors. Also, in contrast to their adult coun-
terparts, EGFR amplifications are only rarely encountered.71–77

Similarly, PTEN mutations are only seen in a minority of such

FIGURE 1. Dual color FISH assays
showing amplification of EGFR. A,
Numerous red EGFR signals) and
loss of chromosome 10q. B, Single
green (PTEN) and red (DMBT1) sig-
nals are seen in individual nuclei) in
a small cell astrocytoma. Figures 1C
and D depict loss of chromosomes
1p and 19q, respectively; in both of
these FISH hybridizations, the chro-
mosomal p arms are green and the
q arms are red.
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cases, but it is nonetheless associated with shortened survival.73

On the other hand, chromosome 17p loss of heterozygosity and
p53mutations and/or overexpression are fairly common in high-
grade astrocytomas;71,74,77–79 Pollack’s group suggests a corre-
lation between p53 alterations and adverse patient outcome.78,79

The majority of pilocytic astrocytomas have no detect-
able chromosomal abnormalities, although gains of chromo-
somes 5-9 have been infrequently observed.68,80,81 When these
lesions arise in the setting of neurofibromatosis type 1 however,
alterations of the NF1 gene with associated loss of neuro-
fibromin expression are frequently encountered.82,83 Similarly,
PXAs tend to lack most alterations seen in adult astrocytomas,
though a handful of studies have documented occasional gains
on chromosome 7, loss on 8p, and p53 mutations.84–86

OLIGODENDROGLIAL TUMORS
In no other area of brain tumor pathology has

genotyping proven more clinically valuable than in the genetic
profiling of oligodendroglial tumors. Comprising up to 25% of
adult gliomas, oligodendrogliomas tend to behave in a less
aggressive fashion than astrocytomas, with slower progression
and longer patient survival.1,28,87,88 Likewise, the dramatic
therapeutic responses to PCV (procarbazine, CCNU, vincris-
tine) chemotherapy reported in subsets of anaplastic oligoden-
droglioma patients is a noteworthy finding in comparison to
the usual lack of response in astrocytomas.89–91 LOH and FISH
studies have shown 1p and 19q codeletion (Figs. 1C and D,
respectively) in 60%–90% of oligodendrogliomas.3,92–96 Cairn-
cross and colleagues’97 landmark study was the first to esta-
blish an association between anaplastic oligodendrogliomas
bearing this ‘‘molecular signature’’ and the likelihood of
favorable therapeutic response and prolonged survival. Simi-
larly, Smith et al98 reported that combined 1p/19q deletions
were associated with prolonged survival in oligodendrogliomas,
including low-grade examples. Studies have further suggested
that these ‘‘genetically favorable’’ oligodendrogliomas are also
more sensitive to other forms of therapy, including radiation and
less toxic chemotherapeutic agents, such as temozolomide.99,100

Whereas 1p/19q codeletion has been found to be highly
correlative with the classic oligodendroglioma phenotype (ie,
tumors composed of cells with round regular nuclei with peri-
nuclear halos and delicate ‘‘chicken wire’’ vasculature),98,101,102

some authors have shown that 1p/19q status alone may directly
correlate with chemoresponsiveness, irrespective of tumor
morphology.103,104 In any case, there has been tremendous in-
terest within the neuro-oncology community for incorporating
1p/19q testing into routine glioma diagnosis, especially those
with obvious or even subtle oligodendroglial features.

In oligodendrogliomas with 1p/19q codeletion, typically
one entire chromosomal arm from each is lost, making the lo-
calization of relevant tumor suppressor genes difficult, if not
impossible. Mapping of occasional tumors with partial LOH
have yielded ‘‘regions of minimal deletion’’ on 1p36 and
19q13.3, though many of the deletion-defining tumors were
not oligodendrogliomas.54,96,105,106 In line with that hypothesis
is the general observation that in contrast to those with whole
arm losses, tumors harboring small interstitial deletions tend to
have an astrocytic morphology107 and are often biologically

aggressive (unpublished data). Thus, it is unclear that these
regions truly harbor oligodendroglioma-specific genes. Al-
though the precise mechanism(s) relating whole chromosome
arm loss of 1p and 19q to tumorigenesis remains a mystery, it
is possible that: (1) haploinsufficiency of multiple genes is
somehow sufficient without the need for a ‘‘second hit’’,
(2) epigenetic events such as hypermethylation of CpG islands
are inactivating genes on the remaining copies of 1p and 19q,
or (3) this cytogenetic signature is simply a marker of a specific
glioma type, mechanistically unrelated to other, yet-to- be iden-
tified tumorigenic events.

Given the aforementioned prognostic and therapeutic
implications, we and others routinely perform 1p/19q testing
in all oligodendrogliomas and tumors with suspected oligo-
dendroglial features. We have reported our initial observations
in detail94 and they have remained valid over time with well
over 1000 gliomas tested thus far. Dual-color FISH is our
method of choice, based primarily on our laboratories’
familiarity with this approach, its applicability to paraffin-
embedded tissue, the lack of matching normal blood or tissue
requirements, its basis in morphology, and a rapid turnaround
time (2–3 working days for 2 batches per week). Other
commonly used techniques in clinical labs include LOH and
QuMA.3 Although each has its advantages and disadvantages,
the concordance among these techniques is generally excellent.
As in a number of retrospective series, we have found 1p/19q
codeletion to be highly associated with morphology: 84% in
oligodendrogliomas, 15% in mixed oligoastrocytomas (MOAs),
and ,1% in astrocytomas (P , 0.001). Loss of 19q alone has
been described in a smaller subset and in our experience is
particularly common inMOAs, often associatedwith a favorable
biology.94,108 With respect to patient survival, our results have
been similar to retrospective studies in that the ‘‘genetically
favorable’’ (1p/19q codeletion) pattern is overrepresented in
long-term survivors.94 There have however been notable ex-
ceptions: many with non-deleted tumors enjoyed long survival
times, particularly younger patients with low-grade tumors,
whereas a few patients with 1p/19q codeleted tumors died
shortly after biopsy, mostly older individuals with large ring-
enhancing high-grade gliomas. The latter patients may well
have had oligodendrogliomas that remained asymptomatic for
numerous years, finally coming to clinical attention when
advanced progression-associated changes had occurred. None-
theless, these exceptions reinforce the continued relevance of
other more well-established prognostic variables, rather than
relying solely on genetic features.

Apart from the obvious prognostic implication discussed
above, identification of 1p/19q codeletions may also be helpful
in daily pathology, as there are a number of lesions that pose
formidable diagnostic challenges. For example, dysembryo-
plastic neuroepithelial tumors (DNTs), central neurocytomas,
extraventricular neurocytomas, and clear cell ependymomas
may closely resemble oligodendrogliomas; however, no dele-
tions have been identified in any of these, with the exception of
extraventricular neurocytomas (EVNs).109–111 Two of twelve
EVNs harbored 1p/19q codeletion, suggesting that either this
genetic signature is not entirely specific or that these rare
tumors may be histogenetically related to oligodendrogliomas.
Reports of oligodendrogliomas with neurocytic differentiation
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support the latter theory.112 An even more common differential
diagnostic consideration is small cell glioblastoma. A highly
aggressive tumor with monomorphic bland nuclei, the occa-
sional presence of clear haloes, delicate capillaries, and
microcalcifications overlaps considerably with anaplastic
oligodendroglioma or GBMwith oligodendroglial elements.17,18

To date, none of these cases have shown 1p/19q codeletions.
Instead, EGFR amplification is found in ;70% and 10q
deletions are nearly universal.18

Alterations of chromosomes 9p and 10q have been en-
countered in anaplastic oligodendrogliomas, albeit at a lower
frequency than is typical of high-grade astrocytic lesions.95,113–117

Likewise, deletions of p16 and loss and/or mutation of PTEN
have both been associated with anaplasia and worsened
survival, the latter occurring preferentially in tumors with
intact 1p and 19q.35,39,97,116,118–120 Of interest, Sasaki and
colleagues120 found that allelic loss of chromosome 10q was
negatively associated with 1p loss and that PTEN gene
alterations were independently predictive of poor survival in
patients with anaplastic oligodendrogliomas, even those with
initially favorable chemotherapeutic response. Overexpression
of VEGF and decreased expression of p27 are also seen in
a subset of oligodendrogliomas; both alterations are inversely
associated with tumor grade. However, their usefulness as
prognostic indicators has not been clearly defined.121–125

Although the majority of published data correlating
survival and molecular alterations in oligodendrogliomas is
based on the initial diagnostic sample, a common request is for
genetic testing of oligodendrogliomas at the time of recur-
rence. Therefore, we recently assayed 138 primary and recur-
rent oligodendroglial tumors from 80 patients with a variety
of FISH probes.126 Our data suggest that the enhanced survival
in 1p/19q-deleted cases is partially retained after recur-
rence, with a post-recurrence median survival of 3.5 years in
‘‘genetically favorable’’ cases versus 1.5 years in the non-
deleted group (P , 0.001). Additionally, p16 deletion was a
common progression-associated event, correlating with re-
duced progression-free survivals in both the 1p/19q deleted
and non-deleted cases. Lastly, we found both EGFR ampli-
fications and 10q deletions to be extremely uncommon in pure
oligodendrogliomas, suggesting that some of the previously
reported cases with these alterations may have in fact rep-
resented misdiagnosed small cell glioblastomas or other as-
trocytic tumors.

Compared with their adult counterparts, pediatric oligo-
dendroglial tumors are far less common, with little published
data regarding their clinicopathologic or molecular character-
ization. In Raghavan and colleagues’127 review of 26 cases,
1p/19q deletions were rare and not obviously associated with
clinical outcome. We have recently looked at a larger collec-
tion of samples (68) from patients treated for oligodendroglial
tumors at St. Jude. Following histologic review, 21 of these
samples were reclassified as various other entities (infiltrative
astrocytoma, pilocytic astrocytoma, DNT, and clear cell
ependymoma), underscoring the need for careful evaluation of
these oligodendroglioma mimics in the pediatric population.
The remaining 47 specimens were evaluated by FISH for copy
number alterations of 1p, 19q, and a variety of other glioma-
associated markers. We too encountered codeletion 1p/19q at

a lower incidence (27% of cases) than is typical of adult
oligodendroglioma, and similar to Raghavan et al’s review,
most of these patients were.9 years old. Deletions of p16 and
10q were seen in 45% and 18% respectively; the 9% of cases
with detectable EGFR amplification were quite reminiscent
of small cell astrocytoma.128 At present there is no clear cor-
relation between these molecular alterations and prognosis,
and thus it would appear that genetic testing may be of limited
clinical value in children with oligodendrogliomas.

As alluded to previously, gliomas showing ambiguous
morphologic features pose a significant diagnostic problem in
neuropathology. Despite their histologic heterogeneity, mul-
tiple studies have indicated that they are in fact, predominantly
monoclonal tumors, harboring alterations more typical of either
pure oligodendroglioma or astrocytoma.92,129–132 The major-
ity of studies have found 1p/19q codeletion at an incidence
of approximately 33%; however, these mainly focused on
‘‘biphasic’’ MOAs with geographic zones of clear-cut oligo-
dendroglial and astrocytic components.95,96,114 Recently, we
retrospectively studied 90 of our most morphologically ambig-
uous gliomas, including those with vague oligodendroglial
features and so-called ‘‘diffuse’’ MOAs.87 Only 9% showed
1p/19q codeletion, consistent with the opinion that such dele-
tions are primarily encountered in the most classic-appearing
oligodendrogliomas. Interestingly, approximately 30% had p16
deletion, 10q deletion, and/or EGFR amplification and these
patients had significantly shortened survival times, whereas
those with 1p/19q codeletion, solitary 19q deletion (22%), or
no detectable alterations (41%) generally had favorable out-
comes. Bissola et al.133 likewise found LOH 1p and 10q to
hold similar prognostic significance in their analysis. There is
also some data to suggest that the solitary 19q deletion pat-
tern in MOAs may additionally be genetically favorable,94,108

though further analysis is needed to address the above issues.

EPENDYMOMAS
Though they constitute only a small proportion of

neuroepithelial tumors overall, ependymomas represent the
third most common brain tumor in children and account for at
least half of all spinal gliomas.1 Most pediatric examples are
intracranial whereas those arising in adults are evenly dis-
tributed between the brain and spinal cord. There is increasing
evidence that spinal and intracranial ependymomas represent
two distinct tumor subsets, not only relative to age of occur-
rence and biologic potential, but in terms of genetic alterations
as well.

Loss of chromosome 22q is a common finding in adult
ependymomas and is strongly associated with a spinal loca-
tion.134–142 Though many of these spinal tumors will have a
concomitant mutation of NF2, the same cannot be said of
intracranial ependymomas that harbor 22q deletions.143–147 In
a comparative IHC/FISH study by Singh et al, deletions/loss of
NF2 (22q12) were likewise encountered primarily in spinal
ependymomas, whereas loss of 4.1B (formerly known as DAL-1:
differentially expressed in adenocarcinoma of the lung 1),148,149

a second Protein 4.1 family member and structurally homol-
ogous tumor suppressor gene on chromosome 18p11.3, was
more frequent in intracranial examples.150 Recent evidence
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suggests that a third Protein 4.1 gene, 4.1R on 1p32-33, may
also play an important role.151 Additional age- and site-
related differences documented by CGH include gain of 1q
and losses involving chromosomes 6q, 9, 13, and 17p in
pediatric intracranial and gain of chromosome 7 in spinal
ependymomas.139,140,142,144,152,153

Unfortunately, there is no one unifying ‘‘genetic
signature’’ for ependymomas, and in fact up to 40% will have
no detectable alterations.139,142,152 Molecular analysis may
nonetheless be of benefit when applied to specific diagnostic
dilemmas. For instance, clear cell ependymoma (CCE) may
resemble a variety of tumors including oligodendroglioma,
central neurocytoma, hemangioblastoma, and metastatic renal
cell carcinoma.154 Differentiation of these lesions, all con-
taining sheets of uniform rounded cells with clear perinuclear
halo/cytoplasm, is imperative as the prognosis and treatment of
each may differ significantly. Immunohistochemical workup
often will clarify several of these diagnostic mimics, but it
sometimes yields equivocal results. When the differential di-
agnosis is between CCE and oligodendroglioma, FISH deter-
mination of chromosome 1p, 19q, and 18 copy number and
DAL-1 gene dosage may prove helpful: deletions involving
DAL-1 and/or monosomy 18 have been detected in up to 67%
of CCE, whereas the 1p/19q deletions typical of oligoden-
drogliomas are absent in these tumors.94,111 Because a 1q
reference probe is often paired with 1p, gain of 1q may also be
detected in a subset of these ependymoma cases.

Regarding prognosis, the predictive value of histologic
grading of ependymomas remains unresolved.155–159 Many
series have been unable to demonstrate a definite association
with either overall or recurrence-free survival times, though
objective grading criteria have yet to be universally applied
and accepted. A statistically significant association was
nonetheless recently reported by Korshunov and colleagues,160

who examined 258 cases. Although extent of resection
remains the most meaningful prognostic determinant,155,157

several studies have offered encouraging data to suggest that
the detection of specific patterns of genetic imbalances may
also be helpful in predicting clinical outcome. Using CGH,
Dyer et al153 defined three genetic patterns within their cohort
of 52 pediatric intracranial ependymomas based on the
absence (‘‘balanced’’) or presence of partial (‘‘structural’’) or
whole chromosome (‘‘numerical’’) gain or loss. They found
that their ‘‘structural’’ group correlated with a significantly
worse clinical outcome compared with the other two genetic
groups. This series and others have also established that not
only is gain of chromosome 1q quite frequently encountered in
intracranial ependymomas, particularly within the pediatric
age group, it also tends to correlate with histologic anaplasia
and may be a marker of aggressive biologic potential.140,142,153

ErbB2 and ErbB4 receptor status was evaluated in another
large cohort of pediatric ependymomas by Gilbertson and
colleagues. Using IHC, Western blotting, and quantitative
PCR, they demonstrated a strong positive correlation between
elevated ErbB2/4 coexpression levels and high Ki67 pro-
liferation index, as well as a clear trend toward worse clinical
outcome. When this molecular risk factor was combined with
proliferation index and extent of surgical excision, a signifi-
cantly greater degree of survival discrimination was obtained

than by any of these individual factors alone.161 Additional
prospective studies on contemporarily treated patients will
allow the importance of the above findings to be assessed. At
the moment, there are no ancillary molecular diagnostic tests
routinely applied to ependymomas.

EMBRYONAL NEOPLASMS
Embryonal tumors represent the largest group of

malignant brain tumors in children, and it is therefore not
surprising that the bulk of pediatric brain tumor research has
focused on these lesions. The current WHO classification of
tumors of the nervous system recognizes five main histologic
subtypes, all of which contain a population of primitive cells
with a variable capacity for divergent differentiation.1 At one
end of the spectrum, medulloblastomas (MB) and supra-
tentorial primitive neuroectodermal tumors (sPNET) represent
prototypical ‘‘small blue cell tumors’’ with generally monot-
onous cell populations showing variable degrees of neuronal
and less commonly, glial differentiation. Situated in the cere-
bellum, MB is by far the most frequently encountered CNS
embryonal tumor; sPNET may appear morphologically iden-
tical, though it is much less common, more biologically ag-
gressive, and genetically distinct.162–164 Three additional
subtypes (atypical teratoid/rhabdoid tumor (ATRT), epen-
dymoblastoma, and medulloepithelioma) harbor distinguish-
ing microscopic features in addition to areas resembling
PNET.1,165,166 Although all are more clinically aggressive than
medulloblastoma, only ATRT is encountered with sufficient
frequency to have been studied at the molecular level.

As a group, medulloblastomas not only demonstrate a
broad range of histomorphologic patterns, but are also notable
for variable therapeutic responsiveness and biologic behavior.
Current treatment strategies center upon the stratification of
patients into ‘‘average risk’’ and ‘‘high risk’’ categories based
on age at diagnosis, presence of metastatic disease, and volume
of residual tumor on post-resection imaging studies.167,168

Unfortunately, clinical staging alone is unable to account for
the numerous ‘‘outliers’’ that exist within these risk groups,
and there is increasing evidence that patient stratification strate-
gies that include histologic subclassification and molecular
markers may provide a more accurate and individualized risk
assessment.167,169–174

Apart from MB arising in the context of rare familial
syndromes in which specific genetic mutations have been
identified (Shh/PTCH/SMOH in Gorlin syndrome, APC/b-
catenin in Turcot syndrome, and p53 in Li-Fraumeni
syndrome),167,175 a variety of non-random genetic alterations
have been detected in sporadic tumors. Abnormalities of
chromosome 17, particularly isochromosome 17q [i(17q)],
were the most frequent findings of early cytogenetic studies,
with subsequent data from modern molecular techniques
documenting i(17q) and/or deletions involving 17p in 30%–
60% of MB.162,163,173,176–186 Although 17p loss frequently
involves the majority of the chromosomal arm, the centromere
is often not the breakpoint site and smaller deletions involving
only the most telomeric region have also been encountered.187–189

Several putative tumor suppressors mapping to this region
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have been identified, though their roles in MB tumorigenesis
remain to be elucidated.187,190,191

Recent evidence suggests that abnormalities of 17p may
be associated with a more clinically aggressive subset of MB.
Similar to Eberhart and colleagues,192 we have detected 17p
loss by FISH analysis almost exclusively in the context of
large cell/anaplastic morphology (LC/A) (unpublished data),
a histologic phenotype repeatedly shown to be associated
with highly aggressive clinical behavior.171,174,193,194 Several
independent investigators have similarly linked deletions of
17p (particularly those arising in the absence of isochromo-
some 17q) with more aggressive biologic potential/poor
prognosis;173,183,184,195 others have not been able to confirm
this association.181,182,185 Though p53 mutations in MB are
fairly uncommon,189,196 Frank et al have shown that the p53-
ARF tumor suppressor pathway is frequently disrupted in
large cell/anaplastic MB, and other investigators have reported
an association between immunohistochemical detection of p53
overexpression in MB and poor survival.197,198 Until a more
concrete association between these 17p alterations and clinical
outcome is established, detection of i(17q) (Fig. 2A) or 17p
loss may nonetheless be useful in the diagnostic realm in
differentiating histologically ambiguous MB from ATRT, the
latter harboring deletions/mutations involving the INI1 gene
on 22q11.23 instead (see discussion below).

A variety of oncogenes appear to be involved in the
tumorigenesis of MB, providing possible targets for novel
therapeutic interventions. Of these, ErbB2 has shown the most
promise as a potential molecular marker of patient outcome. In
contrast to breast carcinomas, where gene amplification
accounts for most of ErbB2 protein overexpression, ErbB2
amplification is not prevalent in MB. Expression of ErbB2 at
the protein level, however, has been detected by immunohis-

tochemical methods in up to 80% of MB (Fig. 2B), suggesting
genetic or epigenetic mechanisms other than gene amplifica-
tion. The presence of ‘‘high-level’’ expression (.50% of tumor
cells immunopositive for anti-ErbB2) has been consistently
associated with a statistically significant decrease in patient
survival.173,199–201 Like ErbB2 overexpression, c-myc and
more recently n-myc amplifications have been regularly
encountered in the LC/A subtype, although the latter have
been reported in only a small percentage of medulloblastomas
overall.170,171,174,192,194,202 Though some studies have indicated
a significant association between these amplifications and poor
prognosis,195,203,204 this has not been a universal finding.173

Several independent investigators using quantitative PCR
methods or in-situ hybridization have detected a much higher
incidence of c-myc mRNA overexpression in MB than can be
accounted for by amplification alone, all but one likewise show-
ing a close association between elevated c-myc mRNA and
poor prognosis.169,170,205,206 In contrast, elevated TrkC expres-
sion, more frequently encountered in the desmoplastic or nodu-
lar variant of MB, has been shown by some to portend a
favorable prognosis.205,207 More recent studies have unfor-
tunately not been able to substantiate this association.169,170,208

In a recent multi-institutional study, 97 fresh-frozen primary
childhood medulloblastoma samples were assayed for ErbB2
protein and c-myc, N-myc, and TrkC mRNA levels; only ErbB2
overexpression proved to be a strong predictor of poor prognosis,
independent of clinical risk parameters or histologic subtype.170

Whereas ErbB2 status will likely be included in upcoming
clinical protocols for patient stratification purposes, additional
prospective studies are needed to determine the prognostic
significance of other potential biomarkers discussed above.

Several microsatellite analysis and comparative geno-
mic hybridization (CGH) studies have indicated loss of

FIGURE 2. Isochromosome 17q may
be detected in some medulloblasto-
mas, as in this FISH assay (A, 1 green
17p signal with 3 red 17q signals per
nucleus), and high-level ErbB2 ex-
pression on immunohistochemical
analysis (B, anti-ErbB2 3400) corre-
lates strongly with poor prognosis.
ATRTs are characterized by loss/inac-
tivation of INI1 (BAF47), which may
be detected at the gene (C, dual
color FISH assay showing homozy-
gous deletion with absence of red
INI1 signals) or the protein levels (D,
anti-BAF47 immunohistochemistry
showing lack of nuclear staining;
anti-BAF473400). Note that nuclear
BAF47 staining is present within
intratumoral vascular endothelial
cells, providing a positive internal
control.

186 q 2005 Lippincott Williams & Wilkins

Fuller and Perry Adv Anat Pathol � Volume 12, Number 4, July 2005



heterozygosity (LOH) or deletions involving the long arm of
chromosome 10 in up to 40% of medulloblastomas.186,195,209

PTEN (10q23) and DMBT1 (Deleted in Malignant Brain
Tumors 1; 10q25) are putative tumor suppressor genes map-
ping to this region. Mutations in the former have been
associated with tumor progression and poor clinical outcome
in diffuse astrocytomas.13,35,73,108,120,210 However, studies of
these genes in CNS embryonal tumors are limited. Nonethe-
less, a recent study by Yin et al. 209 indicates LOH frequencies
of 24% and 47% respectively for PTEN and DMBT1 in
medulloblastomas. We have recently looked at c-myc ampli-
fication and 10q dosage via FISH analysis in a group of 79
medulloblastomas at Saint Jude Children’s Research Hospital.
Using probes targeting multiple sites along 10q [TNKS2
(10q23.32), PTEN (10q23.31), and DMBT1 (10q25.3-26.1)],
detectable 10q loss was present in 8% of cases overall, with all
three of the targeted loci codeleted in each case, consistent
with a large region of chromosomal loss. Similar to c-myc
amplification, 10q loss appeared to correlate with the LC/A
morphology; the latter alteration encountered twice as often as
the former in our series (unpublished data). This association
with an aggressive MB phenotype is intriguing, requiring
further correlation with clinical variables/outcomes to de-
termine whether 10q loss will be of prognostic relevance.

Arising most frequently in infants less than 2 years of
age, atypical teratoid/rhabdoid tumors (ATRT) exhibit
extremely aggressive behavior with early metastases through-
out the CNS and resistance to conventional medulloblastoma
treatment protocols.165,211–213 As opposed to their relative
biologic uniformity, these tumors are notable for a diverse
histomorphologic spectrum, resulting in frequent confusion
with a variety of other CNS neoplasms, especially medullo-
blastoma and PNET. ATRTs are typically polyphenotypic (ie,
display expression of markers associated with multiple lines of
differentiation) and contain varying numbers of the diagnostic
‘‘rhabdoid cells’’ with eosinophilic paranuclear filamentous
inclusions, eccentric nuclei, and prominent nucleoli. However,
these cells are scarce in some examples and they may also
display epithelial, mesenchymal, and/or immature round blue
cell elements. Similar to their presumed counterparts situated
outside the CNS [renal and extrarenal malignant rhabdoid
tumors (MRT)], the majority of ATRTs have been found to
harbor alterations of chromosome 22, particularly involving
22q11.2.165,213,214 Recently, the INI1/hSNF5 gene (also known
as SMARCB1 or BAF47) was mapped to this region, and
subsequently deletions and/or mutation of INI1 have been
detected in the majority of these rhabdoid lesions.215–221

Constitutional mutations/deletions of INI1 are also the
hallmark of ‘‘rhabdoid predisposition syndrome’’, a hereditary
syndrome in which the afflicted are more prone to develop
renal or extrarenal MRTand a variety of CNS tumors including
ATRT and choroid plexus carcinoma.222,223

Whereas up to 75% of ATRT will have demonstrable
monosomy 22 or 22q deletion by FISH analysis, these
alterations are generally not detected in PNETs and
medulloblastomas.69,216,217,223–226 From a diagnostic stand-
point, this difference is clearly helpful in separating ATRT
from PNET and medulloblastoma, particularly in tumors with
ambiguous morphologic and immunohistochemical features.

It is therefore not surprising that assessment of 22q dosage
in pediatric embryonal tumors has become commonplace,
second only to 1p/19q analysis in gliomas with respect to the
frequency of FISH testing performed on CNS tumors. Though
at St. Jude we currently use a ‘‘home-brew’’ BAC-derived
probe specifically targeting the INI1 locus (Fig. 2C),227

a commercially available LSI probe directed against the nearby
bcr gene also displays excellent hybridization efficiency and
sensitivity for detecting these 22q11.2 deletions.216,217

Fluorescence in situ hybridization analysis provides for
a rapid assessment of 22q dosage and is applicable to formalin-
fixed paraffin-embedded tissue; however, this assay is not
without its limitations as it is not yet widely available, and up
to 30% of ATRTs and MRTs will have no detectable deletions.
Unfortunately INI1 mutational analysis is not practical for
real-time diagnostic situations. A recently released commer-
cial antibody for the INI1/BAF47 protein shows promise in
addressing these issues. Preliminary testing has demonstrated
a universal loss of nuclear expression for BAF47 protein in
AT/RT (Fig. 2D) and MRT, but not in the majority of other
pediatric CNS and soft tissue tumors; there was likewise close
correlation between these immunohistochemical findings and
other molecular techniques in these studies.228,229 To compli-
cate matters, composite rhabdoid tumors (CRTs) deriving from
a variety of primary tumors may also involve the CNS, and
although they too contain rhabdoid cells and are biologically
aggressive, their distinction from ATRT remains important due
to therapeutic implications. FISH analysis for 22q dosage is
useful in separating ATRT/MRT from CRT in most cases216;
however, FISH alone is unable to make this distinction when
the ‘‘parent’’ tumor of a CRT also has frequent 22q deletions,
as do meningiomas for example. We have recently employed
both immunohistochemistry and FISH to study BAF47 protein
expression and 22q dosages in 40 CRTs in an attempt to
address these problematic cases. Although rare in most other
CRTs, 22q deletion was detected in 71% of rhabdoid
meningiomas; in contradistinction, nuclear BAF47 expression
was retained in all cases, including the meningiomas with 22q
deletion.230 These preliminary studies indicate that immuno-
histochemistry for INI1/BAF47 shows great promise as a
sensitive and specific method for distinguishing AT/RT from
other CNS tumors and CRTs, though further validation is
clearly indicated before employing this technique as a diag-
nostic ‘‘gold standard.’’

MENINGIOMAS
Over the past decade, there have been significant

advances in our understanding of the biology of meningiomas.
Based on two large clinicopathologic studies, the most recent
version of the WHO classification has adopted more stringent
and objective histologic criteria for grading, allowing for
enhanced diagnostic reproducibility and prognostic predict-
ability for benign (WHO grade I), atypical (grade II), and
anaplastic (grade III) meningiomas.1,231,232 At the same time,
cytogenetics and molecular biology have identified a number
of characteristic genetic aberrations associated with meningioma
tumorigenesis and progression. Though extent of tumor
resection and histologic grade are the two strongest predictors
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of tumor recurrence, significant clinical variability and addi-
tional biomarkers (ie, hormone receptor status, telomerase
activity, proliferation index), including a number of genetic
alterations, may also play a significant role in determining which
tumors will behave in a biologically aggressive fashion.232–235

For a more comprehensive summary on meningioma pathol-
ogy, genetics, and biology, the reader is directed to a recent
review.236

Inactivation of the neurofibromatosis 2 (NF2) gene
on 22q12 and loss of its protein product merlin is seen in
roughly half of sporadic and virtually all NF2-associated
meningiomas.232,237–241 Merlin belongs to the Protein 4.1
family of membrane-associated proteins, a group of tumor
suppressors to which two additional members implicated in
meningioma tumorigenesis have recently been added: Protein
4.1B (previously called DAL-1 or ‘‘differentially expressed
in adenocarcinoma of the lung’’) and Protein 4.1R.242–244 In
an immunoprofiling study of 175 meningiomas, Perry et al.
identified loss of expression for either merlin or Protein 4.1B
in most cases (92%), and in a subsequent analysis of 53 cases
of pediatric and NF2-associated meningiomas detected a
similarly high frequency of deletion of NF2 and/or 4.1B genes
(82% for each) by FISH.232,237 Protein 4.1R interacts with
surface cell signaling-associated molecules, such as CD44 and
bII-spectrin and reduces cellular growth when reintroduced
into meningioma cell lines, similar to merlin and Protein
4.1B.243 Lastly, TSLC1 (‘‘tumor suppressor in lung cancer-
1’’), one of the major Protein 4.1B interactors, has itself been
implicated in meningioma tumor progression.245 The data
further suggests that loss of TSLC1 expression may be asso-
ciated with decreased patient survival, particularly in the group
of atypical meningiomas, though larger series are needed to
confirm or refute this possibility.

Though these Protein 4.1-associated alterations have not
been shown to have any prognostic relevance independent of
histologic grading (with the possible exception of TSLC1),
their detection may be helpful from a diagnostic standpoint in
selected cases. As the histologic spectrum of meningiomas is
quite broad in terms of both cytomorphology (eg, spindled
versus epithelioid) and degree of pleomorphism/anaplasia, the
differential diagnosis can be wide. Considerations such as
solitary fibrous tumor, hemangiopericytoma, other sarcomas,
dural invasion by gliomas, and metastatic carcinomas and
melanomas would not often be expected to show deletions of
22q12 (NF2), 18p11.3 (4.1B), or 1p36 (4.1R) by FISH or
losses of merlin, Protein 4.1B, or Protein 4.1R expression by
immunohistochemistry.

Several additional progression-associated sites of chro-
mosomal loss and gain have been identified in meningiomas,
and the responsible oncogenes or tumor suppressors have been
established in only rare instances. A great deal of interest has
centered upon chromosomes 1p and 14q, as a significant
association has been established between deletions involving
one or both of these sites and histologic progression to WHO
grades II or III.235,237,246–253 In one FISH study of 180
meningiomas, Cai and colleagues found combined 1p/14q
deletions to be highly associated with increasing histologic
grade; of interest, 14q deletions were more common in their
histologically benign meningiomas that recurred despite prior

gross total resection.246 More recently, Maillo et al. have
provided further evidence that 14q status together with tumor
grade and patient age are independent variables for predicting
progression-free survival, and likewise, deletions of 1p have
been found to correlate with increased risk of recurrence
and shorter progression-free survival in two independent
studies.235,249,253 These alterations are also frequent in pediatric
and NF2-associated meningiomas, often accompanying other
aggressive features such has high tumor grade, elevated
mitotic rate, brain invasion, and frequent recurrence.237 As in
the prior discussion, we have used FISH for 22q (NF2), 18p
(4.1B), 1p, and 14q status in selected cases to support the
diagnosis of anaplastic meningioma and rule out other malig-
nancies in the differential. For example, we recently found that
losses of these markers were highly sensitive and specific
in distinguishing anaplastic meningiomas from meningeal
hemangiopericytomas.254

Multiple investigators using CGH, immunoblotting, and
PCR-based techniques have demonstrated inactivation of the
cell-cycle regulators p16INK4A, p14ARF, and p15 INK4B (all 3 on
9p21) in a large proportion of anaplastic meningiomas, in most
instances secondary to hemi- or homozygous deletions.247,248,255

In another study utilizing archival tissue from 117 tumor
samples, FISH-detectable deletions of p16 were similarly
associated with malignant progression, but more importantly
identified a subset of anaplastic meningioma patients with
a significantly worse prognosis and shortened survival.256

CGH and FISH studies have also documented amplifications
involving 17q23 and a putative oncogene, PS6K, has been
implicated in a small subset of anaplastic meningiomas.247,257–
259 Other genes within the region are likely to be targeted in
other tumors and it remains unclear which 17q23 gene is most
critical to tumor progression. LOH of several regions of
chromosome 10 have also been shown to correlate with grade,
patient survival, and recurrence.235,247,260 All of these markers
deserve further consideration in large correlative studies to
determine their statistical power as prognostic indicators for
meningioma patients and in the potential development of
a useful molecular classification/stratification schema.
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Despite recent advances in the treatment of 
malignant gliomas, patient outcomes remain 
dismal, with a median overall survival of approx-
imately 15 months for the patients suffering 
from the most aggressive subtype, glioblastoma 
(GBM) [1]. In the WHO system, tumor clas-
sification is based on histologic features, includ-
ing cell density, mitotic activity, nuclear atypia, 
vascularity and necrosis [2]. However, in some 
subcategories of gliomas, the WHO classifica-
tion suffers from a lack of reproductibility [3]. 
Glioma genotyping contributes to a better 
understanding of the mechanisms of tumori-
genesis and improves patient management by 
identifying new diagnostic or prognostic mark-
ers [4]. This is crucial to better stratify patients 
included in clinical trials. To date, three bio-
markers (codeletion of chromosome arms 1p and 
19q, O6-methylguanine DNA methyltransferase 
[MGMT ] promoter methylation, and mutations 
in isocitrate dehydrogenase genes [IDH1/IDH2]) 
have been identified as potent prognostic factors 
in gliomas. 

Codeletion of chromosome arms 1p 
& 19q
The combined loss of one copy of chromo-
some arms 1p and 19q occurs in the majority of 
oligo dendrogliomas and anaplastic oligo dendro-
gliomas, as well as in an important number of 
oligoastrocytomas and anaplastic oligoastro-
cytomas [5]. Codeletion of 1p19q is the conse-
quence of an unbalanced whole-arm transloca-
tion between chromosomes 19 and 1 with the 
loss of the derivative chromosome t(1p;19q) [6]. 

The codeletion of chromosomes 1p and 19q is 
an early genetic event in oligodendro glial tumori-
genesis [7]. The prognostic impact of the 1p19q 
codeletion was first reported by Cairncross et al., 
demonstrating that the codele tion is a strong 
predictor of response to the procarbazine, lomus-
tine and vincristine (PCV) regimen and of lon-
ger progression-free survival (PFS) in anaplastic 
oligodendrogliomas [8]. The 1p19q codeletion 
has also been demonstrated to be predictive of a 
better outcome in patients with oligodendroglial 
tumors treated with radio therapy (RT) [9]. In 
both low-grade and anaplastic oligodendroglio-
mas, 1p19q codeletion is predictive of longer PFS 
and overall survival after chemotherapy, RT or 
both. The median survival is 12–15 years in low-
grade oligo dendro gliomas and more than 7 years 
in anaplastic oligodendrogliomas with 1p19q 
codeletion, versus 5–8 years and 2–3 years, 
respectively, in the absence of 1p19q codele-
tion [10–13]. Whether 1p19q loss is predictive for 
therapy efficacy or merely indicates a different 
natural history is still unclear, and available data 
are contradictory: on one hand, Weller et al. 
found no difference in outcome according to 
1p19q status in patients with grade II and grade 
III oligodendroglial tumors that did not receive 
RT and chemotherapy [14]. On the other hand, 
Ricard et al. demonstrated that growing rate is 
significantly slower in 1p19q-codeleted versus 
-noncodeleted grade II tumors [15].

The distinction between complete and par-
tial loss of chromosome 1p is of particular 
importance, because of their opposite prog-
nostic significance: partial distal deletions of 
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chromosome 1p occur in astrocytic tumors and 
are associated with a poor outcome, whereas the 
loss of the whole chromosome 1p, associated 
with whole-19q deletion, is a common feature 
of oligo dendroglial tumors and predicts favor-
able outcome in this tumor type [16–18]. In this 
context, the choice of techniques to identify 
the codeletion is particularly crucial: some 
widely used techniques such as FISH (espe-
cially when testing the 1p36 locus alone) or 
microsatellite marker ana lysis may fail to dis-
tinguish this complete 1p19q codeletion from 
partial deletions [18]. More specific and power-
ful methods, such as genomic arrays (array 
comparative genomic hybridization or single 
nucleotide polymorphism array) or chromo-
some arm painting should be preferred to dis-
tinguish both types of 1p losses and to identify 
the t(1q;19p) [6,19].

All previous efforts to identify the putative 
gene involved in the translocation, including 
high-density genome mapping, have failed, 
and the mechanism driving this translocation 
remains unknown [20]. The 1p19q codeletion 
is mutually exclusive with TP53 mutation and 
EGFR amplification [21,22] and is associated 
with MGMT promoter methylation (see later). 
MGMT promoter hypermethylation was sig-
nificantly more frequent and the percentage of 
methylated CpG sites was significantly higher 
in 1p19q-codeleted tumors, as compared with 
1p- and/or 19q-intact tumors [23,24]. 

Microarray gene-expression profiling dem-
onstrated that 1p19q-codeleted gliomas have 
a proneural gene-expression profile, which 
has been associated with a good prognosis in 
high-grade gliomas [25,26]. One of the most dif-
ferentially expressed of these proneural genes 
was a-internexin (INA), which encodes a 
neurofilament-interacting protein. In an attempt 
to identify a simple and reliable marker of 1p19q 
codeletion in gliomas, Ducray et al. evaluated 
INA expression by immunohistochemistry in 
a series of 122 gliomas [27]. In oligodendroglial 
tumors, INA expression is a surrogate marker 
for 1p19q codeletion with a specificity of 86%, a 
sensitivity of 96%, a positive predictive value of 
76%, and a negative predictive value of 98%. In 
grade III gliomas, similarly to 1p19q codeletion, 
positive INA expression was correlated with bet-
ter PFS (52.6 vs 8.7 months) and overall survival 
(121.1 vs 31.4 months) [27].

Since it is a strong prognostic factor in both 
low-grade and anaplastic oligodendrogliomas 
and is predictive of response to both chemo-
therapy and RT, 1p19q codeletion is currently 

used as a selection criterion (e.g., the European 
Organization for Research and Treatment 
of Cancer [EORTC] 26053-22054 and the 
NCCTG N0577 trials in anaplastic gliomas) or 
stratification criterion (e.g., the EORTC 22033-
26033 and the Eastern Cooperative Oncology 
Group E3F05 trials in low-grade gliomas) in 
ongoing clinical trials. 

O6-methylguanine 
DNA methyltransferase
O6-methylguanine DNA methyltransferase is a 
DNA-repair enzyme that removes alkyl groups 
from the O6 position of guanine, one of the most 
frequent sites of DNA alkylation induced by 
chemotherapeutic agents. By suppressing these 
alkyl groups, MGMT precludes the formation of 
crosslinks between adjacent strands of DNA [28]. 
The expression of MGMT protects normal cells 
from carcinogens, but it can also protect cancer 
cells from damages induced by chemothera-
peutic alkylating agents [29]. Loss of MGMT 
expression has been reported in many tumor 
types, including glioma, lymphoma, breast and 
prostate cancer. This silencing is frequently 
related to promoter methylation, preventing gene 
expression [28].

The impact of MGMT silencing was first 
reported in patients with anaplastic astro  cytoma 
and GBM treated with nitrosourea (carmus-
tine). MGMT promoter methylation was asso-
ciated with prolonged PFS and overall survival 
in a cohort of 47 patients [30]. More recently, 
methylation status of the MGMT promoter 
was investigated in patients included in the 
EORTC/National Cancer Institute of Canada 
26981/22981 clinical trial testing concomitant 
and adjuvant temozolomide (TMZ) versus RT 
alone in GBM patients [31]. In this study, MGMT 
promoter methylation was an independent prog-
nostic factor of favorable outcome, and was asso-
ciated with longer PFS and overall survival. The 
benefit of concomitant and adjuvant TMZ to 
RT was clear for patients with MGMT promoter 
methylation (overall survival: 27.2% at 2 years, 
16.0% at 3 years and 9.8% at 5 years, versus 
10.9%, 4.4% and 3.0% for patients receiving RT 
alone), but not for patients without MGMT pro-
moter methylation [31]. Other studies supported 
these data and the predictive value of MGMT 
methylation in GBM treated with chemo-
therapy [32,33]. Whatever the treatment, the data 
reported by Stupp et al. also demonstrated a dif-
ference in survival between the methylated and 
the unmethylated groups (15.3 vs 11.8 months in 
the RT arm) [31].
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The prognostic value of MGMT methylation 
status has been also investigated in grade II 
and III gliomas. In grade II gliomas treated 
with TMZ, MGMT promoter methylation 
was a favorable predictor of PFS as compared 
with unmethylated promoters [34]. In ana-
plastic oligo dendroglial tumors, MGMT pro-
moter methyl ation was prognostic regardless 
of the treatment (RT alone or RT plus PCV) 
but failed to indicate a major benefit of PCV 
adjuvant chemo therapy [35]. The NOA-04 
trial reported an important difference in PFS 
between patients with or without MGMT pro-
moter methylation, even when treated with RT 
alone [36]. Current available data cannot deter-
mine whether MGMT promoter methylation is 
a prognostic factor of good outcome per  se or 
predicts the response to RT and chemotherapy. 
In this setting, it is also possible that MGMT 
promoter methylation reflects a broader epigen-
etic pattern characterized by the silencing of a 
large number of genes. In this case, MGMT 
prognostic impact would not be merely due to 
the loss of MGMT leading to an impaired DNA 
repair, but also to the methylation of a large 
number of other genes. 

Techniques to assess MGMT status are a criti-
cal issue, including methylation-specific PCR 
(MSP), semi-quantitative MSP, pyrosequencing, 
RNA (real-time reverse-transcription PCR) and 
protein expression (including immunohisto-
chemistry and western blot). Comparison often 
resulted in contradictory data; for example, the 
correlation is poor between MGMT promoter 
methylation status (determined with the MSP 
technique) and MGMT protein expression 
assessed by immuno histochemistry [37]. There 
are also substantial discrepancies between the 
methylation of specific CpG sites assessed 
by pyrosequencing and the MGMT mRNA 
expression level [38]. The DNA-based meth-
ods, especially the quantitative ones, appear to 
be the most reliable [39]. However, the lack of 
validation of intra- and inter-laboratory repro-
ducibility of the different methods needs the 
determination of the best technique for routine 
diagnostic purposes.

Ongoing clinical trials use MGMT promoter 
methylation status to select patients (e.g., the 
NCT00813943 and the Radiation Therapy 
Oncology Group 0525 trials in GBMs) or stratify 
them (e.g., the EORTC 26053–22054 trial in 
anaplastic gliomas). MGMT promoter methyla-
tion is an important predictive factor of response 
to alkylating agents in GBM. In contrast, its pre-
dictive value for grade II and III gliomas remains 

to be further investigated. Further investigations 
are needed to identify the best method to assess 
MGMT status.

Mutations in isocitrate  
dehydrogenases 1 & 2
Recently, high-throughput sequencing identi-
fied recurrent mutations in the gene encoding 
the cytosolic isoform of the enzyme isocitrate 
dehydrogenase (IDH)1 in 12% of GBMs [40]. 
IDH1 catalyzes the oxidative decarboxylation of 
isocitrate to a-ketoglutarate, thereby reducing 
NADP+ to NADPH. NADPH is essential for 
the regeneration of reduced glutathione, which 
is important in the protection of cells against 
oxidative damage. Therefore, IDH1 may play 
an antioxidant role during oxidative stress. The 
recurrent mutation was restricted to a single resi-
due of the IDH1 gene, and the majority (>90%) 
were CGT to CAT change, leading to an Arg132 
to His substitution. Five other mutations have 
been observed in subsequent studies (Arg132 to 
Ser, Cys, Gly, Val and Leu) [41]. Some patients 
without IDH1 mutations harbor a mutation in 
the analogous amino acid residue (Arg172) of the 
IDH2 gene, encoding the mitochondrial isoform 
of IDH. In this case, three changes have been 
observed (Arg172 to Lys, Met, and Gly) [42]. Yan 
et al. reported that more than 70% of low-grade 
gliomas harbor mutations in one of two NADP+-
dependent IDH genes (IDH1 and IDH2) [42]. 
IDH1 mutation was inversely correlated with 
grade, affecting nearly 75% of WHO grade II, 
half of WHO grade III gliomas and only 5% of 
primary GBMs [43], whereas 80% of secondary 
GBMs were IDH1 mutated [44]. These studies 
suggest that IDH1/IDH2 mutations occur at an 
early stage in the development of diffuse glio-
mas [45]. By contrast, IDH1 and IDH2 mutations 
are rare in pilocytic astrocytomas, ependymomas 
and medulloblastomas [42,46]. A few studies have 
also reported the frequency of IDH1 mutations 
in non-CNS malignancies: only rare muta-
tions were detected in prostate carcinomas and 
B-acute lymphoblastic leukemia (< 3%) and in 
acute myeloid leukemia (8%), suggesting that 
mutations in IDH1 play a unique role in the 
pathogenesis of gliomas [41,47,48]. 

IDH1/IDH2 mutations are also tightly associ-
ated with genetic profile: IDH1 or IDH2 muta-
tion is a constant feature in 1p19q codeleted 
gliomas [49] but is mutually exclusive with 
EGFR amplification (2% are IDH1 mutated) 
and loss of chromosome 10 (4% are IDH1 
mutated) [43]. IDH1 mutation is also associated 
with methylation of the MGMT promoter [43].
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The prognostic impact of IDH1 mutation has 
been reported by several studies. Tumors har-
boring mutation of the IDH1 gene have a better 
outcome than nonmutated tumors, regardless of 
the grade considered (Figure 1) [43,44]. For exam-
ple, in grade III tumors, the median survival 
of patients with mutated IDH1 is increased 

approximately fourfold compared with patients 
with wild-type IDH1 (81.1 vs 19.4 months, 
respectively) [43]. After adjustment for grade, 
age, MGMT methylation status, genomic profile 
and treatment, IDH1 mutation was identified 
as an independent marker of favorable out-
come [43]. More recently, Wick et al. reported 
the results of the NOA-04 randomized trial, 
which compared the efficacy and the safety of 
RT versus chemotherapy with either PCV or 
TMZ as initial therapy in patients with newly 
diagnosed anaplastic gliomas. This trial demon-
strated that the favorable impact of IDH1 muta-
tions was stronger than that of 1p19q codeletion 
or MGMT promoter methylation [36].

It has been suggested that IDH1 muta-
tion merely results in the inactivation of the 
enzyme with a dominant negative effect on the 
IDH1 dimer [42,50,51], resulting in the decrease 
of a-ketoglutarate, with, among other conse-
quences, the inhibition of hypoxia-inducible 
factor (HIF)-1 degradation [51]. However, 
more recently, Dang et al. demonstrated that, 
in addition to the loss of enzymatic function 
for oxidative decarboxylation of isocitrate 
(and production of NADPH), this muta-
tion also results in a gain of enzyme func-
tion for the NADPH-dependent reduction of 
a-ketoglutarate to 2-hydroxyglutarate, which 
accumulates in the IDH1-mutated cells, with 
production of NADP+ [52]. In this setting, it 
is also of interest to note that children with 
inborn errors of 2-hydroxyglutarate metabo-
lism have an increased risk of developing 
primary brain tumors [53]. In IDH1-mutated 
cells, we may hypothesize that the decrease 
of NADPH (with the consequent decrease of 
reduced glutathione) and the accumulation of 
2-hydroxyglutarate [54] results in an increase in 
oxidative stress. Through these means, IDH1 
mutation may contribute to both tumori-
genesis (genomic instability resulting from the 
oxidative environment) and response to treat-
ment (reduced resistance to agents producing 
oxidative damages).

IDH1 mutation also has a diagnostic potential. 
For example, IDH1 mutational status may help 
to differentiate grade II gliomas from pilocytic 
astrocytomas, or secondary GBMs from primary 
GBMs [16]. This will be considerably facilitated 
by the recent development of two monoclonal 
antibodies specifically targeted against the IDH1 
Arg132His mutation [55,56]. Future preclinical 
and clinical studies will also determine whether 
IDH1 mutational status influences response 
to treatment. 
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Figure 1. Overall survival curves in grade II, III and IV gliomas according to 
IDH1 codon 132 status. (A) Grade II mutant IDH1 (n = 158/234; p = 0.006). 
(B) Grade III mutant IDH1 (n = 121/261; p < 0.0001). (C) Grade IV mutant IDH1 
(n = 26/320; p = 0.013). 
Data with permission from [Wang XW, Unpublished Data].
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Executive summary

Codeletion of chromosome arms 1p & 19q
n	1p19q codeletion occurs in more than half of oligodendrogliomas and anaplastic oligoastrocytomas.
n	In both low-grade and anaplastic oligodendrogliomas, 1p19q codeletion is prognostic of progression-free survival and overall survival 

after chemotherapy, radiotherapy or both.

MGMT promotor methylation
n	MGMT promoter methylation is a predictive factor of response to alkylating chemotherapy regimens in glioblastomas.
n	MGMT promoter methylation is a prognostic factor in grade III gliomas.
n	The only reliable detection technique is probably methylation-specific PCR.
n	The best technique for analyzing MGMT status has still to be determined.

IDH1 mutations
n	IDH1 mutations are identified as a major prognostic factor in diffuse gliomas.
n	IDH1 mutations may also be useful for diagnostic purposes.
n	The impact of IDH1 mutations on treatment response remains to be determined.

Conclusion & future perspective
n	New biomarkers contribute to a more comprehensive classification of gliomas based on both histological and molecular features, and 

present new perspectives for treatment.

Conclusion & future perspective
Emerging evidence indicates that the molecular 
profiles of gliomas may influence the sensitivity 
of these tumors to both conventional treatments, 
such as radiation chemotherapy, and innovative 
targeted therapies [57]. To be included in routine 
diagnostic procedures and in therapeutic deci-
sions, these markers should be tested with reliable 
and validated methods in randomized clinical 
trials, in order to validate their predictive and 
prognostic value. Current clinical trials select 
or stratify the population according to MGMT 

promoter methylation and 1p19q codeletion 
status. Given the as yet unreached prognostic 
impact of IDH1 mutations in gliomas, there is no 
doubt that this new marker will soon be included 
in such a process. In addition, the recent identi-
fication of 2-hydroxyglutarate accumulation as a 
potential target opens new therapeutic perspec-
tives in IDH1-mutated tumors. IDH1 illustrates 
how a new marker may contribute not only to a 
more accurate and objective classification of glio-
mas, but also to the development of new effective 
therapeutic agents for brain tumors.ry
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ABSTRACT
Isocitrate dehydrogenases (IDHs) convert isocitrate to a-keto-
glutarate by oxidative decarboxylation and are thereby
involved in multiple metabolic processes. Mutations in the
genes encoding IDH1 and IDH2 were first reported in human
gliomas in 2008 and later on also identified in a minority of
patients with acute myeloid leukemia. The mutations univer-
sally affect codons 132 in IDH1 and 172 in IDH2 and result
in decreased enzymatic activity. The oncogenic pathway
triggered by IDH mutations may involve the activation of
hypoxia-inducible factor pathway as well as the acquisition of
a novel (gain of enzymatic) function consuming NADPH and
generating a-hydroxyglutarate. Most intriguingly, IDH muta-
tions are observed in �70–80% of grade II/III gliomas and the
majority of secondary glioblastomas, but only 10% of primary
glioblastomas, suggesting a different cellular origin of the
gliomas, which had previously been viewed as a multistep
process of malignant progression. Understanding the onco-
genic pathway mediated by mutant IDH might result in the
development of novel, tailored pharmacological therapies for
human glioma patients. VVC 2011 Wiley-Liss, Inc.

INTRODUCTION

Isocitrate dehydrogenases (IDHs) are a group of
enzymes involved in monocarbon metabolism, which
catalyzes the conversion of isocitrate to a-ketoglutarate by
oxidative decarboxylation. Five genes encode three IDH
variants in humans. The homodimeric enzymes IDH1
(chromosome 2q33.3) and IDH2 (chromosome 15q26.1)
generate NADPH from NAPD, whereas the multitetra-
meric IDH3 (2a1b1g) composed of three subunits (subunit
alpha chromosome 15q25.1–q25.2; subunit beta chromo-
some 20p13; subunit gamma chromosome Xq28) generates
NADH from NAD. These enzymes may thus be involved
in cellular protection from oxidative stress. IDH1 is a cyto-
solic and peroxisomal enzyme, whereas IDH2 and IDH3
are mitochondrial enzymes. Only IDH1 and IDH2 are
known to be mutational targets in human cancers. IDH1

mutations were first identified in human gliomas as a
result of a large-scale genomic sequencing approach by
The Centre for Genomic Application (Parsons et al., 2008).
Key features of IDH1 mutations in glioblastoma in adults
were already recognized initially: they occurred preferen-
tially in younger patients, in patients with secondary
glioblastoma progressing from grade II/III gliomas, and
indicated a more favorable outcome.

IDH MUTATION AS A DIAGNOSTIC MARKER

The differential distribution of IDH1 and, to a lesser
extent of IDH2, mutations among various types of glio-
mas have both confirmed and reshaped some of the
major concepts on the evolution and subclassification of
gliomas (Balss et al., 2008; Kloosterhof et al., in press;
Yan et al., 2009a) and may influence glioma grading in
the future. The vast majority of IDH1 mutations are
missense mutations, which result in the replacement of
arginine at position 132 by histidine. Rare non-R132H
mutations may preferentially occur in astrocytomas and
in p53 mutant tumors (Gravendeel et al., 2010; Hart-
mann et al., 2009, 2010), including glioma patients with
Li Fraumeni syndrome (Watanabe et al., 2009b). No
prognostic significance has been assigned to the type of
IDH1 mutation (Gravendeel et al., 2010). Table 1 sum-
marizes the relative frequencies of IDH1 mutations in
gliomas as reported in the literature.

No IDH mutations were detected in ependymomas
(Balss et al., 2008; Watanabe et al., 2009a; Yan et al.,
2009b) and various other tumors (Bleeker et al., 2009;
Kang et al., 2009; Murugan et al., 2010; Sahm et al., in
press; Yan et al., 2009b). Yet, acute myeloid leukemia has
been identified as an apparently unrelated type of cancer
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characterized by IDH mutations, albeit only in 8% of the
patients (Mardis et al., 2009). Non-R132H mutations of
the IDH1 gene are probably more common in acute mye-
loid leukemia than in gliomas (Mardis et al., 2009), and
there may be a greater proportion of IDH2 than IDH1
mutations in acute myeloid leukemia (Ward et al., 2010).

The first publication on IDH1 mutations in gliomas
had already proposed that secondary glioblastomas were
much more likely to carry IDH1 mutations and that
these could serve as a molecular marker of secondary
glioblastoma (Parsons et al., 2008). This was confirmed
and extended in independent case series where the fre-
quency was in the ranges of 50% (Ichimura et al., 2009)
to 73% (Bleeker et al., 2009; Nobusawa et al., 2009) to
77% (Sanson et al., 2009) to 82% (Watanabe et al.,
2009a) to 83% (Parsons et al., 2008) to 85% (Yan et al.,
2009b) to 88% (Balss et al., 2008).

IDH1 mutations were associated with TP53 mutations
in astrocytic tumors in most (Yan et al., 2009b) but not
all (Sanson et al., 2009) studies as well as with O6-meth-
ylguanylmethyltransferase (MGMT) promoter methyla-
tion and 1p/19q codeletions (Sanson et al., 2009; van
den Bent et al., 2010). In contrast, tumors with classical
molecular lesions of glioblastoma such as epidermal
growth factor receptor amplication or chromosome 10
loss do not usually harbor IDH mutations.

Compared to 1p/19q codeletion and especially MGMT
promoter methylation requiring FISH analysis, multiple
polymerase chain reaction (PCR) analyses, or error prone
nucleotide conversion reactions, the IDH1 status can be
assessed by a simple PCR and consecutive sequence anal-
ysis. Moreover, the development of an IDH mutant-
specific antibody recognizing the most frequent R132H
mutation in glioma has greatly facilitated the determina-
tion of the IDH status (Capper et al., 2009, 2010b). Nota-
bly, this antibody does not bind to reactive glial cells, thus
greatly assisting the distinction of sparse and diffuse
tumor-cell infiltration by astrocytoma or oligodendroglioma
from reactive gliosis (Capper et al., 2010a) (Fig. 1). Thus,
within the diagnostic framework of the current WHO
classification, the assessment of the IDH status is helpful:

� To recognize diffuse tumor infiltration of astrocytoma
or oligodendroglioma;

� To distinguish diffuse tumor infiltration from reactive
astrocytosis;

� To distinguish WHO grade I pilocytic astrocytomas
from diffuse astrocytomas;

� To distinguish astrocytic and oligodendroglial tumors
from ependymomas;

� To distinguish oligodendrogliomas from other glio-
neuronal tumors with clear-cell morphology;

� To derive prognostic information in gliomas of grades
II–IV.

IDH MUTATION AS A PROGNOSTIC MARKER

Already, the first analyses had indicated that tumors
carrying IDH mutations had a better prognosis than
IDH wild-type tumors (Parsons et al., 2008). This has
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been confirmed across gliomas of grades II–IV and in
both astrocytic and oligodendroglial gliomas (Dubbink
et al., 2009; Sanson et al., 2009; Wick et al., 2009; Weller
et al., 2009). Most recent data demonstrate the prognos-
tic effect of IDH1 mutations to be of such power in ana-
plastic astrocytomas and primary glioblastomas that
change to the WHO classification and the grading of
these tumors appear to be indicated. In a large series of
382 patients, those with anaplastic astrocytomas lacking
an IDH1 mutation fared significantly worse than those
with IDH1 mutation and notably also worse than glio-
blastoma patients with IDH1 mutation (Hartmann
et al., in press). This indicates that the fraction of
patients with anaplastic astrocytomas lacking IDH1
mutations amounting to roughly 30% of all patients
with anaplastic astrocytomas might benefit from more
aggressive treatment similar to that currently given to
patients with glioblastoma. In contrast, it has not been
possible to link IDH mutations to better responsiveness
to specific types of treatment neither in glioblastoma
(Weller et al., 2009) nor in anaplastic gliomas in the
NOA-04 (Wick et al., 2009) or the EORTC 26951 trial
(Van den Bent et al., 2010). Moreover, IDH mutations
were linked to improved overall survival, but not to
response to temozolomide at progression after radiother-
apy, in patients with low-grade gliomas (Dubbink et al.,
2009). Interestingly, among pediatric glioma patients,
IDH mutations occur preferentially in the older patients,
that is, above the age of 14: IDH1 mutations were noted
in 7 of 20 tumors (35%) from children �14 years, but in
0 of 23 younger children, and were again associated
with better outcome (Pollack et al., in press).

ARE IDH MUTATIONS TUMORIGENIC?

IDH mutations have been demonstrated to be early
markers in the evolution of gliomas. In a series of

51 patients where more than one tissue specimen was
available, IDH1 mutations never occurred after the acqui-
sition of a p53 mutation or a 1p/19q codeletion (Watanabe
et al., 2009a). This observation suggests that IDH muta-
tions are important and very early molecular changes that
promote glioma development. It is conceivable that the
maturation or differentiation stage of the putative precur-
sor cell that acquires this mutation will determine the
type of glioma developing: pure astrocytoma or pure
oligodendroglioma or mixed oligoastrocytoma.

Models of gliomagenesis mediated by IDH mutations
must account for the facts that almost all mutations con-
cern residue R132 of IDH1 or the homologous residue
R172 of IDH2, which are essential for interactions with
the substrate isocitrate, that these mutations are all
heterozygous and that they appear to interfere with en-
zymatic activity. That mutations targeting the isocitrate
binding site result in decreased enzymatic activity are
expected and consistent with a loss of function mutation
(Bleeker et al., 2010). Such loss of enzyme function has
been demonstrated in vitro for recombinant IDH1 pro-
tein (Ichimura et al., 2009; Yan et al., 2009b). However,
it would be unusual that the second allele would not
compensate for this functional loss of enzyme activity in
vivo (haploinsufficiency). Moreover, the heterozygous
nature of the mutation suggested early on that these
mutations confer a gain of function to the mutant pro-
tein (Parsons et al., 2008), similar to heterozygous muta-
tions in the ras genes or in BRAF. In fact, it has been
demonstrated that the glioma-associated IDH mutations
result in a novel enzymatic activity of the mutant IDH
proteins, that is, to catalyze the NADPH-dependent con-
version of a-ketoglutarate to R(2)-2-hydroxyglutarate
(Dang et al., 2009). This was confirmed by sophisticated
expression and metabolite profiling studies in glioma
cells in vitro, which revealed R(2)-2-hydroxyglutarate as
the single metabolite specifically altered in mutant
IDHR132H-transfected glioma cells. Moreover, this con-
cept was supported by the demonstration of elevated lev-
els of R(2)-2-hydroxyglutarate in IDH-mutant gliomas
in vivo. This gain of a new metabolic activity has been
confirmed in acute myeloid leukemia cells carrying IDH
mutations (Gross et al., 2010; Ward et al., 2010).

L-2-hydroxyglutarate is the metabolite that accumu-
lates in the inborn error of metabolism, L-2-hydroxyglu-
taric aciduria (Van Schaftingen et al., 2009). An
increased risk of various types of brain tumors for
patients with L-2-hydroxyglutaric aciduria has been
proposed (Aghili et al., 2009; Yazici et al., 2009). Yet, IDH
mutations in gliomas induce the accumulation of the D-2
enantiomer of 2-hydroxyglutarate, and an increased brain
tumor risk has (apparently) not been noted in D-2-hydrox-
yglutaric aciduria (Smeitink, 2010). However, the majority
of patients with idiopathic D-2-hydroxyglutaric aciduria,
exhibiting normal function of the enzyme 2-hydroxyg-
lutarate dehydrogenase, were shown to carry germline
mutations in IDH2 (Kranendijk et al., 2010). Thus, the
tumor-promoting properties of IDH mutation-associated
metabolites cannot be explained yet by these metabolic
diseases.

Fig. 1. Solid astrocytoma WHO grade II (lower right) and diffuse
infiltration. Immunohistochemistry with antibody H09 (3100). Inset
(3400) shows H09 binding tumor cells and residential cells in the
infiltrating edge.
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A second line of research focused on the loss of endoge-
nous IDH function mediated by dominant-negative inhibi-
tion, given that IDH may act as a homodimer (Zhao et al.,
2009). Supporting this notion, ectopic expression of
mutant IDH1 in IDH wild-type cells reduced the forma-
tion of a-ketoglutarate, suggesting that the function of the
remaining allele was suppressed, too. In turn, hypoxia-
inducible factor (HIF)-1a levels increased, which was
attributed to release from negative regulation by a-keto-
glutarate, which is required for prolylhydroxylase activity.
Prolylhydroxylases promote the degradation of HIF-1a.
Specifically, related to this, impaired developmental
apoptosis of neural crest cells with the risk of tumor for-
mation has been related to the diminished activity of
EglN prolyl hydroxylases, resulting from low levels of
a-ketoglutarate (Schlisio, 2009). Similar to a concept of a
gain of function mutation, a model of dominant-negative
inhibition would explain why no IDH mutations causing a
frameshift or premature termination have been observed.
Yet, this hypothesis does not explain the almost universal
affection of one codon in both IDH1 and IDH2 when other
mutations, too, may compromise the physiological enzy-
matic activity of IDH [reviewed in Kloosterhof et al. in
press)]. It should also be considered that increased HIF-1a
activity has been shown to be of great importance in the
biology of glioblastoma, but its role for WHO grade II
astrocytomas or oligodendrogliomas has not been firmly
established. However, WHO grade II astrocytomas and
oligodendrogliomas exhibit IDH1 mutations more than 10
times as often as glioblastomas. Moreover, IDH enzymes
with altered activity profiles may directly or indirectly
affect other metabolic pathways, including NADP-depend-
ent pathways such as the pentose phosphate pathway,
intracellular base acid balances, and antioxidant properties.

Future research should be directed at better under-
standing why IDH mutations occur specifically in some
types of gliomas and acute myeloid leukemia, how the
properties of the mutant IDH enzymes promote tumori-
genesis and whether selective drugs targeting the
altered gain-of-function enzymatic activity of mutant
IDH enzymes can be designed and inhibit tumor growth
and progression.

CONCLUSIONS

The IDH mutation has already become a molecular
marker of significant diagnostic and prognostic rele-
vance in the assessment of human gliomas. The onco-
genic pathway facilitated by mutant IDH is under
intense investigation, and its elucidation is expected to
result in novel therapeutic approaches for the majority
of grade II and III gliomas, which carry IDH mutations.
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Meningiomas arise from the dural coverings of the brain.
They are the commonest benign intracranial tumour,
accounting for 13–26% of all primary intracranial
tumours.1 They can be classified according to their dural
site of origin, the involvement of adjacent tissues (eg,
venous sinuses, bone, brain, and nerves), and their
histological grading. Meningiomas present clinically by
causing focal or generalised seizure disorders, focal
neurological deficits, or neuropsychological decline.
Accurate diagnosis before treatment has been greatly
facilitated by the wider availability of CT and, especially,
MRI. There have been substantial advances in elucidation
of the genetics, molecular biology, and neuropathology of
meningiomas; this information is becoming useful in
prediction of prognosis after various treatments. Surgical
excision remains the preferred treatment and in many
cases is preceded by endovascular embolisation.
Stereotactic radiosurgery and external-beam radiotherapy
are being used increasingly for surgically inaccessible,
recurrent, or subtotally excised tumours, particularly if
they are atypical or anaplastic.

Epidemiology
Meningiomas have an annual incidence of 6 per 100 000
population.2 They are twice as common in the female as in
the male population, and the incidence is highest after the
fifth decade of life.1 An estimated 2–3% of the population
have an incidental asymptomatic meningioma, and in
autopsy studies 8% of these are multiple.3 Although most
meningiomas are sporadic and of unknown aetiology,
there are recognised risk factors, including genetic factors
(eg, neurofibromatosis type 2, in which the tumours may
be multiple and en plaque) and cranial irradiation for
tinea capitis.4 The contribution to later-onset
meningiomas of cranial irradiation for intracranial
tumours or disease prophylaxis is less convincing. After
irradiation for pituitary tumours, the evidence is

Lancet 2004; 363: 1535–43

Department of Clinical Neurosciences, Western General Hospital,
Edinburgh EH4 2XU, UK (Prof I R Whittle MD, C Smith MD,
P Navoo FRCS, D Collie FRCR)

Correspondence to: Prof I R Whittle, Department of Clinical
Neurosciences, Western General Hospital, Edinburgh EH4 2XU, UK
(e-mail: irw@skull.dcn.ed.ac.uk)

suggestive but there are caveats.5 In children who have
received prophylactic irradiation for acute lymphoblastic
leukaemia, the incidence of intracranial tumours is ten
times higher than in the general population (median time
to onset 7 years) but only 10% of these tumours are
meningiomas.6 The incidence of meningiomas is increased
after head injury, although the causality is unclear,7 and in
breast carcinoma,8 for which shared risk factors might be
important.

Neuropathological features
Meningiomas are generally slow-growing tumours
composed of neoplastic arachnoidal (meningothelial)
cells. These epithelial cells have a barrier-like function.
Macroscopically, they commonly form well-circumscribed
masses that have lobular architecture. Occasional
tumours, particularly those lying next to the sphenoid
ridge, grow in a more diffuse pattern over the dura; these
are termed meningioma en plaque. Histological grading of
meningiomas is based on the current WHO classification.1

Most (about 90%) are WHO grade I, reflecting their
benign nature. However, atypical meningiomas (WHO
grade II), which make up 5–7%, and anaplastic variants
(WHO grade III), 1–3%, are recognised by several
histological characteristics (panel).

WHO grade I
Histological WHO grade I meningiomas (figure 1),
generally follow a benign clinical course and have only
occasional mitotic figures, although pleiomorphic nuclei
do occur. Various architectural patterns are seen within
this group, and the tumour cells express epithelial
membrane antigen. We emphasise that the WHO grade
and not the architectural pattern is the important
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Meningiomas are by far the most common tumours arising from the meninges. Progressive enlargement of the tumour
leads to focal or generalised seizure disorders or neurological deficits caused by compression of adjacent neural
tissue. Surgery remains the primary treatment of choice, although the use of fractionated radiotherapy or stereotactic
single-dose radiosurgery is increasing for meningiomas that are incompletely excised, surgically inaccessible, or
recurrent and either atypical or anaplastic. Although most meningiomas have good long-term prognosis after
treatment, there are still controversies over management in a proportion of cases. We review various features of
meningioma biology, diagnosis, and treatment and provide an overview of the current rationale and evidence base for
the various therapeutic approaches.

Search strategy and selection criteria

This seminar is based mainly on papers published during the
past 5 years, although some classic papers have been cited.
The search strategy selected articles from MEDLINE by use of
the PubMed system. The key words used were: “meningioma”
cross-referenced with key words such as “epidemiology”,
“cytogenetics”, “embolisation”, “radiotherapy”, “surgical
resection”, and “somatostatin receptor”. Only papers with an
abstract in English were considered.



pathological information in decisions on management of a
patient. The three commonest architectural patterns are
meningothelial, fibroblastic, and transitional. The
characteristic histological features of cellular whorls and
psammoma bodies (round calcified bodies) are seen most
commonly in the transitional variant. Fibroblastic
meningiomas can resemble peripheral-nerve-sheath
tumours such as schwannoma, but characteristic
meningothelial cells are generally present, albeit only
focally. Psammomatous meningiomas contain large
numbers of psammoma bodies. Angiomatous menin-
giomas are highly vascular and can be confused on
histology with a vascular malformation, though radio-
logically they are clearly distinct. Foci of meningothelial
cells are present in all angiomatous meningiomas,
although they may be sparse. Secretory meningiomas
form intracellular lumina lined by cytokeratin-immuno-
reactive cells. The lumina contain material that stains with
periodic acid/schiff and is immunoreactive for carcino-
embryonic antigen.

WHO grade II
Two subtypes of WHO grade II meningiomas are
recognised on the basis of their architectural pattern:
clear-cell and chordoid meningiomas. The latter (figure 1)

resemble chordomas, with trabeculae of epithelioid cells
in a mucinous stroma. Haematological disorders, such as
Castleman’s disease, have been reported in association
with chordoid meningiomas.9 The term atypical can be
used for any architectural pattern, but specific histological
features are required. Of these features, a mitotic rate of at
least four mitotic figures per ten high-power fields is the
most important,10 allowing a histological diagnosis of
atypia in the absence of the other features (such as
increased cellularity; small cells with a high ratio of
nucleus to cytoplasm; prominent nucleoli; sheet-like
growth pattern; and “geographic” necrosis). In the
absence of this mitotic rate, at least three of the other five
features must be present for a histological diagnosis of
atypia. WHO grade II tumours have a higher rate of
recurrence (29–40%) than grade I tumours (7–20%),
particularly after subtotal resection.1

WHO grade III
Grade III meningiomas are subclassified on the basis of
their architectural pattern into papillary and rhabdoid
subtypes. Papillary meningiomas are rare variants and are
mostly seen in children. They are defined by a
perivascular pseudopapillary pattern. Rhabdoid menin-
giomas contain rhabdoid cells, which have a specific
microscopic appearance with eccentric nuclei, abundant
globular eosinophilic cytoplasm, and paranuclear
inclusions, and they show focal immunoreactivity for
epithelial membrane antigen.11 Deletion of the INII gene
(22q11.2) does not appear to be a feature of the rhabdoid
cells in rhabdoid meningiomas.12 Anaplastic (malignant)
meningiomas (figure 1) have obvious malignant cytology,
a high mitotic rate (20 or more mitotic figures in ten high-
power fields), or both. These tumours show a high
frequency of local and brain invasion, recurrence, and
metastases.

Brain invasion is defined histologically as islands of
neoplastic cells that have invaded through the pia to
involve underlying cortical tissue, commonly producing a
gliotic reaction. Brain invasion is not one of the criteria
used for grading tumours in the WHO classification, but it
should always be commented on in a pathological report,
because brain invasion is associated with subtotal
resection and a higher rate of recurrence.10

Indices of biological activity
Expression of proliferation markers such as MIB-1 and
Ki67 has generally shown progressive increases in
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WHO classification of meningiomas (2000)

WHO grade I
Meningothelial
Psammomatous
Secretory
Fibroblastic
Angiomatous
Lymphoplasmacyte-rich
Transitional
Microcystic
Metaplastic

WHO grade II
Clear-cell
Chordoid
Atypical

WHO grade III (anaplastic)
Papillary
Rhabdoid
Anaplastic

Figure 1: Examples of tumours of WHO histological grades I–III
A: transitional meningioma (grade I) showing characteristic cellular whorls; intranuclear pseudo-inclusions are visible in some cells. 
B: chordoid meningioma (grade II) with cohesive epithelial-like cords of cells; small foci of more typical arachnoidal differentiation are found in most of
these tumours. C: anaplastic meningioma (grade III) consisting of pleiomorphic arachnoidal cells with a high mitotic rate; foci of necrosis are widely
distributed throughout most of these tumours.



labelling index with WHO grade from 1·00–1·35% for
grade I, to 1·90–9·30% for grade II or atypical, and
5·60–19·5% for grade III or anaplastic meningiomas.1,13–15

Meningiomas that recur tend to have higher labelling
indices than those that do not (2·30–10·9% vs
0·39–3·80%).15 In one series of 83 patients, no tumour
with a labelling index of less than 10% recurred.16

Expression of other proliferation-associated markers, such
as mitosin and topoisomerase II�, correlates well with
MIB-1 labelling index.14,17 Conversely, other studies have
found no relation with tumour grade17,18 or did not find the
labelling index to be an independent prognostic marker.19

There is therefore some diversity in findings on labelling
index. Other biological factors, such as apoptosis-related
proteins (p53, p21WAF1, and p27Kip1)13 or growth
factors (transforming growth factors � and �, and platelet-
derived growth factor),20 are likely to be important in
meningioma progression or recurrence; this link is also
suggested by findings in childhood meningiomas in which
the MIB-1 labelling indices are similar to those in adults,
although meningiomas in children generally behave more
aggressively.15

Many meningiomas (57–67%) express progesterone
receptors (PR).21–23 Several studies have shown
associations between high PR expression and good
histological grade, lower frequency of recurrence, and
overall favourable prognosis.19,20,24 Another study25

confirmed the association between PR expression and
good histological grade but did not find that PR
expression was an independent prognostic marker.
Relative expression of PR-A, PR-B, and PR-78 subtypes,
and their relations with different antiapoptotic and
proapoptotic factors could also be important for their
biological significance.21,22,26 Various quantitative and
qualitative methods (eg, ligand-binding assay,
immunohistochemical) of detection of PR have also been
used. PR expression remains a topic of research study but
at present has a limited role in the diagnostic process.

Somatostatin receptors are also expressed by many
(70–100%) meningiomas.27,28 The biological function of
these receptors, predominantly type 2a (hsst2a) receptors,
is unknown.28 Their presence can be used to image the
tumours with radiolabelled substances such as indium-
111-labelled octreotide,27 and this approach is especially
useful for postoperative detection of residual or early
recurrent tumour.29 Although there have been at least six
case-reports of treatment of meningiomas with
somatostatin analogues, novel non-peptide, cytotoxic, and
radiolabelled somatostatin analogues with specific hsst2a
activity will probably be needed to provide novel
management approaches.28

Meningioma cytogenetics and molecular
neuropathology
Mutations of the NF2 gene, which is located at
chromosome 22q12, are found in meningiomas of all
grades and are thought to be an early event in
tumorigenesis. Up to 60% of sporadic meningiomas show a
somatic mutation of NF2, resulting in a presumably non-
functional merlin30 or schwannomin31 protein. There is an
association between the histological variant and the
frequency of NF2 mutations, with 70–80% of transitional
and fibroblastic meningiomas carrying NF2 mutations,
compared with only 25% of meningothelial meningiomas.32

The product of the DAL-1 gene (18p11.3), a member of
the protein 4.1 family, which has homology with merlin,
has also been implicated in familial meningiomas33 and
meningioma evolution;34 loss of expression of this protein is
an early event in tumorigenesis.20

The next most common genetic mutations seen in
meningiomas after loss of 22q are deletions of 1p, 3p, 6q,
9p, 10q, and 14q.35 A putative suppressor gene is located
at 1p36.21.36 Deletions of 1p, 9p, 10q, and 14q are
associated with increasing histological grade,36–38 and 14q
deletions in benign meningiomas (WHO grade I) may
reflect a propensity for recurrence. Other chromosomal
losses and gains have been reported from comparative
genomic hybridisation studies of atypical and anaplastic
meningiomas; allelic gain and amplification of 17q occur
in up to 60% of anaplastic meningiomas.39

Compared with glial tumours, little is known about the
molecular pathogenesis of meningiomas and their
malignant progression.35 Gene expression profiling with
microarrays enabled differentiation of WHO grade I from
grade II and III tumours and confirmed altered expression
of growth-hormone receptor, insulin-like growth factor II,
insulin-like growth-factor binding protein 7, and
endothelin receptor A.35 Various other genes were
differentially overexpressed, including midkine (mitogenic
and angiogenic regulation), EAR-2 (associated with gene
hormonal regulation), and cathepsin K (expression
associated with invasive phenotype). Cathepsin D
expression is, however, associated with lower tumour
grade, low mitotic count, and low recurrence.40 Other
genes, including RAD (an nm23 metastasis suppressor),
BCR (mediator of cell-cycle growth arrest and apoptosis),
and JUN-B (represses cyclin D and cell proliferation)
were downregulated in tumours of grades II and III
compared with WHO grade I tumours.35

Site of origin
Meningiomas can arise from the dura at any site
(figure 2), most commonly the skull vault, from the skull
base (the planum sphenoidale, the sphenoid wing, the
petrous ridge, the cavernous sinus and perisellar region,
and the clivus), and at sites of dural reflections (falx
cerebri, tentorium cerebelli, and dura of the adjacent
venous sinuses). Other less common intracranial sites of
origin including the optic-nerve sheath and the choroid
plexus (intraventricular meningioma). 10% of
meningiomas arise in the spine. Very rarely, meningiomas
have also arisen wholly outside the craniospinal axis, in
the ear and temporal bone, mandible, foot, mediastinum,
and lung.41,42

Clinical presentation
With the wider use of CT and MRI, many meningiomas
are discovered as incidental findings during investigation
for unrelated symptoms.43,44 When symptomatic,
intracranial meningiomas present with a wide variety of
symptoms arising from compression of adjacent
structures, direct invasion of or reactive changes in
adjacent brain tissue, and obstruction of cerebrospinal-
fluid (CSF) pathways, cortical veins, or major venous
sinuses.

Meningiomas commonly present with seizure disorders
(27–67%), which can be partial (37%), complex partial
(8%), generalised (60%), or a combination of these.45,46

The pathogenesis of meningioma-associated seizures is
poorly understood, although location, perilesional
oedema, and convexity location all contribute.45–47

Symptoms and signs of raised intracranial pressure could
be due to the large size of the meningioma itself or to the
pronounced cerebral swelling resulting from reactive
vasogenic oedema associated with some surprisingly small
tumours. Large tumours in the posterior cranial fossa can
cause obstructive hydrocephalus and present with
papilloedema and classic early-morning headache.
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Occasionally, meningiomas mimic transient ischaemic
attacks or present with intracranial haemorrhage.48,49

Focal neurological deficits caused by meningiomas
generally relate to direct local brain, cranial-nerve, or
spinal compression, and can be predicted from the site of
origin of the tumour. Calvarial meningiomas, including
those arising in the parasagittal area, can cause region-
specific deficits. Language dysfunction with dominant
hemispheric meningiomas is not as common as in
gliomas.50 Many meningiomas arising from the anterior
skull base are large at presentation, and psychomotor
symptoms and behavioural disturbance are predominant,
with personality disintegration (anterior falcine, olfactory
groove, or orbitofrontal meningiomas).

Cranial neuropathies causing visual disturbances
(parasellar, medial sphenoidal wing meningiomas),
ophthalmoplegia, or trigeminal dysaesthesia (cavernous
sinus and petrous-ridge meningiomas) are also common.
Progressive unilateral visual loss is a feature of
meningiomas of the optic-nerve sheath. Such patients
might have opticociliary shunting on fundoscopy and axial
proptosis. The Foster-Kennedy syndrome occurs rarely
with large parasellar or orbitofrontal meningiomas.

Ataxia and cranial neuropathies can occur with
petroclival meningiomas (figure 2). Various spinal
syndromes occur with spinal meningiomas, which are most
common in the thoracic spine. They present with a slowly
progressive spastic paraparesis with or without radicular or
nocturnal pain. The main differential diagnosis is
demyelination, and direct imaging of the spine in cases of
isolated spastic paraparesis is essential to distinguish
between these and identify a potentially curable lesion. The

next commonest spinal sites are the cervical spine and
craniocervical junction, presenting with symptoms of
spastic quadriparesis, with or without low bulbar signs.
Occasional spinal meningiomas also present with a sudden
spinal event, relating to minor trauma, due to acute
compromise of the spinal-cord vascular supply.

Neuroradiology
Brain or spinal imaging with CT or MRI is used to
diagnose meningiomas, many of which have diagnostic
features. Meningiomas are well-defined, extra-axial
masses, which displace the adjacent brain. They may show
a characteristic peripheral CSF cleft, reflecting
displacement of the brain away from the overlying dura
(figure 2). However, some lesions become very large before
clinical presentation, and distinction between an intra-axial
and extra-axial origin is impossible in some cases.

On CT, most meningiomas are slightly hyperdense
compared with normal brain, and there is strong uniform
enhancement after intravenous contrast. MRI is the
preferred investigation of choice because it can clearly
show the dural origin of the tumour in most cases.
Meningiomas are most commonly isointense or slightly
hypointense to brain on T1-weighted imaging and
hyperintense on T2-weighted imaging. As with CT, after
gadolinium enhancement, meningiomas show strong
homogeneous enhancement. Gadolinium enhancement is
especially useful in delineating en-plaque meningiomas.
As with other slow-growing extra-axial tumours,
meningiomas can cause reactive arachnoid cysts of
variable sizes in 5% of cases, particularly in meningiomas
involving the basal CSF cisterns,51 and these may
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Figure 2: Common sites of occurrence of meningiomas
A: contrast-enhanced CT of a large right frontal homogeneously enhancing extra-axial mass typical of a vault meningioma; note the reactive arachnoid cyst
(arrows) underlying the lesion. B: contrast-enhanced CT of large well-defined petrous-ridge meningioma with reactive sclerosis of the underlying bone. C:
contrast-enhanced T1-weighted MRI of cavernous sinus meningioma showing en-plaque involvement of the pituitary fossa and middle cranial fossa floor,
with encasement of the left carotid vessels. D: meningioma of the clivus. E: recurrent falcine meningioma; histology after subtotal resection (Simpson
grade 3) revealed a WHO grade III lesion; the changes in the frontal bone are due to previous surgery. F: optic-nerve meningioma; STIR axial MRI showing
circumferential thickening of the left optic nerve with axial proptosis. G: spinal meningioma; well-defined extramedullary lesion in the cervical spine.
Neurofibromas may look identical but generally occur in a younger age-group.



contribute to the mass effect. Some meningiomas show
central cystic degeneration or have an associated cyst that
can mimic schwannomas or intra-axial tumours.52 In
addition, most meningiomas show a characteristic
marginal dural thickening that tapers peripherally (the tail
sign; figure 3), accurately localising the tumour to the
dural or subdural compartment. This feature is much
more clearly seen on MRI than CT, because contrast
enhancement on T1-weighted MRI is superior to
enhancement on CT, and the subarachnoid space is more
clearly distinguishable on T2-weighted images.

Meningiomas are associated with variable oedema-like
changes in the brain white matter surrounding the tumour
(figure 3), reflecting a combination of vasogenic brain
oedema and cerebral gliosis due to prolonged brain
compression and other factors. These white-matter
changes persist in some cases even after complete
resection of the meningioma and do not necessarily reflect
disease recurrence. The degree of white-matter change is
very variable and, though more common in larger
tumours, is also florid with some small lesions. The causes
of oedema associated with meningiomas have been widely
studied, but there is no apparent unifying factor. Venous
obstruction, tumour vascularity, pial–meningeal anasto-
moses, capillary permeability, the presence of vascular
endothelial growth factor, and tumour secretion all
contribute to variable degrees.53–55

Several other disease processes have a propensity for
primary involvement of the dura mater or subdural space
giving a meningioma-like appearance,56 including
metastatic disease (lymphoma and adenocarcinoma),
inflammatory lesions (sarcoidosis, Wegener’s granulo-
matosis), and infections (tuberculosis).

Secondary involvement of the
underlying bone (reactive sclerosis,
invasion, erosion) by meningiomas is
not common with convexity menin-
giomas but occurs in nearly 50% of
skull-base lesions.57 It reflects local
bone invasion or metabolic properties
of the meningioma57,58 and can be seen
in neurofibromatosis type 2 (figure 3).
If bone is involved and resection is
feasible, spiral CT of the vault or skull
base with multiplanar or three-
dimensional reconstructions is useful
in selecting the surgical approach.
Spheno-orbital tumours involving bone
commonly present with enlarging
painless skull lumps or non-axial
proptosis. Differentiation of an en-

plaque meningioma from bony metastases, the main
differential diagnosis, is difficult.59 Other disorders that
can mimic meningioma by causing bone sclerosis or
thickening on skull radiographs include osteomas, fibrous
dysplasia, Paget’s disease, and more rarely hyperostosis
frontalis interna, haemolytic anaemias, and hyper-
parathyroid disorders. However, MRI clearly distin-
guishes these from meningioma in most cases by showing
the presence of a dural-based enhancing soft-tissue mass
in meningiomas.

Meningiomas have a propensity for invasion of cerebral
veins and major cerebral venous sinuses. In cases in which
lesions lie close to these structures, MRI venography
(time-of-flight or phase contrast) is an extremely useful
non-invasive means of demonstrating patency, narrowing,
or occlusion of major vessels, which helps in the selection
of appropriate surgical management (figure 4).

Before CT and MRI became widely available, catheter
angiography was the core investigation for diagnosis of
meningiomas, showing that the tumours were fed by
meningeal branches of the external carotid or vertebral
systems, with a characteristic late venous “tumour blush”.
However, this technique is now reserved for clarification
of the diagnosis when the appearances remain ambiguous
on CT or MRI, when the anatomy of feeding arteries and
veins would affect the surgical approach, or in preparation
for intravascular embolisation. Vascularity varies
substantially, and many tumours parasitise branches of
the internal carotid artery.60

Management
The management of a meningioma depends on the signs
and symptoms it produces, the age of the patient, and the
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Figure 3: Radiographic signs of meningioma
A: tail sign; tapering dural thickening (arrows), due to direct tumour involvement or reactive change
in the dura, is a highly characteristic sign of meningioma; note also the small reactive arachnoid
cyst reflecting the extra-axial site of this lesion (arrowhead). B: reactive cerebral white-matter
changes. C: bony reactive changes; reactive bone sclerosis, reflected in the increased vault
thickness (arrows) is seen most commonly in patients with multiple meningiomas associated with
neurofibromatosis type 2; invasive tumours such as these can cause problematic extracranial facial
masses.

Figure 4: Vascular radiology and meningiomas
A: meningioma invading a major venous sinus; gadolinium-enhanced coronal T1-weighted MRI showing a vertex meningioma involving the falx cerebri and
superior sagittal sinus. B: meningioma with adjacent vascular involvement; MR venography, non-invasively showing occlusion of the superior sagittal sinus
by the tumour. C: transfemoral catheter cerebral angiogram showing that the vascular supply of the meningioma is predominantly from the enlarged middle
meningeal branch of the external carotid artery; preoperative embolisation of this vessel can reduce peroperative blood loss substantially.



site and size of the tumour.61,62 A small incidental
meningioma that is discovered in a patient who is
undergoing neuroradiological investigations for other
reasons can safely be managed conservatively,44,63

especially if the patient is elderly or has a medical disorder
that would increase the potential morbidity of surgical
excision.43 The wide availability and diagnostic accuracy
of MRI mean that such patients can be followed up for
radiological progression or reviewed on clinical
progression. If the lesion is calcified on CT or hypointense
on T2-weighted MRI, it is likely to remain
asymptomatic.43,44 The current practice of many clinicians
is to carry out MRI yearly for 2–3 years; if there is no
growth, the patient can be followed up clinically only.

Endovascular treatment
With recent advances in design of interventional
neuroradiology catheters and microvascular techniques,
endovascular therapy for meningiomas has increased
substantially.64 Selective microcatheter embolisation of the
meningeal arterial supply can be achieved with several
different agents, including glue and coils. These can be
highly effective at devascularising the tumour, and
preoperative embolisation reduces peroperative blood
loss.65 However, other studies have suggested that the
benefit is unclear.66 There is also uncertainty about the
precise timing of the embolisation before resection.67

Embolisation can induce histological atypical changes
associated with benign (WHO grade I) meningiomas,
since tumour necrosis will follow embolisation.68 Although
atypical features are commonly seen in embolised
meningiomas, they may reflect the primary tumour
grade.69 Endovascular embolisation as the primary
treatment of meningiomas is an alternative therapy in
patients unsuitable for craniotomy and surgical excision.
Bendszus and colleagues70 have reported on a series of
seven patients managed just by embolisation of the
tumour, with tumour shrinkage in six patients.

Surgical excision
Surgical excision of the tumour and its dural base is the
most common primary management. Simpson,71 in a
seminal paper, described the recurrence rates of
meningiomas after surgical excision. He proposed a
grading system based on the degree of surgical excision. A
grade 1 excision involved removal of the tumour bulk, its
surrounding dural attachment, and any involved bone;
grade 2 excision was removal of the tumour with
diathermy of its dural attachment; grade 3 removal was a
macroscopic tumour resection with small foci left in situ
(eg, in a major venous sinus); grade 4 was an extended
biopsy with macroscopic residual disease; and grade 5 was
a decompression with or without biopsy. The recurrence
rate at 5 years was 9% for grade 1 excision; 19% for grade
2 excision; and 29% for grade 3 excision. Although this
series was retrospective and was treated before the advent
of CT and MRI and microsurgery, the importance of the
extent of tumour and dural resection has been confirmed
in several subsequent studies.72–76 However, in all these
studies the rate of meningioma recurrence increased when
the follow-up period was extended. Even after Simpson
grade 1 resection, recurrence rates of 20% at 10 years
have been reported.72

Although a total excision (Simpson grade 1) is the ideal
goal, many tumours cannot be totally excised because
they are enveloping vital neural or vascular structures or
are en plaque.62,71 With the introduction of MRI, many of
these cases were diagnosed when the tumour was small,
which led to a trend for attempted total excision of these

lesions by various novel skull-base and microsurgical
approaches. Most of these case series had substantial
methodological problems and are subject to bias.77,78

Subsequent, longer-term follow-up has suggested that
successful complete excision is rare and that the morbidity
associated with attempted removal is significant,79

particularly for meningiomas involving the cavernous
sinus, the petroclival region, the posterior part of the
superior sagittal sinus, and the optic-nerve sheath and for
speno-orbital en-plaque tumours. Attempts at excision of
these lesions can cause catastrophic vascular injury or
disabling cranial neuropathies.61,80–82

By contrast, most convexity and spinal meningiomas,
and many falcine cases, can be excised without significant
morbidity. An intermediate grade of management
difficulty arises with parasagittal tumours, particularly if
they involve the sinus posterior to the coronal sutures. In
these patients, debulking of the lesion is technically
achievable without difficulty. However, if the sinus
remains patent and is invaded by tumour, total surgical
excision becomes very difficult.83 The options are to
reconstruct the sinus during the procedure or to leave
microdeposits of tumour in the parasagittal region. In a
young patient, the latter is not an attractive option but
over-vigorous resection and damage to the superior
anastomotic vein or a patent superior sagittal sinus can
result in disastrous venous infarction of the brain. The
alternative approach of subtotal resection with
preservation of vascular and neurological integrity is now
a strategy increasingly favoured by neurosurgeons,61,62,80,81

with residual tumour either observed by serial imaging or
treated with radiation.

Radiotherapy
Although most meningiomas grow slowly and have a low
mitotic rate, clinical benefit has been reported in many
case series with either tumour regression or stasis when
radiotherapy has been used in the following situations:
after incomplete resection;84,85 after recurrence;86 and when
tumour histology reveals atypia or anaplasia.87–89 However,
none of these studies was randomised, controlled, or
prospective, and few had follow-up sufficiently long for
the true efficacy of irradiation and the incidence of
delayed complications to be apparent.90 The outcome
assessments used vary widely, and many studies and
reviews included patients from before the advent of CT
and MRI. Local control is commonly used as an outcome
measure but is defined very loosely. Most studies use
radiological criteria (static or decreasing size, or loss of
central enhancement on serial scanning) as evidence of
local control, and few studies between 1960 and 2000
have measured changes in neurological function.

Application of radiotherapy to meningiomas has
evolved with the development of conformal and
particularly stereotactic methods for the planning and
delivery of therapy.91,92 These developments have allowed
accurate and focused treatment,93–95 which not only limits
the amount of radiation to normal brain but also allows
larger doses of radiation to be given to the lesion, with
great precision. Many meningiomas are suitable for
stereotactic radiosurgery because of their shape and size.
5-year local control rates of 93% (benign) and 68%
(atypical) meningiomas were reported for a series of 206
recurrent or residual meningiomas with no mortality, 8%
cranial-nerve deficits, and 3% symptomatic parenchymal
changes.96 Gamma-knife stereotactic radiosurgery for
parasagittal meningioma produced 5-year control rates of
60% for recurrent and residual disease and 93% when
radiotherapy was used as a primary treatment.97
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Improvement and stabilisation of neurological function
were noted in 65% of these patients. Symptomatic
reactive brain oedema was noted in 16% of the patients
but this resolved without long-term deficit. With Linac-
based stereotactic radiosurgery in 127 patients, 5-year
actuarial tumour control rates of 89% with 5%
complications98 and local tumour failure in three of
180 patients with 2% treatment toxicity have been
reported for benign meningiomas.99 Three-dimensional
conformal radiotherapy for atypical and anaplastic
meningiomas produced 5-year actuarial local control rates
of 38% and 52%, respectively.92

The success of radiotherapy in controlling
meningiomas has fuelled the debate about how extensive
resection should be as a primary treatment, particularly
in small skull-base tumours,100 and indeed whether
radiotherapy should be considered a primary treatment
for some tumours. Meningiomas of the optic-nerve
sheath seem to be well controlled with conformal
external-beam or multiport101,102 or fractionated
stereotactic radiotherapy;103 visual improvement has been
reported in 25–40% of eyes with no disease progression
on radiography. Surgical resection of such lesions
invariably leads to complete loss of any remaining vision.
For small to moderate-sized intracranial meningiomas
treated by either surgery or primary radiosurgery, the
results of the latter were similar to those of Simpson
grade 1 resection after mean follow-up of 5 years.104 In
another study the actuarial tumour control rate was 93%
at 5 years in a series of 219 meningiomas diagnosed on
imaging criteria (with only two incorrect diagnoses) and
treated with gamma-knife radiosurgery.105 Although a
randomised controlled study comparing surgery with
radiotherapy is unlikely to be undertaken, the European
Organization for Research and Treatment of Cancer is
planning two randomised controlled trials addressing the
role of radiotherapy in atypical and anaplastic
meningiomas that are either incompletely excised or have
recurred after primary surgery. These trials are a
welcome development because there is a startling lack of
“evidence” to underpin current clinical practice. One of
the reasons for this lack is the long (many years) follow-
up that would be required for comprehensive evaluation
of different therapies.

Despite advances in imaging, interventional
neuroradiology, neuropathology, microsurgery, and
radiotherapy, many meningiomas remain a challenging
clinical problem that is increasingly being managed by a
multidisciplinary team approach.61,62 Difficulties in
decision-making arise because of the conflicts inherent in
the desire to preserve optimum function and the need to
treat the tumour, and the problem of longer-term control
with incompletely resected, atypical, or anaplastic
tumours. Such decisions require understanding of the
immediate and delayed risks and benefits of surgery and
radiotherapy, including long-term possible risks of a
second neoplasm induced by stereotactic radiotherapy.106

For meningiomas that recur after surgery and
radiotherapy, several experimental therapies have been
assessed in small case-series, including hydroxurea
chemotherapy,107,108 interferon alfa,109 and a progesterone
agonist.110 As relations between histopathology, molecular
characteristics, and biological behaviour of meningiomas
become clarified, and the results from randomised clinical
trials become available, we hope that management
approaches will become less empirically based.
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Summary

Meningiomas are common central nervous system tumors that originate from the meningeal coverings of
the brain and the spinal cord. Most meningiomas are slowly growing benign tumors that histologically
correspond to World Health Organization (WHO) grade I. However, certain rare histological variants
(clear cell, chordoid, papillary, and rhabdoid), as well as atypical (WHO grade II) and anaplastic (WHO
grade III) meningiomas show a more aggressive biological behavior and are clinically associated with a high
risk of local recurrence and a less favorable prognosis. This review summarizes the most important features
of meningioma pathology and provides an up-to-date overview about the molecular mechanisms involved
in meningioma initiation and progression. Current data indicate that meningioma initiation is closely
linked to the inactivation of one or more members of the highly conserved protein 4.1 superfamily,
including the neurofibromatosis type 2 gene product merlin/schwannomin, protein 4.IB (DAL-1) and
protein 4.1R. The genetic alterations in atypical meningiomas are complex and involve losses on 1p, 6q, 10,
14q and 18q, as well as gains on multiple chromosomes. The relevant genes are still unknown. Anaplastic
meningiomas show even more complex genetic alterations, including frequent alteration of the CDKN2A,
p14ARF, and CDKN2B tumor suppressor genes at 9p21, as well as gene amplification on 17q23. A better
understanding of the molecular mechanisms involved in meningioma pathogenesis may not only lead to the
identification of novel diagnostic and prognostic marker but will also facilitate the development of new
pathogenesis-based therapeutic strategies.

Introduction

Anatomy and function of meningothelial cells

Representing roughly a fourth of primary CNS
neoplasms [1], meningiomas are common brain
tumors with a remarkably wide biologic and
histologic spectrum. Like their neoplastic coun-
terparts, normal meningothelial cells are morpho-
logically and functionally diverse with some degree
of overlap with both mesenchymal and epithelial
cells (Table 1) [1–8]. Based on comparative data
from birds, it is suggested that the meninges are
derived from neural crest in the telencephalon,
cephalic mesoderm around the brainstem, and

somitic mesoderm in the spinal cord [9]. Arach-
noid villi or Pacchionian granulations are polypoid
invaginations forming the conduits for cerebro-
spinal fluid (CSF) drainage into the dural sinuses
and veins. Histologically, the arachnoidal cap cells
form the outer layer of the arachnoid mater and
arachnoid villi (Figure 1), ranging from a single
flattened fibroblast-like cell layer to epithelioid
nests up to 10 cell layers thick. They are cytolog-
ically similar to meningioma tumor cells and are
thus felt to represent their likely cell of origin.
However, a more primitive progenitor cell has not
been excluded as a possibility. A thin basal lamina
separates these cap cells from the underlying
arachnoidal trabecular cells with thin, spider-like
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processes that form septations in the subarachnoid
space.
Morphologically, ultrastructurally, and func-

tionally, both non-neoplastic meningothelial cells
and meningiomas are unique in their mesenchymal
and epithelial-like attributes. The former includes
spindled morphology and production of collage-
nous stroma, whereas the latter includes rounded
or polygonal cytology, numerous intercellular
junctions, expression of epithelial membrane anti-

gen (EMA), and secretory functions (Table 1).
Prominent mesenchymal features are seen in the
fibroblastic and metaplastic meningiomas at the
benign end and sarcomatoid morphology at the
malignant end of the spectrum. The most advanced
epithelial phenotype is found in the secretory var-
iant of meningioma representing frank glandular
metaplasia with microvilli, cilia, intraluminal
secretions and immunoreactivity for cytokeratin
and carcinoembryonic antigen (CEA). Similarly,

Table 1. Proposed functions of meningothelial cells

1. Anatomic barrier with cellular wrapping/ensheathing

• Arachnoid cap cells line outer layers of arachnoid mater and villi

• Arachnoid trabecular cells line subarachnoid space

• Part of CNS-CSF and blood-CSF barriers

• Part of choroid plexus stroma (tela choroidea)

• Ensheath proximal portion of nerve roots

• Tendency for cells to wrap around each other, vessels, and other cell types

2. Conduit for CSF drainage/absorption into dural sinuses/veins (arachnoid villi)

• Help regulate intracranial pressure

• Participate in CSF homeostasis

3. Fibroblast/mesenchymal-like functions

• Production of collagen and other stromal proteins

4. Epithelial-like/secretory functions

• Intercellular communication via desmosomes and other junctions

• Synthesis/Secretion of major CSF proteins (e.g., prostaglandin D-synthase, IGF-II, IGFBP-II, apo-E, b2-microglobulin, etc.)

• Secrete glioneuronal differentiation and proliferation factors

• May secrete hyperostotic factors (e.g., alkaline phosphatase)

• Secrete chemoattractants involved in EGL migration/cerebellar development

5. Monocyte-like functions

• Form multinucleated giant cells

• Emperipolesis (i.e., lymphoplasmacytic engulfment)

• HLA-DR expression

• Participation in foreign-body reactions and meningeal rheumatoid nodules

6. Trophic support and byproduct detoxification for glial and neuronal cells

7. Participate in reactive/reparative processes (e.g., meningeal hyperplasia)

Figure 1. Arachnoidal cap cells forming epithelioid nests, whorls, and psammoma bodies in outer layer of arachnoid villi (A) and

arachnoid mater (B).
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some anaplastic meningiomas with epithelioid
features resemble metastatic carcinomas. Lastly,
meningothelial cells may display some monocyte-
like properties and may participate in a variety of
reactive and inflammatory processes (Table 1).

Meningothelial hyperplasia

The process of meningothelial hyperplasia is cur-
rently poorly defined and it is not known whether
this represents a precursor stage in the tumorigen-
esis of meningiomas. Nevertheless, it is inferred for
meningothelial proliferations >10 cell layers thick,
associated with a discernible inciting event, such as
trauma, hemorrhage, chemical irritation, inflam-
mation, or neoplasia (Figure 2). In terms of the
latter, it has been most often encountered sur-
rounding optic nerve pilocytic astrocytomas [10],
representing a potential pitfall for misdiagnosing
meningioma in a small superficial biopsy. Other
meningeal-based reactive processes include granu-
lation tissue/scar formation, inflammation, and
vascular proliferation. For example, the enhancing
dural tail at the edge of meningiomas often consists
of nothing more than hypervascular dura. In oth-
ers, small meningothelial nests may also be found
and it may be difficult to ascertain whether they are
normal, hyperplastic, or neoplastic in nature.

Meningioma pathology

Biologic spectrum of meningiomas

As a group, meningiomas are often considered
benign, yet it has long been recognized that the

biologic spectrum is wide and sometimes difficult
to predict. Whereas many are slow-growing and
surgically curable tumors corresponding histolog-
ically to World Health Organization (WHO) grade
I, an important subset is associated with increased
morbidity and mortality. These atypical (WHO
grade II) and anaplastic (WHO grade III) exam-
ples are clearly more aggressive, though even some
of the histologically benign meningiomas recur
unexpectedly, disfigure the patient, invade or
compress critical anatomic structures, and signifi-
cantly impair neurologic function. Several prog-
nostic variables are now recognized, the two most
important being histologic grade and extent of
surgical resection. For example, overall 5-year
recurrence rates are estimated at 12% for gross
total (GTR) vs. 39% for subtotal resection (STR)
[11]. Combined with histologic grading, the pre-
dictive accuracy improves further, such that the 5-
year rates are 5% for GTR benign (WHO grade I)
vs. 40% for GTR atypical (WHO grade II) men-
ingiomas [12]. Even some of the histologically be-
nign meningiomas recur after seemingly complete
resection though, with long-term followup studies
suggesting recurrence rates as high as 19% at
20 years [13].

Histopathology

The microscopic appearance of meningiomas is
remarkably diverse, as evidenced by the 13 vari-
ants and three grade categories recognized in the
current WHO classification [14]. Most of the
variants have no independent prognostic signifi-
cance, but may be problematic due to the differ-
ential diagnosis they engender. For most, the
molecular underpinnings are unknown. The three
most common variants are meningothelial, tran-
sitional, and fibroblastic, with combinations of
two or more patterns frequently encountered.
Four meningioma subtypes are considered in-
nately more aggressive and have been assigned
either to WHO grade II (clear cell meningioma,
chordoid meningioma) or WHO grade III (papil-
lary meningioma, rhabdoid meningioma). These
variants are rare, each accounting for less than 1%
of all meningiomas. Therefore, relatively little
clinical, pathologic and molecular data is available
on these subtypes compared with classic variants.
Meningothelial meningiomas are characterized by
rounded or polygonal epithelioid cells arranged in

Figure 2. Focus of epithelial membrane antigen-positive men-

ingothelial hyperplasia in region of tela choroidea. There was

trauma to the choroid plexus due to its entrapment within an

intraventricular shunt.
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lobules or whorls. Intercellular junctions often
appear fuzzy or ill-defined imparting a syncitial-
like pattern (Figure 3A). Ultrastructurally, this
pattern is explained by the presence of numerous
cytoplasmic processes interdigitating between cells
like interlocking pieces of a jigsaw puzzle. Other
common cytologic features include clear intranu-
clear vacuoles, intranuclear pseudoinclusions (i.e.,
invaginations of cytoplasm into the nucleus), and
moderate quantities of eosinophilic cytoplasm.
Fibrous or fibroblastic meningiomas are charac-
terized by spindled cells arranged in fascicles or
storiform architecture with interspersed collagen
deposition (Figure 3B). Transitional meningiomas
are characterized by mixed or intermediate features
of meningothelial and fibroblastic meningiomas.
Whorls and psammoma bodies are particularly
common in this subtype and it is perhaps the most
classic of all meningioma patterns (Figure 3C).

Benign meningioma, WHO grade I

Approximately 80% of excised meningiomas are
histologically benign and they are unassociated
with excess mortality when gross totally resected.
Benign meningiomas are those that do not fulfill
criteria for atypical/anaplastic grades and are
composed predominantly of any histologic pat-
tern, other than clear cell, chordoid, papillary, or
rhabdoid. Dural, bone, soft tissue, paranasal sinus,
and even vascular/dural sinus invasion are not
uncommon and do not warrant a higher histologic

grade. On the other hand, brain invasion is con-
siderably rarer and has grading implications.

Atypical meningioma, WHO grade II

Using WHO 2000 definitions, atypical meningio-
mas account for roughly 15–20% of cases and are
associated with a markedly increased risk of
recurrence and a small, but statistically significant
increased risk of death, when compared with
control age and sex-matched U.S. cohorts. Even
with GTR, an estimated 40% recur within 5 years
[12]. Statistically, the strongest single criterion
associated with recurrence is an elevated prolifer-
ation index, defined as ‡4 mitoses per 10 consec-
utive high-powered fields (HPF) [12], regardless of
whether this finding is focal or widespread. It is
important to note that despite the name ‘atypical
meningioma’, nuclear atypia is not particularly
reliable, given that degenerative atypia may be
encountered in otherwise benign meningiomas,
similar to that seen in ancient schwannomas.
Furthermore, mitotically active meningiomas
sometimes appear remarkably bland (Figure 4A),
suggesting a dissociation in some cases between
cell cycle abnormalities and a recognizable loss of
cellular differentiation.
In the absence of increased mitotic activity,

atypical meningiomas are diagnosed by the pres-
ence of either brain invasion or at least 3 of 5 other
criteria (Table 2). In contrast to the broad tumoral
interface with intervening leptomeningeal layer in

Figure 3. Common histologic variants of benign meningiomas (WHO grade I). (A) Meningiothelial variant with lobules of epithelioid

cells and ill-defined borders imparting a syncitial-like pattern. (B) Fibrous/fibroblastic variant with intersecting fascicles of spindled

cells and collagen deposition. (C) Transitional variant with combined or intermediate features, epithelioid and spindled cells, abundant

whorls, and psammoma bodies.
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non-invasive meningiomas, brain invasive exam-
ples have an irregular border with finger-like
tumoral projections into the adjacent brain
parenchyma (Figure 4B). Whereas this brain
invasive phenotype was once considered a definite
sign of malignancy, it was shown that associated
recurrence-free and overall survival times are

similar to those of atypical meningiomas in general
[15]. Two-dimensional sheets with loss of the
normal whorling and/or fascicular growth patterns
defines sheeting, whereas small cells are collections
of lymphocyte-like tumor cells with apparent loss
of cytoplasm (i.e., high N/C ratios). Hypercellu-
larity is a more diffuse accumulation of small cells,

Figure 4. Atypical (WHO grade II) meningiomas with: (A) Frequent mitoses despite bland cytology; (B) Brain invasion with entrapped

intratumoral fragments of GFAP-positive brain tissue; (C) Two dimensional sheeting and macronucleoli; (D) Focus of micronecrosis

with pseudopalisading.

Table 2. WHO grading criteria for meningiomas (Louis 2000)

Benign meningioma (grade I)

• Histologic variant other than clear cell, chordoid, papillary, and rhabdoid

• Lacks criteria of atypical and anaplastic meningioma

Atypical meningioma (grade II) (any of 3 criteria)

• Mitotic index ‡4/10 high powered fields (HPF)

• At least 3 of 5 parameters:

Sheeting architecture (loss of whorling and/or fascicles)

Small cell formation (high N/C ratio)

Macronucleoli

Hypercellularity

Spontaneous necrosis (i.e., not induced by embolization or radiation)

• Brain invasion

Anaplastic (malignant) meningioma (grade III) (either of 2 criteria)

• Mitotic index ‡20/10 HPF

• Frank anaplasia (sarcoma, carcinoma, or melanoma-like histology)
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whereas macronucleoli are those large enough to
visualize at 100· magnification (Figure 4C). These
four features likely reflect a loss of cellular differ-
entiation, whereas the fifth criterion of spontane-
ous (non-embolization induced) necrosis suggests
superimposed hypoxia. Micronecrosis with
pseudopalisading is probably the most meaningful
pattern of necrosis, since it has the strongest
association with recurrence (Figure 4D) [12].

Anaplastic (malignant) meningioma, WHO
grade III

Anaplastic or malignant meningiomas are rare,
highly aggressive tumors, accounting for only 1–
2% of resected cases [14,15]. They represent greater
degrees of cell cycle deregulation and loss of dif-
ferentiation with focal or diffuse findings of exces-
sive mitotic index (‡20/10 HPF) and/or frank
anaplasia. This latter criterion is rather subjective,
currently defined as sarcoma, carcinoma, or mela-
noma-like morphology (Figure 5). In other words,
frankly anaplastic foci are difficult to recognize as
being meningothelial in origin and when diffuse,
may require immunohistochemistry, electron
microscopy, or even genetic studies for confirma-
tion. Most display patchy EMA immunoreactivity,
a high proliferative index, and lack of progesterone
receptor (PR) expression (Figure 6). They may
present either apparently de novo or following one
or more recurrences of lower grade meningiomas
(malignant progression). The median overall sur-
vival is less than 2 years [15].

Dural spread, clonality, and multiple meningiomas

The finding of non-familial multifocal meningiomas
is relatively common, encountered in roughly 3% of
patients from surgical series and 8% from autopsy
series [11,16]. Potential explanations include: (a) a
field effect with genetic [e.g., germline mutation of
the neurofibromatosis type 2 gene (NF2) or NF2
somatic mosaicism] and/or environmental factors
(e.g., ionizing radiation) predisposing large areas of
the meninges towards neoplastic transformation
leading to polyclonal tumor development, or (b)
seemingly separate dural-based deposits derived
from a single parent tumor (i.e., a monoclonal
process). Data suggest that in fact, both occur. For
instance, in a study of 39meningiomas derived from
12 non-NF2 patients with multiple meningiomas,

Figure 5. Anaplastic (malignant) meningioma (WHO grade III)

with cytologic anaplasia, such that the meningothelial deriva-

tion is no longer recognizable.

Figure 6. Immunohistochemistry in an anaplastic meningioma showing patchy EMA immunoreactivity (A), markedly elevated MIB-1

(Ki-67) proliferative labeling index (B), and lack of PR staining (C).
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Stangl et al. found that 6 of 10 informative cases
had identical NF2 gene mutations in all meningio-
mas derived from the same patient [17]. In other
words, over half the cases were monoclonal, despite
multifocal localization. The authors suggested CSF
spread as a possible mechanism, though this seems
unlikely given the lack of drop metastases or a
neoplastic meningitis pattern. Instead, it is common
in meningiomas to see some intradural spread
radiating away from the point of dural attachment,
sometimes in a discontinuous fashion (Figure 7).
An intradural mechanism of invasion and migra-
tion is therefore suggested and further supported by
data from Borovich and Doron, who uniformly
found meningothelial nests in radial strips of dura
adjacent to meningiomas, but not in control sam-
ples of dura from the convexity [18]. On the one
hand, this may explain the surprising finding of
recurrences in benign meningiomas that were pre-
viously felt to be completely resected. However, it is
also suggests that multifocal meningiomas may
arise from widespread intradural spread with tumor
deposits growing beyond the proximate region
surrounding the parent neoplasm. If so, one would
expect that such meningiomas have enhanced
invasive andmigratory capabilities, despite an often
benign histology. On the other hand, it has also
been reported that some solitary meningiomas are
polyclonal, perhaps suggesting that there is some
blurring of the lines between meningothelial
hyperplasia and neoplasia [19,20].

Cerebral edema

It is well known that the morbidity and mortality
associated with meningiomas is not only due to the

mass effect created by the tumor itself, but also the
peritumoral cerebral edema associated with it.
Psychiatric symptoms have been specifically cor-
related with increased edema, particularly in
frontal lobe meningiomas [21]. The presence or
absence of peritumoral edema and its extent are
highly variable and greater degrees of edema have
been associated with large tumor size, parasitiza-
tion of pial vasculature, convexity/middle fossa
localization, irregular tumor–brain interface, hy-
perintensity on T2-weighted images, brain inva-
sion, high grade, and secretory, microcystic and/or
angiomatous variants [14,22–24]. Some have sug-
gested that increased VEGF expression is associ-
ated with edema [25,26].

Bone invasion and hyperostosis

Bone invasion is common in meningiomas, partic-
ularly those at the skull base. Although osteolytic
lesions may also be seen, hyperostosis is more typ-
ical and nearly always signifies bone invasion [27]. It
has been suggested that meningiomas secrete
osteoblast stimulating factors, with alkaline phos-
phatase as one potential candidate, since it is often
increased in tumors with hyperostosis and/or
numerous psammoma bodies [4]. Other possibilities
include PDGF, IGF1, IGF2, FGF, andTGF-a [28].

Dural, soft tissue, and brain invasion

Given the often invasive nature of meningiomas, it
is not surprising that alterations in the regulation of
extracellular matrix (ECM) proteins have been
found, including overexpression of matrix metal-
loproteinases, such asMMP-9 andMMP-2 [29–31].
Other ECM-associated proteins, e.g., SPARC,
tenascin, and sromelysin-3, have been correlated
with increased invasiveness [32,33]. As stated ear-
lier, brain invasion reflects a more aggressive bio-
logic potential. The molecular explanation for the
ability to penetrate the pia has yet to be determined.

Immunohistochemistry and growth kinetics

Meningiomas have been extensively studied with
immunohistochemistry, though most markers
have not been shown to have diagnostic or prog-
nostic relevance. There are few reliable antibodies
in common clinical use today and additional ones

Figure 7. Microscopic nest of tumor cells in sampled dural

strip, consistent with dural invasion and migration by this

otherwise benign-appearing meningioma.
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are sorely needed. Vimentin is typically strongly
and diffusely positive, though this has poor speci-
ficity. Currently, the most reliable marker is EMA,
with immunoreactivity in 50–100% of meningio-
mas, including anaplastic cases [34–36]. Unfortu-
nately, it is often weak and patchy and since most
laboratories titer their EMA controls for the high
levels of expression in carcinomas, it may be nec-
essary to use a higher antibody concentration for
optimal sensitivities in meningiomas. Other mem-
brane and intercellular junction-associated candi-
dates, such as E-cadherin, claudins, desmoplakin,
and connexins, have been utilized in research, but
are not yet common in clinical settings [37–40].
Similarly, prostaglandin D synthase (PGDS) is a
major CSF protein component chiefly synthesized
by meningothelial cells and thus, represents a
promising potential marker of meningothelial
origin [6,8]. A recent study revealed immunoreac-
tivity in 80% meningiomas, with other CNS and
soft tissue tumors generally lacking expression,
though surprisingly, 64% of meningeal heman-
giopericytomas were also positive [41].
Prognostically, proliferative markers have been

useful, particularly MIB-1, the Ki-67 antibody
applicable to paraffin sections [42,43]. Whether or
not elevated indices represent an independent
prognostic variable has been debated though, since
they increase proportionally to both ordinary mi-
totic counts and histologic grade in general. An-
other major problem is the interlaboratory
variability in staining and interpretation, making it
difficult to extrapolate cutoffs from one study to
another. Nonetheless, MIB-1 and PR immuno-
stains (see below) may both be useful in borderline
atypical or borderline anaplastic meningiomas
(Figure 6). Data by Nakasu et al. further suggest
that very focal elevations in the proliferative index
may not be as significant as more diffuse ones [42].

Predisposing factors

Female gender and hormone receptors

Based on the significant female predilection for
meningiomas and the fact that some of them grow
during pregnancy or during the luteal phase of the
menstrual cycle, a tumorigenic role for hormones
has long been suspected. A number of steroidal
and non-steroidal hormone receptors have been

detected in meningiomas, the best established of
which is the PR. Although one might expect these
receptors to be limited to sexually mature women,
they are also detected in men and children, sug-
gesting that their role in pathogenesis is not that
simple. Nevertheless, support for PR activation in
meningiomas comes from the fact that normal
arachnoidal cells express very little of this receptor,
progesterone stimulates in vitro growth of some
meningioma cell lines, and PR antagonists inhibit
growth of some cell lines. Interestingly, PR
expression is roughly inversely proportional to
both tumor proliferation and histologic grade,
such that the greatest likelihood of immunoreac-
tivity is in the benign examples (50–80%) [44–47].
Meningiomas express little estrogen receptor (ER),
suggesting that as opposed to breast cancer, an-
other hormonally driven neoplasm, PR expression
is not regulated in an estrogen dependent manner.
Although a mutant form of ER has been found, it
similarly does not appear to regulate PR synthesis
in meningiomas [48]. Clinical trials utilizing anti-
progestational agents have unfortunately been
disappointing to date, perhaps because the men-
ingiomas in greatest need of adjuvant therapy
(e.g., high-grade) are least likely to express PR.
Other receptors commonly detected in meningio-
mas include androgen, somatostatin, growth hor-
mone, and prolactin receptors [28,45,49–52]. Their
precise biologic roles have yet to be determined.

Neurofibromatosis type 2 (NF2) and other familial
meningioma syndromes

As part of Knudson’s two-hit hypothesis, one
would predict that familial tumors with germline
mutations should present at an earlier age than
their sporadic counterparts because every cell in the
body already has one of the two gene copies inac-
tivated [53]. This scenario appears to hold true with
the NF2 gene. After vestibular schwannoma, the
next most common tumor type in NF2 is menin-
gioma, encountered in roughly half of cases [54].
Furthermore, the severe ‘Wishart’ variant is more
likely to present with pediatric meningioma as the
first manifestation of disease [54,55]. Therefore, it is
not surprising that approximately 40% of children
with meningiomas have NF2 [56,57] and NF2
should be ruled out in any child with a meningi-
oma, particularly in multifocal examples.
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In terms of other genetic syndromes predispos-
ing to meningiomas, none have been firmly estab-
lished, though there are rare examples of familial
non-NF2-associated meningiomas [58–62]. Such
cases suggest that other tumor suppressor genes
may be involved. One familial example was char-
acterized specifically by clear cell meningiomas
[63]. Rare meningiomas have also been reported in
patients with Cowden’s syndrome, Gorlin’s nevoid
basal cell syndrome, Li-Fraumeni syndrome, Tur-
cot’s/Gardener’s syndrome, and von Hippel-Lin-
dau disease. It has yet to be determined whether
these associations are causal or coincidental,
though it is of interest that a VHL gene mutation
was recently described in a meningioma from a
patient with von Hippel-Lindau disease [64].

Meningioma with meningioangiomatosis

Meningioangiomatosis (MA) is an enigmatic cor-
tical and leptomeningeal mass lesion, encountered
either sporadically or in the setting of NF2. It is
thought to be hamartomatous or reactive in nature
and is characterized by a perivascular spindle-cell
proliferation of presumed meningothelial origin,
based on the presence of psammoma bodies, occa-
sional EMA immunoreactivity, and the coexistence
of an adjacent meningioma in some cases [65–67]. It
has been speculated that such meningiomas arise as
a result of neoplastic transformation in a perivas-
cular meningothelial cell within the MA. However,
we have recently encountered a case with identical
genetic alterations in both theMA andmeningioma
components, suggesting the alternate possibility
that meningiomas may occasionally spread exten-
sively along perivascular spaces, thusmimicking the
architectural pattern of MA [68]. In fact, the
resemblance of MA to brain invasion has been
previously emphasized, with a cautionary note
against overgrading in this setting [69].

Radiation-induced meningiomas

Besides NF2, the other well-established predispos-
ing variable in meningiomas is ionizing radiation.
Ironically, radiation also represents the only cur-
rently accepted adjuvant therapy for cases that are
recurrent, clinically aggressive, or have failed sur-
gical therapy. The vast majority of patients with
post-radiation meningiomas have received their

radiation exposure during childhood [70–72]. It has
been estimated that the relative risk for the devel-
opment of a subsequent meningioma in children
receiving low-dose cranial irradiation is nearly
10-fold over those without such exposure [70,73],
suggesting that there may be a critical window of
susceptibility during childhood for neoplastic
transformation ofmeningothelial cells by radiation.
Support for this hypothesis comes from reports of a
significant increase in the incidence of meningiomas
in Israel after the widespread use of low-dose
scalp irradiation to treat children with tinea capitis
in the 1950s [70,73]. The average latency period has
been reported as 11–43 years after irradiation.
There is some debate regarding whether or not

radiation-induced meningiomas are more likely to
be malignant. Our anecdotal experience is that in-
deed a higher proportion are aggressive, but the is-
sue remains difficult to resolve, sincemost published
series have not applied current grading criteria and
the clinicopathologic data is often incomplete.
Nonetheless, radiation-induced meningiomas typi-
cally present at an earlier age, arise within the prior
irradiation field by definition, and aremore likely to
be multifocal. Histologic findings in radiation-in-
duced meningiomas include high cellularity,
marked pleomorphism/atypia with numerous giant
cells, vacuolated nuclei, vascular hyalinization, and
increased mitotic activity [74]. However, none of
these features are absolutely specific and any or all
may be encountered in meningiomas unassociated
with prior irradiation, albeit less often.
Genetic studies have shown that the NF2 gene is

less often implicated in radiation-induced than in
sporadic meningiomas [75,76]. Instead, there are
often complex structural and numerical chromo-
somal abnormalities [76,77]. A specific genetic
signature has not been identified. However,
Zattara-Cannoni et al. recently described a char-
acteristic derivative chromosome 1 in six radia-
tion-induced meningiomas, suggesting that a
region on 1p13 may be critical to the development
of these meningiomas [77].

Cytogenetic and molecular genetic features

Monosomy 22

Meningioma was the first solid neoplasm associ-
ated with a characteristic cytogenetic alteration,
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that of monosomy 22 (for review see Ref. [78]).
Subsequent data suggested that the NF2 gene was
the primary target, with mutation and/or deletion
constituting an early tumorigenic event in roughly
half of sporadic and the majority of NF2-associ-
ated meningiomas (Figure 8). Some authors have
reported that NF2 inactivation is less common in
meningothelial meningiomas than in transitional
and fibrous meningiomas, particularly in the re-
gion of the anterior skull base [79–81]. Lastly,
genetic studies suggest that occasionally, other
chromosome 22q loci besides NF2, including
AP1B1/BAM22 [82], MN1 [83], and SMARCB1
(INI1/hSNFS) [84] may play a role in meningioma.

Protein 4.1 tumor suppressors

The NF2 gene and its protein merlin
One of the most frequently observed genetic alter-
ations in meningioma is loss of heterozygos-
ity (LOH) on chromosome 22q with bi-allelic

inactivation of the NF2 tumor suppressor gene
[80,81,85–88]. Loss of NF2 gene expression is
observed in all NF2-associated meningiomas and
40–60% of sporadic meningiomas. The NF2 gene
encodes a protein, termed either merlin [89] or
schwannomin [90], with an open reading frame of
1785 nucleotides or 595 amino acids. Analysis of
the predicted amino acid sequence demonstrated
sequence similarity between merlin and members
of the Protein 4.1 family, specifically ezrin, radixin,
and moesin (ERM proteins: ezrin, radixin, moe-
sin). Protein structure analysis predicts that merlin
is composed of three major domains (Figure 9A):
(1) an amino terminal region (N-term) from amino
acid residues 1 to 313, (2) a central alpha-helical
domain from amino acid residues 314 to 478
and (3) a unique carboxyl terminal region
(C-term) from amino acid residues 479 to 595 (or
596 in the mouse). At the protein level, merlin is
expressed in vascular smooth muscle cells, brain,
leptomeninges, and Schwann cells by Western

Figure 8. Common genetic patterns detected by FISH analyses in meningiomas. (A) Retained disomic (i.e., 2 copies) hybridization

pattern for chromosome 22q (BCR on 22q11=green signals, NF2 on 22q12=red signals). (B) 22q deletion with only one green (BCR)

and one red (NF2) signal per nucleus. (C) Deletion of Protein 4. 1B gene on 18p11 (green signals) with retention of both chromosome

18 centromeres (red signals). (D) Codeletion of chromosomal regions 1p32 (green) and 14q32 (red) in an anaplastic meningioma.
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immunoblotting and immunohistochemistry [91–
94].

Merlin function
Several lines of evidence support a role for merlin
in the regulation of cell growth and motility. First,
loss of merlin in mouse embryonic flbroblasts
(MEFs) is associated with defects in both cell
growth and motility [95,96]. NF2-deficient fibro-
blasts and keratinocytes also exhibit increased cell
proliferation and accelerated cell movement
in vitro. Second, loss of merlin expression in
genetically engineered mice by gene targeting re-
sults in increased cell growth and tumor formation
[97,98]. In NF2+/) mice, a wide variety of malig-
nant tumors develop upon loss of the wild type
NF2 allele, including fibrosarcoma, adenocarci-
noma, hepatocellular carcinoma, and osteosar-
coma [97]. Tissue-specific NF2 inactivation in
Schwann cells using Cre-Lox technology results in
Schwann cell hyperplasia and schwannoma
development in vivo [98]. In addition, NF2 inacti-
vation in leptomeningeal cells results in meningi-
oma formation in mice [99]. Moreover, tumors
arising in NF2+/) mice are highly motile and
metastatic [97]. Third, re-expression of wild type,
but not mutant, merlin in tumor cell lines results in
reduced growth in vitro and in vivo as well as re-
duced cell motility [100–104].
One unique property of merlin is its ability to

regulate cell growth under conditions of increased
cell density. NF2-deficient MEFs reach high satu-
ration densities and exhibit abnormalities in con-
tact inhibition growth arrest [96]. Similarly,
regulated merlin expression in RT4 rat schwan-
noma cells results in reduced cell growth, which is
most prominent after cells reach confluence [103].
This defect in contact inhibition-dependent growth
arrest is reflected in the inability of NF2-deficient
cells to form productive adherens junctions [96].
Merlin has been shown to interact with several

potentially important interacting proteins, includ-
ing a sodium–hydrogen exchange regulatory factor
(NHE-RF) [105,106], bII-spectrin (fodrin) [107],
hepatocyte growth factor-regulated tyrosine ki-
nase substrate (HRS) [108], schwannomin inter-
acting protein-1 (SCHIP-1) [109], paxillin [110],
and other ERM proteins [111]. Merlin also binds
several transmembrane signaling proteins, includ-
ing b1-integrin [112] and CD44 [103]. CD44 is a
hyaluronic acid receptor that binds ERM proteins
through amino acid residues in its carboxyl ter-
minal cytoplasmic tail domain [113]. Hyaluronic
acid has been shown to promote proliferation and

Figure 9. Structure and potential function of Protein 4.1 tumor

suppressors. (A) The neurofibromatosis 2 (NF2) tumor sup-

pressor (merlin/schwannomin) belongs to a structurally similar

family of molecules that includes Protein 4.1 molecules (4.1R

and 4.1B) and the ERM proteins (ezrin, radixin, and moesin).

Each of these proteins contains a FERM domain (Four.

1-ezrin–radixin–moesin), which promotes interactions with cell

surface transmembrane proteins (CD44 or TSLC1) as well as a

domain that mediates binding to the actin cytoskeleton (actin

binding domain, ABD in ERM proteins and spectrin-actin

binding domain, SABD in Protein 4.1 molecules). Merlin lacks

a conventional ABD/SABD region, but binds spectrin and ac-

tin. Protein 4.1 molecules contain interspersed unique sequence

(U1, U2, U3) while merlin and 4.1 molecules contain unique

carboxyl terminal domains (CTDs). (B) One possible mecha-

nism for Protein 4.1 growth regulation involves the engagement

of Protein 4.1 tumor suppressors at the cell surface in associa-

tion with transmembrane proteins, like CD44 and TSLC1, and

propagation of the growth arrest signal through downstream

interacting effector proteins (e.g., HRS).
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motility in some cells, suggesting that the associ-
ation between merlin and CD44 might influence
growth regulation and motility. Merlin binds to
CD44 under conditions that promote cell growth
arrest, and merlin growth suppression can be
attenuated by interfering with merlin binding to
CD44 [103]. In this fashion, growth regulation by
extracellular cues may be mediated by merlin
binding to cell surface transmembrane proteins,
like CD44 (Figure 9B). While it is not clear how
the merlin growth regulatory signal is propagated,
the merlin interacting protein, HRS, may be re-
quired for mediating merlin growth suppression
[114].
In addition to merlin protein interactions, mer-

lin growth suppression is also regulated by protein
phosphorylation. Merlin phosphorylation is asso-
ciated with reduced intramolecular complex for-
mation [95], altered subcellular distribution [115],
and reduced binding to CD44 in vivo [103]. Recent
studies have shown that merlin phosphorylation at
S518 impairs the ability of merlin to reduce cell
growth and motility in vitro [116].

Other protein 4.1 molecules as meningioma
growth regulators

Although traditionally thought to regulate cell
shape, recent studies have implicated protein 4.1
molecules in growth regulation [114]. The proto-
typic erythrocyte protein 4.1 molecule (4.1R) has
been analyzed in brain tumors. Inactivation of the
4.1R gene on chromosome 1p36 has been observed
in neuroblastoma [117] and recently meningiomas
[118]. In addition to 4.1R, another protein 4.1
member, robustly expressed in brain (4.IB; origi-
nally termed DAL-1) was identified as a potential
tumor suppressor in lung and breast carcinomas
[119]. Using multiple approaches, 4.1B loss was
demonstrated in meningiomas (Figure 8C)
[46,120,121]. Several lines of evidence support the
classification of 4.1B as a tumor suppressor. First,
4.1B deletions have been found by LOH and
fluorescence in situ hybridization (FISH) in lung,
brain, and breast tumors [120,121]. Second, studies
in tumor cell lines lacking 4.1B have shown
significant growth suppression following 4.1B re-
expression [120–122]. Third, Northern and Wes-
tern blot analyses of matched normal and tumor
tissues showed that 4.1B mRNA was absent or
decreased in over 50% of tumors [120,121]. Despite

multiple attempts however, 4.1B mutations have
not been identified within the non-deleted allele
[59]. It is possible that epigenetic silencing (e.g.,
methylation) might be operative in protein 4.1-
deficient tumors, as has been shown for merlin and
4.1R [117,123].
Similar to merlin, 4.1B and 4.1R interact with

fodrin and CD44, but do not interact with either
HRS or SCHIP-1 [121]. Preliminary yeast two
hybrid interaction cloning experiments have iden-
tified 14-3-3 as a unique 4.IB-specific interacting
protein [124]. The 14-3-3 family of proteins are
important regulators of signal transduction, which
have been implicated in the regulation of cell sur-
vival and apoptosis [125]. Further studies will be
required to determine the functional significance of
14-3-3 binding. Recently, 4.1B was found to bind
to the cytoplasmic tail of a transmembrane protein
with structural similarities to CD44 [126]. This
transmembrane protein, termed tumor suppressor
in lung cancer-1 (TSLC1), was originally identified
as a gene deleted in non-small cell lung cancer
(NSCLC). Two-hit inactivation of TSLCl by pro-
moter methylation and gene deletion was observed
in 40% of primary NSCLC tumors [127,128]. In
addition, restoration of TSLCl expression sup-
presses tumor formation by A549 cells in immu-
nocompromised mice [128]. TSLC1 also functions
as a cell adhesion molecule [129], suggesting that
4.1B binding to TSLC1 might modulate not only
cell growth, but also cell adhesion and motility.
Further work will be required to determine whe-
ther TSLC1 functions to initiate protein 4.1B
growth suppression, as has been proposed for
CD44 and merlin.

Progression-associated alterations

A number of cytogenetic alterations are associated
with meningioma progression and atypical or
anaplastic histology, including the presence of
dicentric or ring chromosomes, losses of chromo-
some arms 1p, 6q, 9p, 10, 14q, and 18q, as well as
gains/amplifications on 1q, 9q, 12q, 15q, 17q and
20q (Figures 8D and 10) [130–135]. In large part,
the relevant candidate genes remain a mystery.
Interestingly though, there is some evidence to
suggest that 14q deletions are more common in
histologically benign meningiomas that subse-
quently recur [131]. Alterations of the CDKN2A
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(pl6INK4a), p14ARF, and CDKN2B (p15INK4b) tumor
suppressor genes on 9p21 are associated with
anaplastic meningiomas and found in about two-
thirds of the cases [136]. Within the group of
anaplastic meningiomas, patients whose tumors
carry CDKN2A deletions have significantly shorter
survival times as compared to patients whose tu-
mors do not carry CDKN2A deletions [137].
Mutations in the phosphatase and tensin homolog
gene on chromosome 10 (PTEN, 10q23) or the
cyclin-dependent kinase inhibitor 2c gene
(CDKN2C, 1p32) have been detected in rare cases
of atypical or anaplastic meningiomas, while
amplification of the ribosomal protein S6 kinase
gene (RPS6KB1, 17q23) has been found in a minor
fraction of anaplastic meningiomas [132,136,138].
High-throughput techniques such as gene

expression profiling using oligonucleotide micro-
arrays have provided the ability to screen thou-
sands of genes simultaneously yielding additional
gene candidates potentially involved in meningi-
oma tumorigenesis and progression [139]. The
most biologically meaningful markers are likely to
be those involved in critical cellular processes, such
as angiogenesis, apoptosis, hypoxia, invasion,

motility, growth, proliferation, and differentiation.
For example, as a mechanism of bypassing cellular
senescence in favor of immortalization, cells must
maintain telomere lengths over multiple cycles of
cell division, a process facilitated by the enzyme,
telomerase. Apropos, telomerase activity has been
associated with malignant progression in menin-
giomas [140,141]. Tenascin, an ECM protein
associated with invasion and angiogenesis, is also
increased in advanced meningiomas [32]. Similarly,
VEGF has been associated with malignant pro-
gression, in addition to increased vascularity and
peritumoral edema [142,143]. In terms of apoptosis
regulation, it has been shown that Fas-APO1
(CD95), a tumor necrosis factor family member, is
upregulated in malignant meningiomas [144]. This
is consistent with the increased apoptotic indices
encountered in these higher grade tumors.

Genetics of pediatric meningiomas

Pediatric meningiomas and other meningeal tu-
mors are uncommon and have recently been re-
viewed in detail [57]. They are mostly encountered

Figure 10. Current molecular model of meningioma tumorigenesis and malignant progression. The cell of origin is suspected to be

either the arachnoidal cap cell or an earlier meningothelial progenitor cell. Progression from benign to atypical to anaplastic has been

well documented, though direct transformation from a precursor cell to a more aggressive form of meningioma (dotted lines) is

probably more common. Genetic alterations thought to be involved at each step are listed.
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in the second decade of life, though they may oc-
cur at any age including infancy or even during
fetal development [56,57,145]. Unique aspects
within this age group include higher frequencies of
large tumor size, cyst formation, lack of dural
attachment, high-grade histology, aggressive
behavior, and aggressive variants, particularly the
clear cell and papillary meningiomas. They are
also more likely to present in unusual locations,
such as lateral ventricles, posterior fossa, and
spinal epidural regions. NF2 and prior irradiation
are common predisposing factors and there is no
female preponderance. Lastly, the biology of
meningiomas is less predictable than in adults.
Genetically, few studies have been performed, but
in our recent series [57], both sporadic and NF2-
associated meningiomas shared with their adult
counterparts [46,120], a high incidence of FISH
detectable NF2 (22ql2) and Protein 4.1B (18p11.3)
deletions, with corresponding losses of the protein
products by immunohistochemistry. Similarly,
Biegel et al. have demonstrated NF2 gene muta-
tions in pediatric meningiomas [146,147], strongly
implicating this gene in their pathogenesis. Lastly,
pediatric meningiomas frequently have demon-
strable 1p and 14q deletions [57], alterations gen-
erally associated with tumor progression in
meningiomas.

Growth factors and their receptors

The literature regarding growth receptors and
their downstream signaling pathways in menin-
giomas is often confusing due to challenges in
elucidating their inter-relationships and determin-
ing which alterations are most critical. Neverthe-
less, these pathways afford exciting opportunities
to intervene pharmacologically with molecularly
targeted therapy [28]. Multiple autocrine and
paracrine loops may be involved, one of the more
common being overexpression of platelet derived
growth factor BB (PDGF-BB) and its receptor
(PDGFR-b) [148,149]. In addition, epidermal
growth factor receptor (EGFR) appears to be
nearly universally expressed in meningiomas, but
not in normal or reactive meningothelial cells
[150]. Its ligands, EGF and even more so, trans-
forming growth factor alpha (TGF-a) are similarly
expressed by tumor cells providing another po-
tential autocrine loop [151,152]. In contrast to

glioblastomas, the EGFR gene is not amplified,
suggesting alternate mechanisms for protein
overexpression. Data further suggest that insulin-
like growth factor II (IGF-II) and its receptor,
IGF binding protein 2 (IGFBP2) also play an
important role, with high IGF-II/IGFBP2 ratios
associated with malignant progression [153].
Expression of VEGF and its receptor have been
primarily associated with tumor vascularity, pe-
ritumoral edema, and aggressive behavior [26,154].
Likewise, endothelin 1 and its receptor, endothelin
receptor type A have been implicated in angio-
genesis and cell growth [155,156].

Cell lines and animal models

A major hindrance to research in meningioma
biology and therapeutic development has been the
limited availability of robust cell lines and animal
models. Obstacles have included the lack of animal
models with sufficiently high frequencies of spon-
taneous meningioma development, challenges in
establishing and maintaining viable in vitro and
in vivo growth for otherwise benign meningiomas,
difficulties in implanting intracranial dural-based
tumors to accurately model the human condition,
and lack of sufficiently meningeal-specific pro-
moters for genetic manipulation. LTAg2B is the
single human leptomeningeal cell line currently
available, though immortalization by transfection
with viral genes may have significantly altered the
phenotype of these cells compared to ordinary
non-neoplastic arachnoidal cells [157]. The few
human and rat meningioma cell lines that have
been established are derived from malignant
meningiomas and it is similarly difficult to know
what types of culture-induced artifacts may be
present [158–160]. Most animal models have
exploited xenografting into athymic mice, usually
after culturing human tumor cells and inoculating
them into extracranial sites. Therefore, the tumor
grows in a very different environment than that
encountered clinically. However, at least one
intracranial approach has been reported [161].
Recently, a novel genetic model was devised uti-
lizing Cre recombinase technology to specifically
inactivate NF2 in arachnoidal cells, resulting in the
formation of intracranial meningothelial hyper-
plasia and meningiomas in roughly 30% of the
mice [99]. This powerful new technology signifi-
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cantly improves on prior models and may open
avenues of investigation never before possible in
meningioma research.
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Abstract Meningiomas are the most common primary

brain tumor in adults. Although the majority of these

tumors can be effectively treated with surgery and radiation

therapy, an important subset of patients have inoperable

tumors, or develop recurrent disease after surgery and

radiotherapy, and require some form of medical therapy.

There are increasing numbers of studies evaluating various

medical therapies but the results remain disappointing.

Chemotherapies and hormonal therapies have been gener-

ally ineffective, although somatostatin analogues may have

therapeutic potential. There is also increasing interest in

targeted molecular therapies. Agents inhibiting platelet

derived growth factor receptors and epidermal growth

factor receptors have shown little efficacy, but molecular

agents inhibiting vascular endothelial growth factor

receptors appear to have some promise. As with other

tumors, advances in the medical therapies for meningiomas

will require improved understanding of the molecular

pathogenesis of these tumors, more predictive preclinical

models, and efficient mechanisms for conducting clinical

trials, given the small population of eligible patients.

Keywords Meningiomas � Chemotherapy �
Hormonal therapy � Antiangiogenic therapies �
Targeted molecular therapies

Introduction

Meningiomas are the most common type of primary brain

tumors in adults, accounting for 33.1% of the total [1].

Current therapies for meningiomas include surgery, radia-

tion therapy and stereotactic radiosurgery [2–10]. For the

majority of patients with benign meningiomas (World

Health Organization [WHO] grade I) and a subset of

patients with atypical meningiomas (WHO grade II), these

therapies are effective in achieving tumor control. How-

ever, there is an important group of patients with inoper-

able or higher grade tumors who develop recurrent disease

following surgery and radiation therapy. The treatment

options for these patients are currently inadequate and there

is increasing interest in finding more effective medical

therapies for them [11].
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Chemotherapy

The role of chemotherapy in meningioma therapy has lar-

gely been limited to treatment of tumors that recur after

surgery and radiotherapy options are exhausted. Data

obtained from small clinical trials and case series suggest

that most chemotherapeutics have only minimal activity

against meningiomas [4, 5, 8, 9, 11–15]. The evaluation of

chemotherapy has also been complicated by the lack of

data regarding the natural history of untreated meningio-

mas. Many chemotherapy studies report variable periods of

disease stabilization, but it is difficult to know whether this

represents an improvement since benign meningiomas

grow slowly and may appear radiographically stable for

prolonged periods [16, 17].

In general, chemotherapeutic regimens such as dacar-

bazine and adriamycin, or ifosphamide and mesna that

have activity in other soft tissue tumors have produced

disappointing results in patients with meningiomas [5, 18].

In a small series of malignant meningioma patients treated

with 3–6 cycles of cyclophosphamide, adriamycin, and

vincristine, there was a modest survival benefit despite

substantial toxicity [12]. Temozolomide has not shown any

evidence of efficacy against these tumors [19], possibly

because the DNA repair enzyme O6-methylguanine-DNA-

methyltransferase (MGMT) is virtually always present in

these tumors [20]. Preclinical studies suggested that iri-

notecan can inhibit the growth of meningioma cells in vitro

and in vivo [21], but the agent proved ineffective in a phase

II trial [22].

Hydroxyurea, an oral ribonucleotide reductase inhibitor,

arrests meningioma cell growth in the S phase of the cell cycle

and induces apoptosis [23]. In a preliminary report,

hydroxyurea (1000–1500 mg/day; 20 mg/kg/day) decreased

tumor size in 3 patients with recurrent benign meningiomas

and prevented recurrent disease for 24 months in a patient

with a completely resected malignant meningioma [24].

These promising preliminary data have led to several small

phase II studies [25–30]. Response rates have generally been

less than 5%. Approximately 50% of patients achieve stable

disease, and the median progression-free survival (PFS) range

from 44–176 weeks [30]. The significance of these results is

uncertain because many of the patients were treated with

hydroxyurea also received RT. The Southwest Oncology

Group conducted a phase II study to further evaluate the

role of hydroxyurea in unresectable, measurable, progressive

histologically-proven benign meningiomas (SWOG-S9811).

Patients received hydroxyurea at a dose of 20 mg/kg/day for

up to 2 years. Unfortunately only 29 pts were accrued before

the study was closed due to slow enrollment. The therapy was

moderately well tolerated, although 7 patients were removed

from study for toxicities, which were mainly hematologic.

There were no responses; 71% of patients had stable disease as

their best response. Median PFS was 27 months (95% CI

12–29 months); 3-year PFS 43% (95% CI 25–61%). It was

unclear whether these results represented any improvement

over the natural history of these tumors [31].

Currently there are phase II studies combining hydroxy-

urea with imatinib and with verapramil, a calcium channel

antagonist that has some anti-tumor activity in preclinical

studies [32] (Table 1).

Interferons

Recombinant interferon alpha inhibits the growth of

meningioma cells in vitro [33]. Kyritsis first reported on six

patients with recurrent unresectable or malignant menin-

giomas (two grade 1; one grade 2, three grade 3) treated

with recombinant interferon alpha-2B (IFN-alpha-2B)

administered at a dose of 4 mU/m2/day, 5 days per week.

Four patients had stable disease and 1 had a minor reduc-

tion in tumor lasting 6–14 months [34]. In another study 9

of 12 patients had disease stabilization for up to 8 years.

[11C]-L-methionine positron emission tomography (PET)

scans was able to predict responses in some patients [35].

Table 1 Some ongoing clinical trials of medical therapies for patients with recurrent or progressive meningiomas

Agent Phase Mechanism of action Site(s)

Bevacizumab II VEGF antibody Northwestern

Bevacizumab and everolimus II VEGF antibody ? mTOR inhibitor Sara Cannon Research Institute

Hydroxyurea and verapramil II Ribonucleotide reductase inhibitor University of Utah

Imatinib and hydroxyurea II PDGFR inhibitor (imatinib) Duke, DFHCC

Pasireotide LAR II Somatostatin receptor agonist DFHCC, MSKCC, Wake Forest

Sunitinib II VEGFR and PDGFR inhibitor MSKCC, DFHCC, UVA

Vatalanib II VEGFR and PDGFR inhibitor Northwestern

Source: clinicaltrials.gov

DFHCC Dana-Farber Harvard Cancer Center, MSKCC Memorial Sloan-Kettering Cancer Center, PDGFR platelet-derived growth factor

receptor, UVA University of Virginia, VEGF vascular endothelial growth factor, VEGFR vascular endothelial growth factor receptor
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More recently, Chamberlain and Glantz reported the results

of 35 patients with recurrent Grade 1 meningiomas treated

with interferon-alpha at a dose of 10 million units/m2

administered subcutaneously every other day. The treat-

ment was moderately well tolerated; 3 patients discontin-

ued treatment because of toxicity and 7 required a dose

reduction. No patients had a radiographic response.

Twenty-six patients demonstrated stable disease after the

first 3 cycles of interferon-alpha, and 9 patients had pro-

gressive disease. The 6 month progression-free survival

(PFS6) was 54% and the 12 month PFS (PFS12) was 31%.

The median time to tumor progression was 7 months

(range, 2–24 months) and the median survival was only

8 months (range, 3–28 months) [36]. Given the lack of

validated historic control data it is unclear whether these

results indicate that interferon has any activity.

Hormonal therapy

Because meningiomas are more common in women, espe-

cially during their reproductive years [37, 38], there has

been longstanding interest in the possible role of sex hor-

mones in meningioma growth [11, 15, 39]. Additionally,

meningiomas may be more common among breast cancer

patients [40]. Epidemiological data [41, 42] and case reports

[43] have suggested that exogenous estrogens and proges-

tins may promote meningioma development or growth, but

the association is controversial [44]. A large population-

based case–control study found that among women under

the age of 50, an increasing number of pregnancies leading

to live births correlated with increased meningioma risk

[45]. However, an expected association between meningi-

oma risk with early menarche and late menopause, indica-

tors of prolonged exposure to estrogen and progesterone,

was not identified. Estrogen receptors (ER) are expressed in

approximately 10% of meningiomas, while PR and andro-

gen receptors are present in approximately two-thirds of

meningiomas [11, 38, 46–48]. Progesterone receptors (PR)

are expressed predominantly in benign meningiomas with

low proliferation indices [49]; they are infrequently

expressed in atypical and malignant gliomas.

Estrogen receptor inhibitors

Over the past 3 decades there have been several studies

evaluating anti-hormonal agents in meningiomas. Consis-

tent with relatively infrequent ER expression in meningi-

omas, anti-estrogen agents have not shown activity against

these tumors [50, 51]. In one study of tamoxifen for

refractory meningioma, partial or minor responses were

observed in 3 of 19 patients [50].

Progesterone receptor inhibitors

Because of the high likelihood of PR expression in most

meningiomas, there has been substantial interest in PR

inhibitors [52]. Initial studies of the anti-progesterone mi-

fepristone (RU486) were encouraging. In one study, 4 of 14

patients had a minor decrease in the size of the tumor, and

1 patient had objective clinical improvement [53]. In

another study mifepristone produced stable disease in 3 of

10 patients and minimally decreased tumor size in another

3 [54]. However, a prospective randomized multicenter

study conducted by SWOG failed to demonstrate any

benefit. In this study 180 patients were randomized to

either mifepristone 200 mg daily or placebo. There were

only 2 unconfirmed responses in the treatment group, and 1

in the placebo group. The median PFS was 10 months in

the mifepristone group and 12 months in the placebo

group; overall median survival was 31 months [55]. In a

more recent phase II study of 28 patients with unresectable

meningiomas, 8 patients achieved minor responses with

maximal reduction in tumor area of 10% [56]. Of interest is

the fact that most responders were males or pre-meno-

pausal females, which suggests a potential subgroup for

further evaluation. Mifepristone’s lack of efficacy may be

explained in part by the loss of PR expression in menin-

giomas with increased proliferation index and histologic

grade. This is relevant because these advanced tumors are

the type most likely to be enrolled into clinical studies.

Androgen receptor inhibitors

To date there have been no published trials of androgen

receptor antagonists in meningiomas. In a small unpub-

lished study conducted at Brigham and Women’s Hospital,

no responses were seen in 6 patients with recurrent

meningiomas treated with the anti-androgen flutamide,

although 2 patients had disease stabilization for almost

1 year (P. Wen personal communication).

Growth hormone receptor inhibitors

The association between acromegaly and an increased

incidence of meningiomas has focused attention on the

potential importance of growth hormone (GH) in these

tumors. GH receptors are expressed in meningiomas and

facilitate tumor growth; blockade of the GH receptor with

pegvisomant, a pegylated GH analog that acts as a com-

petitive antagonist of the GHR, inhibits tumor growth in

murine meningioma xenografts [57]. Whether pegvisomant

can inhibit meningioma growth in patients remains to be

established. In a single patient with acromegaly and a

meningioma, pegvisomant therapy had no obvious impact
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on meningioma growth over a period of 5 years [58]. No

formal trials have been reported.

Somatostatin receptor agonists

Somatostatin receptors, especially the sst2A subtype, are

expressed in nearly 90% of meningiomas [59]. The addi-

tion of somatostatin inhibits meningioma growth in vitro in

some studies [59], but increases meningioma proliferation

in others [60]. Radiolabeled octreotide, a long-acting

somatostatin agonist, has been used to image meningiomas

[61, 62]. There have been anecdotal reports of octreotide

inhibiting growth in human meningiomas [63], but the

small number of patients make the results difficult to

interpret (Fig. 1). In a more recent pilot study, 16 patients

with recurrent meningiomas (8 grade I (benign) meningi-

omas, 3 grade II (atypical) meningiomas, 5 grade 3 (ana-

plastic) meningiomas were treated with monthly injections

of a sustained-release somatostatin preparation (Sandosta-

tin LAR�) [64]. Indium 111-octreotide gamma scanning

was used to confirm the presence of somatostatin receptors

in the tumors. After 3 months, 31% of patients achieved

partial response, 31% had stable disease, and 38% had

progressive disease. Toxicity was minimal. The PFS6 was

44%. The response data from this study are far superior to

those reported in any previously published trial in recurrent

meningioma, although the PFS6 was not. Nonetheless this

study has renewed interest in the therapeutic potential of

somatostatin analogues.

Pasireotide (SOM230) is a novel somatostatin analog

with a wider somatostatin receptor spectrum (including

subtypes 1, 2, 3, and 5) and higher affinity (particularly for

subtypes 1, 3, and 5) than the sustained-release somato-

statin described above [65]. A multicenter phase II trial of

the long acting preparation, pasireotide LAR (SOM230C),

is under way for patients with recurrent or progressive

meningiomas. Preliminary results suggest that this drug,

which is administered intramuscularly once a month, is

very well tolerated and efficacy data will be available in the

near future (Table 1).

Challenges in developing effective medical

therapies for meningiomas

An important obstacle to the development of effective

medical therapies for meningiomas is the limited knowl-

edge regarding the molecular pathogenesis of these tumors

and the critical genetic changes driving tumor growth, in

contrast to the extensive understanding of the molecular

pathogenesis and biology of many systemic malignancies,

and even brain tumors such as glioblastomas [11, 38, 66–

70]. Overexpression of various growth factors including

platelet-derived growth factor (PDGF), epidermal growth

factor (EGF), insulin-like growth factor (IGF), and vascular

endothelial growth factor (VEGF) and their receptors, and

signal transduction pathways such as the Ras/mitogen-

activated protein kinase (MAPK), phosphatidylinositol-3-

kinase (PI3K)-Akt, and phospholipase C (PLC)-c1-protein

kinase C (PKC) pathways have been implicated, but their

relative significance is largely unknown [14, 67–69]. As a

result, the most important molecular targets remain to be

elucidated.

Another factor limiting progress in the development of

more effective therapies for meningiomas is the lack of

robust cell lines and animal models. There is a need for

animal models that replicate the genetic changes in

meningiomas with a high frequency of spontaneous

meningioma development, benign meningioma lines for in

vitro and in vivo studies, and meningeal specific promoters.

Many of the existing meningioma cell lines are derived

from malignant meningiomas and likely contain culture-

induced artifacts and lack progesterone receptors [66].

There are some orthotopic [71–74] and genetic models [75,

76] in development that appear promising.

The lack of data regarding the natural history of

untreated meningiomas is another important limiting factor

that impedes progress. Without such data it is difficult to

know if the periods of disease stabilization reported in

various studies represents an improvement over no therapy.

As more studies of medical therapies mature, it will

become possible to establish the PFS6 for the various

grades of meningiomas treated with ineffective therapies,

providing a basis for comparison for future trials. Emerging

data suggests that grade 1 meningiomas have a PFS6 of at

least 50% [30, 77], while grade 2 and 3 meningiomas have

a PFS6 of 25% or less [77, 78].

A final factor limiting progress is the relatively small

number of patients with meningiomas who require addi-

tional therapies after treatment with surgery and radiation

therapy. In general, there is little incentive for pharma-

ceutical companies to evaluate their therapies in meningi-

omas because of the small potential market. Hopefully as

the molecular pathogenesis of these tumors becomes better

understood, a compelling case can be made for evaluating

specific agents directed at critical molecular targets. Given

the limited number of meningioma patients, and the

increasing number of potential drug candidates and com-

binations, there will be a need to consider novel trial

designs to effectively screen new agents. These may

include small multi-arm trials using adaptive randomiza-

tion, ‘‘pick-the-winner’’ design, sequential accrual, or

randomized discontinuation. These novel designs poten-

tially allow more agents to be screened rapidly, reducing

the overall number of patients that will be required. These

studies are harder to conduct and will require the close
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collaboration of committed centers with strong statistical

support. Since meningiomas are frequently resected and

tissue is readily available, there may also be the opportu-

nity to conduct phase 0 studies, which are increasingly used

in drug development in many tumors, including glioblas-

tomas. In these studies drug is administered for short

periods prior to surgery and the tumor examined to deter-

mine if adequate drug concentrations were achieved and

whether there is evidence that the putative molecular tar-

gets are inhibited. These studies require only small num-

bers of patients and may potentially help eliminate

ineffective agents prior to evaluation in larger phase II

studies.

In the next section, targeted molecular drugs that have a

potential role against meningiomas will be reviewed in

detail. These therapies have also been discussed in recent

review articles [4, 8, 11, 14, 15, 67, 79, 80].

Targeted molecular agents

The importance of dysregulated cell signaling as a cause of

neoplastic transformation is increasingly apparent.

Emerging data have identified aberrant expression of crit-

ical signaling molecules in meningioma cells [14, 69],

suggesting that molecular drugs designed to target path-

ways involved in cell growth, proliferation, and angio-

genesis may prove valuable in therapy. Unlike gliomas,

where the blood brain barrier (BBB) limits the penetration

of many therapeutic agents, the penetration of targeted

agent in meningiomas is unlikely to be a major issue.

However, in contrast to the extensive work on under-

standing the genetics of systemic cancers and gliomas,

relatively little work has been conducted in understanding

the growth factors and their receptors, and the signal

transduction pathways that are critical to meningioma

growth [4, 67, 68, 70, 79]. PDGF, EGF, VEGF, IGF,

transforming growth factor-beta (TGF-b), and their recep-

tor tyrosine kinases, together with their downstream sig-

naling pathways including the Ras/MAPK pathway, the

PI3K/Akt pathway, the PLC-c1-PKC pathway, and the

TGF-b-SMAD pathways are all thought to be important in

meningioma growth (Fig. 2) [8, 14, 67, 68].

Inhibitors of growth factor signaling

Platelet-derived growth factor receptor (PDGFR)

PDGFR is a fundamental driver of cell proliferation in

many tumors, and meningiomas express both PDGFAA

and BB and PDGF-beta receptors [81–84], raising the

possibility of an autocrine signaling loop supporting

meningioma cell growth and maintenance. Expression

levels may be higher in atypical and malignant meningio-

mas than in benign meningiomas [82]. Administration of

PDGF-BB to meningioma cells in culture results in stim-

ulation of tumor growth and activation of MAP kinases

[85] and c-fos [86], while proliferation of meningioma cells

can be inhibited by anti-PDGF-BB antibodies [87]. Imati-

nib mesylate is a potent inhibitor of the PDGF-a and b
receptors, Bcr-Abl, and c-Kit tyrosine kinases. In a phase II

study for recurrent meningiomas conducted by the North

American Brain Tumor Consortium (NABTC) [77], 23

meningioma patients (13 grade 1, 5 grade 2, and 5 grade 3)

were treated with imatinib. Patients were stratified into

2 cohorts: (1) grade 1 meningiomas or (2) grade 2 and

3 meningiomas. As imatinib is metabolized by the cyto-

chrome P450 system (3A4), patients could not be receiving

enzyme inducing anti-epileptic drugs (EIAED). Patients

initially received 600 mg/day of imatinib; the dose was

increased in the second cycle to 800 mg/day if no signifi-

cant toxicity was observed in the first cycle. Although the

treatment was generally well-tolerated, and therapeutic

plasma levels of imatinib were achieved, the agent had

minimal activity [77]. There were no radiographic

responses. Overall median PFS was 2 months (range

0.7–34 months) and PFS6 was 29.4%. For benign menin-

giomas, median PFS was 3 months (range 1.1–34 months)

and PFS6 was 45%. For atypical and malignant meningi-

omas, median PFS was 2 months (range 0.7–3.7 months)

and PFS6 was 0%.

A recent in vitro study suggests that combining imatinib

with the protease inhibitor and pro-apoptotic agent nelfi-

navir may be lead to synergistic activity [88]. The com-

bination of imatinib with hydroxyurea is also being

evaluated in a phase II study at Duke University Medical

Center. This study has completed accrual and results

should be available in the near future (Table 1).

Several other inhibitors of PDGFR are undergoing

evaluation in a variety of cancers such as tandutinib,

dasatinib, nilotinib, sunitinib, pazopanib, and CHIR 265.

Some of these, such as tandutinib, are more potent

PDGFRb inhibitors than imatinib, while others target

additional kinases that may be important in meningiomas.

For example, sunitinib inhibits both PDGFRa and b, as

well as VEGF receptors (VEGFR) 1, 2 and 3 and c-Kit,

while CHIR 265 inhibits VEGFR, c-Kit and Raf. These

drugs may potentially be more effective than imatinib as

monotherapy against meningiomas.

Epidermal growth factor receptor (EGFR)

The EGFR is overexpressed in more than 60% of menin-

giomas [89–95]. EGF and TGF-a activate these receptors

and stimulate meningioma growth in vitro [67, 90, 93],

supporting the concept that activation of EGFRs in human
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meningiomas by autocrine/paracrine stimulation may con-

tribute to their proliferation. Increased TGF-a immunore-

activity in meningiomas has been associated with aggressive

growth [67, 95, 96]. In contrast, one immunohistochemical

study suggested that atypical meningiomas without EGFR

expression had a statistically worse prognosis compared to

Fig. 1 83 year old with

malignant meningioma treated

with octreotide LAR for

12 months with stable disease.

a Axial CT scan before and

b after 12 months of therapy
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atypical EGFR-expressing tumors; the authors suspect that

these tumors utilize potent, alternative growth-stimulatory

pathways [97].

The NABTC conducted 2 small exploratory trials of

EGFR inhibitors in meningiomas. In NABTC 01-03

patients with recurrent or progressive meningiomas not

receiving EIAEDs were treated with 150 mg/day of erl-

otinib (Tarceva�). In NABTC 00-01, patients with recur-

rent or progressive meningiomas not on EIAEDs were

treated with 500 mg/day of gefitinib (Iressa�). In both

studies, the drugs were reasonably well-tolerated; the main

toxicities were the expected adverse effects of rash and

diarrhea [78]. Overall, 25 eligible patients were evaluated,

16 patients received gefitinib and 9 erlotinib. Eight patients

had grade I (benign) tumors, 9 grade 2 (atypical), and 8

grade 3 (malignant). There were no objective imaging

responses; 8 patients (32%) had stable disease as their best

response. For grade I tumors, the PFS6 was 25%, PFS12

13%, 6-month overall survival (OS6) 63%, and 12-month

OS (OS12) 50%. For grade II and III tumors, PFS6 was

29%, PFS12 18%, OS6 71%, and OS12 65%. There was no

significant difference between the PFS and OS of grade 1

and grades II/III meningiomas. Although treatment was

well-tolerated, neither gefitinib nor erlotinib appear to have

significant activity against recurrent meningioma. As a

result, it is unclear whether single agent EGFR inhibitors

have a role in meningiomas.

In addition to gefitinib and erlotinib, there are a large

number of other EGFR inhibitors currently undergoing

evaluation. These inhibit EGFR more effectively, or inhibit

other receptor tyrosine kinases also, potentially increasing

their therapeutic benefit. For example, lapatinib inhibits

EGFR and HER2, neratinib (HKI-272), BIBW2992 and

PF00299804 inhibits all subtypes of the EGFR, and

ZD6474 (ZactimaTM) inhibits EGFR and VEGFR.

Although EGFR monoclonal antibodies have been effec-

tive for some systemic malignancies (e.g., cetuximab in

colorectal cancer), they have generally not been used for

brain tumors because of the concern regarding the ability of

these agents to pass through the blood–brain barrier (BBB)

in sufficient concentrations to produce a therapeutic effect.

Since the BBB is not a factor in most meningiomas, it is

possible that these antibodies may be effective in these

tumors. To date very few studies have evaluated the ther-

apeutic potential of these agents in meningiomas. In a

phase I study of a murine monoclonal antibody against

EGFR in 9 patients with either gliomas or meningiomas,

treatment was reasonably well-tolerated. No radiographic

responses were detected, but efficacy data is difficult to

interpret in a study with so few subjects [98]. Currently,

several anti-EGFR antibodies are undergoing evaluation

for other malignancies such as cetuximab, panitumumab,

EMD 72000, nimotuzumab and mAb 806. Trials of these

agents in meningiomas may be worthwhile, especially if

combined with correlative studies examining whether the

antibodies can achieve therapeutic concentrations in

meningiomas and inhibit EGFR in vivo. Combining EGFR

inhibitors with agents targeting complementary pathways

may be worth exploring, although toxicity may be an issue.

Mitogen-activated protein (MAP) kinase pathway

Signal transduction from activated tyrosine kinases such as

EGFR and PDGFR is mediated in part by the Ras/Raf/

MAPK pathway and the PI3K/Akt pathways. PDGF-BB

stimulates meningioma growth in vitro via the MAPK

pathway, which is constitutively activated in benign

meningiomas and meningioma cell cultures [85]. Treat-

ment with PD098059, a MEK inhibitor, reduces MAPK

phosphorylation, inhibits meningioma growth in vitro, and

prevents PDGF-BB stimulation of meningioma growth

[85]. The MAPK pathway is also activated in some, but not

all, atypical and malignant meningiomas [99] suggesting

that other signal transduction pathways may also be

involved. A number of Raf inhibitors (e.g., sorafenib and

PLX4032) and MEK inhibitors (e.g. PD 0325901 and

AZD6244) are undergoing clinical evaluation and may

have role in meningiomas. Activation of Ras requires

localization to the cytoplasmic surface of the cell mem-

brane [100]. This subcellular localization is dependent on

the addition of a hydrophobic farnesyl group to the ras

protein, catalyzed by the enzyme farnesyltransferase.

Farnesyltransferase inhibitors such as tipifarnib (Zarnes-

tra�) and lonafarnib (Sarasar�) inhibit the Ras pathway,

and may have therapeutic potential in meningiomas.

However, preliminary studies suggest that the activity of

these agents may be limited in benign meningiomas [67];

in addition the development of this class of agents is in

some doubt.

PI3K/Akt pathway

The PI3K/Akt pathway plays a central role in many

malignancies [101, 102]. Akt and p70S6K are expressed and

activated (phosphorylated) in benign meningiomas, and

play a role in signal transduction from PDGFR stimulated

by PDGF-BB [103]. Treatment with a PI3K inhibitor

produced a dose-dependent inhibition of PDGF-BB stim-

ulation, with a concomitant attenuation of Akt and p70S6K

phosphorylation [67, 103]. Phospho-Akt is present in

higher levels in atypical and malignant meningiomas

compared to benign meningiomas [99]. Inhibition of the

PI3K resulted in reduction in phospho-Akt activity in

atypical and malignant meningiomas [99]. These results

suggest that the PI3K/Akt pathway may play a central role

in meningiomas, especially in atypical and malignant
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meningiomas, Inhibitors of PI3K (e.g. BEZ235, XL765,

XL147, BKM120), inhibitors of Akt (e.g., perifosine,

MK2206), and mTOR inhibitors, located downstream of

Akt (e.g. sirolimus, temsirolimus [CCI-779], everolimus

[RAD001], and ridaforolimus (AP23573), may have ther-

apeutic potential in these tumors.

PLC-c1-PKC pathway

In addition to activation of the MAPK and the PI3K/Akt

pathway, receptor tyrosine kinases such as EGFR and

PDGFR also activate PLC-c1-PKC [67]. This results in

hydrolysis of phosphatidylinositol-4,5-diacylglycerol to

inositol 1,4,5-triphosphate and 1,2 diacylglycerol (1,2-

DAG). 1,2-DAG activates PKC, the MAPK and the PI3K/

Akt pathways [67, 93]. PKC enters the nucleus and acti-

vates c-fos and c-jun, which leads to cell proliferation and

inhibition of apoptosis [67]. Activation of EGFR on

meningioma cells results in phosphorylation of PLC-c1

[93]. The interaction of PLC-c1 with the MAPK and the

PI3K/Akt pathways underscores the complexities of the

signaling pathways and the likelihood that inhibition of

multiple targets will be necessary.

TGF-b-SMAD signaling pathways

The precise role of TGF-b in meningiomas remains to be

defined. Meningiomas secrete TGF-b1, 2, and 3, and pos-

sess functional TGF-b type I and II receptors [67, 104].

TGF-b1 inhibits proliferation of leptomeningeal and

benign meningioma cells via signal transduction through

the Smad 2/3 pathway [67, 104]. In other tumors, including

gliomas, higher grade tumors change from being inhibited

to being stimulated by TGF-b [67]. Whether a similar

process occurs in meningiomas is unclear. If TGF-b plays

an activating role in high-grade meningiomas, evaluating

inhibitors of TGF-b such as SB-431542 and AP12009, and

antibodies such as GC1008 and PF-03446962 may be

worthwhile.

Cell cycle inhibitors

Recently, there has been progress in identifying agents

that target the cell cycle to treat cancer [105, 106].

Cyclin-dependent kinase (cdk) activity can be inhibited by

agents that competitively inhibit cdk ATP-binding pockets

or that allosterically modulate cdk or endogenous cdk

inhibitor complexes. Single agent activity has been

modest to date, but newer oral agents that allow chronic

dosing, and combinations of cdk inhibitors with other

targeted agents or cytotoxic agents may hold greater

promise [105, 106].

Apoptosis

Defects in programmed cell death (apoptosis) mechanisms

play an important role in tumor pathogenesis and resistance

to therapy [107]. Apoptosis occurs via 2 main mechanisms.

The extrinsic pathway is characterized by activation of

death receptors with subsequent activation and cleavage of

caspase 8. The intrinsic pathway is characterized by

depolarization of the mitochondrial membrane, activation

of caspase 9 and then caspase 3 and other executioner

caspases [108–110]. There has been increasing interest in

identifying targeted agents that modulate apoptosis to

destroy tumor cells [108–111]. This can be achieved either

by inhibiting pro-survival pathways such as the AKT and

MAPK pathways, and NFjB, or by inducing apoptosis.

The activation of cell surface receptors by the tumor

necrosis factor-related apoptosis-inducing ligand (TRAIL)

leads to stimulation of the extrinsic pathway [109, 112].

Agents that activate these receptors, such as monoclonal

antibodies to TRAIL receptors and recombinant TRAIL are

being evaluated as monotherapies and in combination with

chemotherapeutic agents [112]. The Bcl-2 family of pro-

teins plays a central regulatory role in the intrinsic path-

way. Overexpression of Bcl-2 or Bcl-XL renders tumor

cells resistant to apoptotic stimuli, including many cyto-

toxic agents. Strategies to inhibit these proteins with small

molecules such as ABT773 [113], Bcl-2 antisense oligo-

nucleotides [114], and BH3 mimetic peptides [115] are

being evaluated. Inhibitors of apoptosis proteins (IAPs) are

endogenous apoptosis suppressors, many of which function

as caspase inhibitors [110]. A number of inhibitors of IAPs

are in development; they represent a promising class of

agents with antitumor activity that may be synergistic with

conventional cytotoxic therapies and other targeted

molecular agents [110]. To date these agents have not been

evaluated in meningiomas.

Another class of agents that may have therapeutic

potential in meningiomas are synthetic retinoids, such as

fenretinide, that induce apoptosis in tumor cells [116]. In

an in vitro study, fenretinide induced apoptosis in all 3

histologic subtypes of meningioma and exerted diverse

cellular effects, including DR5 upregulation, modulation of

retinoid receptor levels, and inhibition of IGF-1-induced

proliferation [116].

Inhibition of angiogenesis

Meningiomas are highly vascular tumors that derive their

blood supply predominantly from meningeal vessels sup-

plied by the external carotid artery, with additional supply

from cerebral pial vessels [38]. Inhibition of angiogenesis

has become an increasingly important approach to treating

cancer [117, 118]. Preclinical studies evaluating inhibitors
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of angiogenesis in meningiomas are limited. One early

study found that TNP-470, a fumigillin analogue, inhibits

the growth of benign and malignant meningioma xeno-

grafts in nude mice [119].

VEGF plays a central role in tumor angiogenesis, and

there is increasing evidence that inhibition of VEGF or

VEGF receptors (VEGFR) can lead to significant antitumor

effects [117, 118]. Inhibition of VEGF with the anti-VEGF

antibody bevacizumab (Avastin�) has significantly

improved outcome in several malignancies including

colorectal, lung, breast cancer, renal cell carcinoma and

glioblastoma [117, 118, 120]. Inhibitors of VEGFR such as

sorafenib (Nexavar�) and sunitinib (Sutent�) have also

prolonged survival in renal cell carcinoma and GIST [118].

VEGF and VEGFR are expressed in meningiomas, and the

level of expression increases with tumor grade [121–123].

VEGF expression is increased 2-fold in atypical meningi-

omas, and 10-fold in malignant meningiomas compared to

benign meningiomas [121]. VEGF also plays an important

role in the formation of peritumoral edema which adds to

the morbidity of these tumors [122, 123]. Inhibitors of

VEGF and VEGFR have the potential not only to inhibit

angiogenesis, but also to decrease peritumoral edema.

Clinical trials of angiogenesis inhibitors for meningio-

mas are ongoing. A multicenter phase II study of sunitinib

in patients with recurrent or inoperable meningiomas is

under way (Table 1). Sunitinib is a theoretically appealing

agent for meningiomas because it is a multiple tyrosine

kinase inhibitor that targets both VEGFR and PDGFR. In

an interim analysis, the PFS6 for grade II (atypical) and

grade III (malignant) meningiomas appears to be in excess

of 50%, suggesting that this agent may be active in these

tumors [124]. In comparison, the NABTC trial of imatinib

in grades II and III meningiomas had a PFS6 of 0% [77]. A

trial of vatalanib (PTK787), which also targets VEGFR and

PDGFR, is in progress at Northwestern University.

Although responses have not been observed among the first

15 patients, PFS6 for atypical and malignant meningiomas

is 53% [125]. Trials of other agents targeting VEGF, such

as bevacizumab, alone or with everolimus are ongoing

(Table 1).

Other angiogenic factors implicated in meningiomas

include fibroblast growth factor (FGF) [121], placental

growth factor [126], and possibly hepatocyte growth factor/

scatter factor (HGF/SF), although the role of the latter is

less clear [121, 127]. The presence of HGF/SF and its

receptor cMET appears to be associated with an increased

proliferation index and rate of recurrence [127].

Endothelins (ETs) are peptides that promote tumor

progression by several mechanisms, including angiogene-

sis, cell proliferation, inhibition of apoptosis, and matrix

remodeling. Several isoforms are known including ET-1,

ET-2 and ET-3. ETs function via 2 G-protein-coupled

receptors ET-A and ET-B [128, 129]. ET-1 and ET-A are

overexpressed in meningiomas [129, 130]. The growth of

primary meningioma cultures can be blocked by the ET-A

inhibitor BQ-123 but not by the ET-B inhibitor RES-701-3,

which suggests that the effects of ET-1 on meningioma

growth are mediated by ET-A receptors [130]. Several ET-

A receptor antagonists are under development such as

astrasentan (XinlayTM) and ZD4054. These have not yet

been tested in meningiomas.

Inhibition of invasion

Brain invasion is a fundamental characteristic of high-

grade meningiomas [38, 66]. Meningiomas frequently

overexpress molecules that facilitate brain invasion

including matrix metalloproteinases, such as MMP-2 and 9

[131, 132], SPARC, tenascin, stremelysin-3 and urokinase

plasminogen activator (uPA), and its receptor (uPAR) [66,

133]. In many cases, expression of pro-invasion proteins

correlates with invasive behavior. Malignant meningiomas

typically fail to express tissue factor pathway inhibitor 2

(TFPI-2) [134]. TFPI-2 is an extracellular matrix-associ-

ated kunitz-type serine proteinase inhibitor secreted by all

vascular cells and by benign meningiomas. It plays a role

in tumor invasion and metastasis, presumably by plasmin-

mediated matrix remodeling. Previous studies showed that

expression of TFPI-2 is lost in high-grade tumors, includ-

ing gliomas. Transfection of TFPI-2 mRNA into the human

meningioma cell line IOMM-Lee inhibited tumor growth

in vitro and in vivo, which suggests that TFPI-2 may have

therapeutic potential in malignant meningiomas [134].

Inhibition of uPA and uPAR may also have therapeutic

potential [133]. Other invasion inhibitors have been studied

for systemic cancers and gliomas, and some of these agents

may have a therapeutic effect in meningiomas [135–138].

One potential agent is cilengitide, an inhibitor of avb3 and

avb5 integrins, both of which are expressed in meningio-

mas [139] and are potentially important for angiogenesis

and invasion. The drug is in clinical trials for gliomas

where it has been well-tolerated and appears to show

modest evidence of activity [140].

Other molecular targets

Other potential therapeutic targets in meningiomas include

IGFR-2 [141, 142], histone deacetylase [143], NFjB [144],

heat shock protein 90 (HSP90) [145], JAK/STAT [146],

check point kinase [147], and possibly Src kinase [148],

focal adhesion kinase [149], and hypoxia-inducible factor

1a [150]. One recent report documented a response in an

incidental meningioma in a patient treated with chemo-

therapy combined with CP-751,871, an IGF-1R inhibitor

[151]. As with other solid tumors, the complexity of the
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molecular abnormalities in meningiomas and the redun-

dancy of the signaling pathways make it improbable that

single agents will achieve the same success as imatinib in

CML. Nonetheless, the use of targeted molecular agents

remains a potentially promising and largely unexplored

area in meningiomas. It will be important to increase our

understanding of the molecular pathogenesis of meningi-

omas and to identify the critical molecular abnormalities

driving tumor growth which can be targeted. Multi-targeted

‘‘dirty’’ drugs, combinations of targeted agents inhibiting

complementary molecular targets, or the combination of

targeted agents with conventional cytotoxic agents and

especially radiation therapy, will lead to greater antitumor

effects than single agents alone.

Preclinical studies suggest that radiation sensitivity can

be regulated by growth factors (EGFR, IGFR), signal

transduction pathways (Ras/MAPK, PI3K/Akt), checkpoint

activation and DNA repair (ATM, Chk1, Rad 51), and

apoptosis related proteins (Fas, BcL2) [152]. Many of these

can be inhibited by targeted molecular agents.

HSP90 acts as molecular chaperone protein that is

required for maturation and stability of various client

proteins including EGFR, Akt, Raf, p53 and cdk4. By

blocking HSP90, 17AAG enhances radiation sensitivity in

several tumor cell lines. This agent and other HSP90

inhibitors may have therapeutic potential in meningiomas

[145, 153].

There is also increasing evidence that angiogenesis

inhibitors may enhance radiation sensitivity [154]. Possible

mechanisms for the beneficial effects of angiogenesis

inhibition include direct antitumor effects, endothelial cell

radiosensitization resulting in damaged tumor vasculature,

and improved oxygenation as a result of elimination of

ineffective tumor vessels and decreased interstitial pressure

[155]. Many of the available VEGFR and VEGF inhibitors

may potentially have synergistic effects in combination

with radiotherapy [118, 154].

Conclusions

Despite advances in surgery, radiation therapy and radio-

surgery, there remain a small but important subset of

patients with meningiomas who develop recurrent disease

refractory to conventional therapies. To date, chemother-

apies have shown minimal activity and hormonal therapies

have proven to be largely ineffective. Progress in identi-

fying alternative forms of therapy for these patients with

recurrent meningiomas has been limited by poor under-

standing of the molecular pathogenesis of meningiomas

and the critical molecular changes driving tumor growth,

and by the lack of meningioma cell lines and tumor models

for preclinical studies. Nonetheless, progress in cancer

genomics is providing molecular information about

meningiomas at an increasing rate, helping to identify

growth factors and their cognate receptors, intracellular

signaling pathways, and hormonal influences that represent

novel targets for therapy. Angiogenesis is important for

some meningiomas and can be targeted with a variety of

approved and investigational drugs. There is significant

experience with targeted molecular agents for systemic

cancers and high-grade gliomas which can potentially be

translated into effective strategies for meningiomas. It is

hoped that these novel therapies will complement the tra-

ditional approaches such as radiotherapy and lead to more

effective treatments for patients with meningiomas.
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Assessment of radiation and chemotherapy efficacy for brain
cancer patients is traditionally accomplished by measuring changes
in tumor size several months after therapy has been administered.
The ability to use noninvasive imaging during the early stages of
fractionated therapy to determine whether a particular treatment
will be effective would provide an opportunity to optimize indi-
vidual patient management and avoid unnecessary systemic tox-
icity, expense, and treatment delays. We investigated whether
changes in the Brownian motion of water within tumor tissue as
quantified by using diffusion MRI could be used as a biomarker for
early prediction of treatment response in brain cancer patients.
Twenty brain tumor patients were examined by standard and
diffusion MRI before initiation of treatment. Additional images
were acquired 3 weeks after initiation of chemo- and�or radio-
therapy. Images were coregistered to pretreatment scans, and
changes in tumor water diffusion values were calculated and
displayed as a functional diffusion map (fDM) for correlation with
clinical response. Of the 20 patients imaged during the course of
therapy, 6 were classified as having a partial response, 6 as stable
disease, and 8 as progressive disease. The fDMs were found to
predict patient response at 3 weeks from the start of treatment,
revealing that early changes in tumor diffusion values could be
used as a prognostic indicator of subsequent volumetric tumor
response. Overall, fDM analysis provided an early biomarker for
predicting treatment response in brain tumor patients.

diffusion MRI � therapeutic response

I t is projected that in 2004, �18,400 new cases of primary brain
cancer will be diagnosed in the United States and 12,690

people will die of the disease (1). Malignant gliomas are the most
common of these brain tumors and have a high mortality rate and
short median length of survival (40.9 weeks) (2). In terms of
biology, treatment, and prognosis, brain tumors are a heteroge-
neous group of neoplasms (3). The early identification of tumors
responsive to therapy versus those that are not would greatly
facilitate modifying an ineffective treatment regimen in a more
timely fashion than is usual with standard measurements of
tumor response.

Current assessment of CNS tumor treatment response relies
on evaluating changes in the maximal cross-sectional area of the
tumor or the product of the maximal perpendicular tumor
diameters (4, 5) weeks to months after the conclusion of a
therapeutic protocol (6, 7). Several noninvasive imaging meth-
ods [positron-emission tomography, single-photon emission
computerized tomography, magnetic resonance (MR) spectros-
copy and diffusion MRI] are being evaluated for assessing early
therapeutic response that are independent of late changes in
tumor volume (8–13). Diffusion MRI detection of cancer treat-
ment response was first successfully reported in a rodent brain
tumor model treated with chemotherapy (13). The hypothesis
underlying this approach is that changes in tumor water diffusion

occur after successful treatment that can be attributed to changes
in cell density (13–19), resulting from necrosis and�or apoptotic
processes (Fig. 1A). Moreover, initial regions of high extracel-
lular water content (e.g., intratumoral edema, necrosis, and�or
cysts) may decrease in volume because of dynamic reorganiza-
tion of the heterogeneous tumor structure after treatment (Fig.
1B). The change in cell density due to cell kill along with tissue
reorganization may lead to heterogeneous changes in the un-
derlying tissue morphology (e.g., ratio of intra- to extracellular
water), resulting in spatially varying changes in tumor apparent
diffusion coefficient (ADC) values.

Changes detected in mean tumor ADC values after treatment
in rodent tumor models revealed that this approach has merit for
preclinical drug development studies as a sensitive and early
predictor of therapeutic efficacy (13, 20–27). However, clinical
utility of this approach has been hampered because of tumor
heterogeneity and suboptimal methods of digital image analysis
(28–32). Furthermore, although these preliminary studies have
shown correlations between ADC change and tumor response,
a definitive study demonstrating the ability of diffusion MRI to
predict response has not been reported. Prediction of tumor
response is critical for diffusion MRI to become a validated
clinical biomarker of early treatment response.

We investigated whether diffusion MRI could be used to
provide early detection of the therapeutic response of malignant
brain tumors in humans as was observed in rodent brain tumors
(13, 28). In this study, we prospectively compared tumor diffu-
sion values at 3 weeks after initiation of therapy with pretreat-
ment images to quantitate therapy-induced changes in ADC. A
diagramatic representation of this approach is shown in Fig. 1C,
where the two image datasets are coregistered and computa-
tionaly analyzed (see Methods) to yield functional diffusion maps
(fDMs), which consist of a color overlay image of therapeutic-
induced ADC change within the tumor. The fDM provides the
ability to objectively segment the tumor into three color regions
based on the magnitude and direction of ADC change. The
volumes of these regions are also displayed as a scatter plot and
were found to correlate with subsequent tumor response (post-
treatment change in tumor size by using standard radiographic
criteria). Statistical analysis of this data revealed that this fDM
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Fig. 1. Biological processes proposed to be involved in therapeutic-induced changes in tumor ADC values along with a pictorial description of the fDM analytical
process. (A) A schematic representation of the dynamic biological processes associated with changes (increase or decrease) in tumor water diffusion values. Tumor
cells within an image voxel have several fates during treatment. Cells can be resistant to therapy (unaltered ADC, green) or can undergo necrosis initiated by
a transient cell swelling (decreased ADC, blue). Cell enlargement (swelling) can also be associated with mitotic catastrophe or a reduction in tumor blood flow
resulting in focal ischemia�hypoxia (decreased ADC, blue). These processes can eventually progress to cell lysis and necrosis (increased ADC, red). Cells can also
undergo apoptosis involving cell shrinkage and blebbing followed by phagocytosis (increased ADC, red). (B) The concept that necrotic or cystic regions of a tumor
can undergo drainage (displacement) of water as cells move into the region resulting in a drop in diffusion values (decreased ADC, blue) is summarized. (C)
Diffusion MRI data undergo digital image postprocessing and analysis that involves coregistration of images before and during treatment. Data are used to
generate a three-color overlay representing regions in which tumor ADC values are unchanged (green voxels), significantly increased (red voxels), or significantly
decreased (blue voxels). This data can also be presented in a scatter plot and percentages assigned to the three defined ADC regions, allowing quantitative
assessment of overall changes in tumor ADC values.
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approach could be used as a biomarker to predict early tumor
response to therapy.

Methods
Patients. Patients with unresectable primary brain tumors were
recruited to participate in a longitudinal clinical imaging trial to
test the efficacy of the fDM approach for assessment of treat-
ment response. To be eligible for the trial, patients were required
to have a malignant brain tumor confirmed by histology as
glioblastoma multiforme, astrocytoma, anaplastic astrocytoma,
anaplastic oligodendroglioma, germ cell, or primitive neuroec-
todermal tumor, either at the initial diagnosis or at the time of
tumor relapse. In addition, patients were only included if they
were to receive radiation, chemotherapy, or a combination of
both. Twenty patients were recruited into the study and under-
went pretreatment diffusion MRI as well as the standard MRI
(fluid attenuated inversion recovery, T2-weighted MRI, and
gadolinium-enhanced T1-weighted MRI). All patients also un-
derwent the same studies 3 weeks after initiation of therapy and
follow-up standard MRI was accomplished to determine radio-
logical response after completion of therapy.

Radiographic treatment outcomes based on the ‘‘crossed
diameter product’’ were classified according to the World Health
Organization criteria as follows: CR, complete resolution of
tumor contrast enhancement and cessation of all steroids; partial
response (PR), �50% decrease in tumor volume observed at
least 4 weeks after the conclusion of therapy and on stable or
decreased dosage of steroids; stable disease (SD), �50% de-
crease or a �25% increase in tumor volume and stable or
decreased dose of steroids; and progressive disease (PD), �25%
increase in tumor volume and on stable or increased dose of
steroids. Written informed consent was obtained from all sub-
jects, and all images and medical records were obtained accord-
ing to protocols approved by the University of Michigan Medical
School Institutional Review Board.

MRI. Water diffusion-sensitive images of the brain were acquired
on a 1.5 T human MRI system (General Electric Medical
Systems, Milwaukee, WI); capable of single-shot echo-planar
imaging (EPI) (33). The diffusion spin-echo EPI sequence
(TR�TE � 10,000�100 msec) was set to acquire at least 14,
6-mm-thick, contiguous axial-oblique sections through the brain
at a given diffusion sensitivities (i.e., ‘‘b factors’’) along all three
orthogonal directions. A set of diffusion-weighted images at high
diffusion sensitivity (b2 � 1,000 sec�mm2) and low sensitivity b1
� 0 (i.e., T2-weighted) were collected in 80 sec. Mean ADC
maps were then calculated from the three orthogonal directions
because this quantity represents a rotationally invariant scalar of
the diffusion tensor (34). That is, ADC maps were then calcu-
lated according to

ADCi �
1

�b2 � b1�
loge� Sb1

Sb2
� , [1]

where Sb1 and Sb2 are signal intensities at low- and high-diffusion
weighting, respectively, and i is the direction along which the
diffusion sensitization gradients were placed (x, y, and z). These
ADC maps were then averaged to calculate the scalar invariant
mean ADC:

ADCo �
�ADCx � ADCy � ADCz�

3
. [2]

The quantity, ADCo, is a scalar invariant of the diffusion tensor,
thus, it avoids complexities introduced by anisotropy in brain
tissue (34–36).

Image Analysis. All MR images were spatially coregistered by
using the pretreatment T2 weighted images as the reference
dataset. This step allowed all images of a given patient to be
viewed and analyzed from a fixed frame of reference. The
coregistration was performed by using a ‘‘mutual information for
automatic multimodality image fusion’’ (MIAMI FUSE) algorithm
(37). After this coregistration, brain tumors were manually
segmented on the images by neuroradiologists. For this study,
tumor tissue was defined as tissue that was either contrast-
enhanced on T1-weighted images or was contained within a
‘‘ring’’ enhancement. Tumor cross-sectional diameters were
measured by the radiologists for calculation of the crossed
diameter product.

For each patient, diffusion changes were quantified by using
a multiparametric analysis. ADC values of each voxel within the
tumor fDM at 3 weeks were plotted as a function of their
pretherapy ADC (Fig. 1C, scatter plot). Because shrinkage or
growth of the tumor during the time between scans may have
occurred, only voxels that were present in both the pretherapy
and posttherapy tumor volumes as segmented by radiologists
were included. All tumor voxels were objectively segmented into
three different categories: red voxels (VR) for which the ADC
increased significantly, blue voxels (VB) for which the ADC
decreased significantly, and green voxels (VG) for which the
ADC did not change significantly. The three-color fDM was
overlayed on the anatomical image. The mean of 15 independent
observation prediction intervals (see statistical analysis below)
was used as the significance threshold. The total volume of the
voxels within each of the three categories (red, blue, and green)
was calculated for each patient at week 3 (Fig. 1C) and normal-
ized against the total tumor volume to give three normalized
tumor volume segments for each patient VR, VB, and VG,
respectively.

Statistical Analysis. The thresholds for determining whether there
was a significant change in diffusion within a voxel were deter-
mined empirically from 15 coregistered data sets from five
different patients. For each coregistered data set, a volume of
interest �50 ml within the contralateral brain containing a range

Table 1. Patient summary

Response Tumor type Age Gender Therapy

PR AA 41 M Radiation
AO 37 M Chemotherapy
AO 56 F Radiation
Germ cell 10 F Chemotherapy
Germ cell 15 M Chemotherapy
PNET 8 F Chemotherapy

SD AA 36 M Radiation
AO 47 F Radiation
GBM 40 F Radiation
GBM 67 F Radiation
GBM 28 M Radiation
PNET 13 F Combination

PD A 44 F Radiation
A 45 F Combination
A 63 F Radiation
AO 64 M Radiation
GBM 46 M Radiation
GBM 20 M Radiation
GBM 42 F Radiation
GBM 45 F Chemotherapy

AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; PNET,
primitive neuroectodermal tumor; GBM, glioblastoma multiforme; A, astro-
cytoma.
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of ADC values from normal gray and white matter was corre-
lated with the reference dataset by using linear least squares
analysis. The 95% confidence intervals and standardized resid-
uals were then determined from the results of the linear least
squares analysis.

To test whether changes in diffusion images of brain tumors
were correlated with patient radiographic outcome (PR, SD, and
PD), the volumes VR, VB, and VT (VT � VR 	 VB) were then
compared by using a one-way analysis of variance test
(ANOVA). Wilson’s scoring method (38) was then used to
determine the sensitivity, specificity, and predictive values and
accuracy of fDM for predicting outcomes.

Results
Patient Diagnosis, Therapy, and Outcome. A total of 20 patients with
primary brain tumors were enrolled in the study as detailed in Table
1. Prescribed therapeutic interventions included chemotherapy,
ionizing radiation, or combined therapy. Imaging was initiated just
before the start of treatment and again during therapy at 3.2 
 0.4
weeks (mean 
 SD). Standard radiographic followup of tumor
response beginning at 4 weeks after treatment classified 6 patients
as PR, 6 patients as SD, and 8 patients as PD (Table 1).

Clinical Studies. Fig. 2 shows representative examples of fDMs
overlayed on T2-weighted images from three patients with ana-
plastic oligodendrogliomas. Each of these patients received frac-
tionated radiation therapy (total dose of 70 Gy in 2-Gy daily
fractions 5 days a week over 7 weeks) and were subsequently
classified as PD (Figs. 2 A and B), SD (Figs. 2 C and D), and PR
(Figs. 2 E and F). The three colors used in these overlay images
represent three different categories of diffusion values determined
at 3 weeks after initiation of treatment. The red voxels indicate the

regions of the tumor that had a significant increase in ADC
(standardized residual � 1.96), the blue voxels indicate regions of
significant reductions in ADC values (standardized residual �
�1.96), and the green voxels represent tumor regions with no
significant change (�1.96 � standardized residual � 1.96). The
total volume of the voxels within these three categories was then
calculated for each patient at 3 weeks (PD patient, Fig. 2B; SD
patient, Fig. 2D; and PR patient, Fig. 2F) and normalized against
the total tumor volume to give three normalized tumor volume
segments for each patient VR, VB, and VG. Values for the PD patient
(VR � 0.9%, VB � 1.1% and VG � 98.0%), SD patient (VR � 2.7%,
VB � 17.8%, and VG � 79.5%), and the PR patient (VR � 41.1%,
VB � 15.2%, and VG � 43.7%) reveal significant differences
between these patients that could be quantified at 3 weeks after
initiation of therapy when less than half of the total radiation dose
has been delivered and almost 2 months earlier than the radio-
graphic response was defined in these patients.

Sensitivity and Specificity of fDMs. The box plots (Fig. 3) summa-
rize the volumes of diffusion change obtained from fDM for each
of the patient-response groups for the entire cohort of patients.
The PR group had a VR � 33.2 
 5.9% (mean 
 SEM) (Fig. 3A)
at 3 weeks posttreatment initiation (Fig. 3A), which was signif-
icantly larger (P � 0.001, power � 95.7%) than the SD (VR �
5.6 
 1.4%) and PD (VR � 1.1 
 0.4%) groups, which were also
significantly different from each other (P � 0.005, power �
98.9%). As shown in Fig. 3B, the PR group had a VB � 4.0 

2.8% at 3 weeks posttreatment initiation, which was not signif-
icantly different from the VB values of the SD and PD groups (VB
� 10.6 
 3.2%, P � 0.4 and VB � 1.9 
 0.6%, P � 0.2,
respectively). However, the VB values were significantly different
between the SD and PD patients (P � 0.01). The sum of the total

Fig. 2. MRI of three patients with oligodendrogliomas. MR image datasets obtained from three different patients diagnosed with anaplastic oligodendro-
gliomas. Images shown are at 3 weeks into a seven-week fractionated ionizing radiation regimen. Regions of interest were drawn for each tumor image by using
anatomical images. (A, C, and E) Shown are the regional spatial distribution of ADC changes (fDMs) of a single slice through each tumor as color overlays for
the PD, SD, and PR patients, respectively. The red pixels indicate areas of increased diffusion, whereas the blue and green pixels indicate regions of decreased
and unchanged ADC, respectively. The scatter plots (B, D, and F) show quantitatively the distribution of ADC changes for the entire three-dimensional tumor
volume for each corresponding patient (A, C, and E), respectively.
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diffusion changes (VT � VR 	 VB) for the PR, SD, and PD were
36.6 
 6.8%, 16.2 
 2.1%, and 3.1 
 0.7%, respectively (Fig. 3C).
The value of VT for the PR group was significantly different from
the PD (P � 0.001) and SD (P � 0.02) patient groups. In addition
the VT for the SD and PD groups were also significantly different
from one another (P � 0.001, power � 99.9%).

Inspection of Fig. 3A reveals that the minimum value of VR
from the PR patient group was 16.5%. This value was outside
the 95% confidence intervals and more than the maximum VR
values of 9.4% and 3.5% for the SD and PD patient groups,
respectively. These readings show that increases in ADC values
may be predictive of response (PR). The midpoint between the
lower 95th percentile of PR patients and the upper 95th
percentile of the SD patients was calculated to be 14% for VR,
which was used as the threshold for discrimination between
groups. If the VR derived from the ADC examination is �14%
in a patient, it predicted the tumor response to be a PR. If VR
was �14%, it would be classified as either SD or PD. Fig. 3C
reveals that total ADC changes (VT) provides for the best
discrimination between SD and PD patient populations. The
midpoint between the 95% confidence intervals was calculated
to be 8%, which was used as the threshold for discrimination
between these groups (SD and PD).

On a patient-by-patient analysis, fDM had a 100% sensitivity
[confidence interval (CI) 61–100] and a specificity of 100% (CI
78–100) for distinguishing PR patients from SD and PD patients by
using a VR threshold of 14%. In addition, a VT threshold of 8%
distinguished between SD and PD patients with 100% sensitivity
(CI 61–100) and specificity (CI 68–100). The predictive values and
overall accuracy for discriminating PR, SD, and PD patients at 3
weeks posttreatment initiation were found to be 100% for all 20
patients based on fDM analysis.

Discussion
There are currently no standard radiological methods for early
assessment of tumor therapeutic efficacy during an interventional
regimen, although several imaging approaches are under active
evaluation (8–12). The early and accurate prediction of treatment
response by using alterations in MRI tumor diffusion values may
provide an opportunity to switch to a more beneficial therapy in
patients who are nonresponders, thereby, minimizing the morbidity
associated with prolonged and ineffective treatment. Moreover,
early biomarkers, such as fDM, that reveal a therapeutic failure
would also provide increased opportunities for these patients to be
enrolled into clinical trials of experimental therapies with a higher
Karnofsky performance status (39).

We found fDM analysis could be used to correctly identified PR,
SD, and PD patients at 3 weeks into therapy. On a patient-by-

patient basis, fDM had a sensitivity and a specificity of 100%. This
current study significantly extends earlier work accomplished in
rodent brain tumors (13, 20, 21, 23–25, 28) and the preliminary
clinical observations in patients with brain and other cancer types
(28–32). The advancement reported in this study was achieved by
using coregistered MRI datasets along with thresholding allowing
for quantification of change in treatment-induced tumor diffusion
values. The predictive values and overall accuracy of fDM were
found to be 100% for all 20 patients. This technique has the
potential to provide significant clinical and cost benefits; however,
larger prospective clinical trials will be needed to confirm these
findings. Previously we had seen anecdotal changes by using mean
ADC values in brain tumor patients (28); however, in this broader
patient dataset, mean ADC values were not as predictive as the
fDM approach reported here because of the lack of sensitivity of
changes in ADC mean values in the presence of significant cellular
heterogeneity within the tumor mass.

The SD patients had partial tumor volumes (3% � VB � 21%)
with significant decrease in diffusion in addition to volumes (1% �
VR � 9%) with increased diffusion at 3 weeks midtreatment (Fig.
3). These heterogeneous changes in tumor diffusion within the SD
patient group exemplifies the dynamic and spontaneous spatial
changes occurring in tumor morphology that can result from
therapeutic intervention as depicted in Fig. 1 A and B. Thus, the
sum of these overall changes (VT) must be considered for predicting
SD patients from PD brain tumor patients. Moreover, an ADC
change averaged over the whole tumor is insensitive to spatial
heterogeneity of treatment response. The fDM approach presented
here provides a simple visual display of regions that appear to
exhibit response and resistance to treatment, as well as offer the
potential of a quantitative response grade by the scatter plot. Spatial
maps of regional response�resistance have the added potential to
adaptively guide spatially directed therapies (e.g., conformal radi-
ation, brachytherapy, or direct injection of therapeutic agents) over
the treatment course.

The diffusion imaging protocol used in this study is available on
most modern clinical MR scanners. In major imaging centers, the
collection of diffusion MR scans and the anatomical images for
diagnosis and treatment of brain lesions is becoming more routine.
The reduction, display, and analysis of fDM requires coregistration
of pretreatment image datasets with a dataset collected during the
initial course of treatment. Although coregistration and other
specialized postprocessing software are not routinely available
currently, these programs could easily be made available through an
independent workstation, incorporated into existing picture archiv-
ing and communications systems, or added to the software asso-
ciated with the clinical MR scanners. Investigations extending the
application of fDM to solid tumors outside of the CNS (e.g., breast,
liver, or head and neck tumors) are also feasible and would provide
for an overall greater significant impact to the oncological imaging
field and improved individualized care to a broader base of cancer
patients.

In summary, the fDM analysis of longitudinal diffusion images
reveals a potent depiction of the divergent response outcomes of
tumors (PD, SD, and PR), thereby allowing for early detection
of therapeutic-induced changes in tumor morphology. Signifi-
cant changes in tumor ADC values occur after treatment initi-
ation indicates that a patient is likely to show response to therapy
(SD or PR). Moreover, a lack of change in tumor ADC values
indicates a therapeutically unresponsive tumor (PD) and, thus,
providing clinical information for which an alternative interven-
tion can be prescribed. Finally, results from this patient popu-
lation reveal that fDMs can serve as a valuable and powerful
biomarker for the early assessment of tumor treatment response.

This work was supported in part by National Institutes of Health�
National Cancer Institute Grants PO1CA85878, R24CA83099, and
P50CA093990 and the Charles A. Dana Foundation.

Fig. 3. Box plots summarizing fDM tumor volumes as a percent of total
tumor volume for each patient group PR (n � 6), SD (n � 6), and PD (n � 8).
(A) The volumes (percent of total) within the tumor that experienced signif-
icantly increased diffusion values (VR). (B) The results for the tumor volume
that had a significant decrease in diffusion values (VB). (C) The total volume of
tumor that had a significant change in ADC (VT where VT � VR 	 VB). Error bars
reflect 95% confidence intervals.
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Patient-physician communication in oncology: past, present,

and future
Walter F. Baile and Joann Aaron

Purpose of review

Contemporary oncology practice acknowledges the

importance of partnering with the patient and family in

dealing with the illness. Patients also value their physicians

as important sources of support when they provide

information about the illness, encouragement, and hope,

discuss treatment options, and address their concerns. For

this reason outcomes associated with the quality of the

physician-patient relationship have received increasing

recognition. This review highlights relevant studies bearing

on important outcomes of communication with the cancer

patient and discusses the implication for training

oncologists of the future.

Recent findings

Evidence is mounting that effective and empathic

communication with the cancer patient and family can

influence desirable outcomes in cancer care, which affect

patient quality of life, satisfaction with care, and medical

outcomes. Evidence also exists that communication and

interpersonal skills can be taught and learned. Oncology

training programs traditionally do not offer experience in this

aspect of care although communication skills have now been

defined as a core competency for oncology trainees. Finding

motivated faculty to teach and providing time and structure

in the curriculum are also major obstacles to be overcome.

Summary

Communication skills are the cornerstone of comprehensive

cancer care. Learning this aspect of patient care can

expand the supportive role of the oncologist especially at

crucial times for the patient and family such as diagnosis,

disease recurrence, and transition to palliative care.

Keywords

communication skills, information, oncology,

physician-patient, support
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Introduction
Patient communication has mistakenly been considered to

be an innate skill of minor importance when compared

with the technical aspects of care. Communication skills

in reality are a key to achieving important goals of the clin-

ical encounter in oncology [1]. These include establishing

trust and rapport with the patient, gathering information,

preventing psychological morbidity [2,3], addressing pa-

tient emotions [4], assisting patients in decisions about

care, articulating an intelligible treatment plan, and en-

listing the collaboration of the patient and family in

treatment. The quality of the oncologist-patient commu-

nication has been shown to affect patient satisfaction with

care [5], decision making [6], accrual to clinical trials [7],

patient distress [8], and malpractice litigation [9,10]. En-

couraging patients to ask questions, eliciting their options

for care, and encouraging them to express opinions and

state preferences result in measurably better health out-

comes than when doctors do not engage in these behaviors

[11,12]. Effective and supportive communication can

assist the patient in navigating a successful transition to

palliation and end-of-life care [13]. Moreover, the need

for patient informed consent and the patient’s right to

health care information and compassionate care create

ethical, legal, and humanistic mandates for competent

communication.

Measuring communication
The verbal and nonverbal exchanges that occur between

physician and patient are understandably complex. Direct

observations of clinical encounters have shed light on

these interactions [14] but can be intrusive and introduce

bias. Patient and physician recall can be unreliable. Re-

cently, methods have been developed that allow us to

open a window on this area. The most powerful of the new

methods is the audiotaping or videotaping of the encoun-

ters, which allows the exchanges that occur in the clinical

encounter to be closely examined. Several systematic

methods for coding and scoring physician-patient dia-

logue in the oncology setting have been developed

[15,16•,17]. These have shed light on certain aspects of

the dynamics of the clinical encounter, regarding such

topics as information exchange, how clinicians may attempt

to cushion bad news, the amount of time spent discuss-

ing patient concerns, and missed opportunities to make

supportive statements to the patient. They have also been

used to assess improvements in communication skills

following training programs. Although more research

groups are using these methods, the demonstration that
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observational findings can be translated into useful clinical

recommendations that have an impact on patient care is

still in an early stage.

Foundations and benefits of communication
The underpinnings of effective communication derive

from theories and principles that translate into specific

skills associated with the outcomes of care previously men-

tioned. Interpersonal psychology emphasizes respect for the

patient, acknowledges the role of the clinician as healer, and

promotes self-awareness of the role that our verbal and

nonverbal behavior has on the patient [18,19•]. Legal

and ethical principles mandate a patient’s rights to infor-

mation about their illness and to participate in decision

making about their care [20]. The psychology of the med-

ical encounter addresses the interrelation between psy-

chosocial and medical variables such as stage of disease,

patient coping, compliance with treatment, and the im-

pact that the patient’s suffering has on the physician’s be-

havior [21,22]. Each of these areas is associated with a set

of skills associated with key outcomes of the physician –

patient relation. For example, two recent papers that fo-

cused on empirical studies using coding of verbal and non-

verbal behaviors during physician-patient interactions to

identify specific but learnable skills that were associated

with several important outcomes of communication in

general medical practice [23,24]. These outcomes and

examples of associated skills are summarized in Table 1.

Gaps in communication
Because of the threat posed by the cancer diagnosis, the

uncertain outcome of treatment, and the physical and psy-

chological hardships of cancer therapy, most patients re-

quire a high level of information about their disease [25]

and substantial emotional support [26,27]. Even when

they are motivated, patients often find it difficult to ob-

tain timely information [28], and this may lead to patients

being dissatisfied with the information they receive, mis-

informed about the status of their illness, or ignorant

about the purpose of their treatment [29–32]. Patients of-

ten do not achieve their desires for participation in deci-

sion making [33] or understand the purpose of clinical

trials [34]. Physicians miss opportunities to respond em-

pathically to their concerns [35] and ignore patient wishes

to discuss health-related quality-of-life issues [36]. Poor

communication skills may be associated with the in-

creased likelihood of receiving anticancer treatment at

the end of life [37].

Barriers to effective communication
The necessary time available for the oncologist to meet

the information and supportive needs and expectations

of the patient has decreased due to bureaucratic insurance

and reimbursement issues [38]. Better oncology care has

come at the price of more complex information for the pa-

tient to understand [39] and less time for the clinician to

spend with the patient and family (Baile and Buckman,

‘On being an oncologist’ videocassette, Houston, TX: Uni-

versity of Texas, M D Anderson Cancer Center; 2002).

Physicians struggle to provide accurate information and

hope in the face of grave or uncertain prognosis [40,41•],
and physicians may not understand the patient’s prefer-

ences or may disclose only partial information for fear

upsetting the patient [40]. High-stakes interviews such

as breaking bad news are stressful and require skills with

which the oncologist may not be comfortable. Patients

may be ambivalent about how much information they

want (and therefore don’t ask) or use coping mechanisms

that shun or minimize information [42]. Misunderstand-

ings may result in a disconnect between physicians and

patients, because physicians may feel it is up to the pa-

tient to bring up problems whereas patients may feel that

if it is important the physician will bring it up [43]. In

communicating with cancer patients, one of the most

challenging tasks is responding to a patient’s emotions

[44]. Physicians often miss opportunities to empathically

respond to a patient’s feelings because they either fail to

identify them or lack the knowledge of how to respond to

them [35,45]. Although opportunities for postgraduate

training are limited, education in this area is often enthu-

siastically received by participants [46]. Important global

and geographical differences regarding ‘truth telling’ exist

that reflect prevailing religious, social, and cultural norms

aimed at ‘protecting’ the patient from the psychological

impact of adverse information or determining that the

family is the principal decision maker for care [47,48•,49].
An interesting study from Turkey, however, illustrates

the fact that even in cultures where diagnostic cancer in-

formation is withheld, it increases the distress of patients,

most of whom have already guessed their diagnosis from

the treatments offered [50].

Giving bad news
Oncologists may give bad news thousands of times during

the course of a career. This is especially true now that

many patients are surviving longer. Giving bad news is a task

that encompasses many basic communication skills such as

Table 1. Learnable communication skills associated with specific outcomes

Communication skill Clinical outcome

Friendliness, courtesy, empathy, being encouraged Increases patient satisfaction
Listening, clarifying, summarizing Enhances information exchange
Explaining, using humor Increases compliance
Checking understanding, endorsing question-asking, offering decisional delay Facilitates shared decision making
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establishing rapport, providing accurate information to the

patient, and addressing emotions. Breaking bad news is

stressful for the clinician [51], and this may result in

attempts to obfuscate or ‘cushion’ the bad news by avoiding

discussion of important topics such as prognosis [14,52,53],

falsely reassuring the patient that things will improve, offer-

ing treatment that will not further the goals of care, or bury-

ing discussions of prognosis in technical jargon. Physicians

may use metaphors that frighten the patient, such as ‘I

talked to the surgeon and he said he wouldn’t touch you

with a ten foot pole.’ (personal communication from pan-

creatic cancer patient); destroy hope: ‘You have advanced

cancer and there is nothing more we can do .’; or be ex-

cessively blunt: ‘Most patients with your disease are dead

in 6 months.’ Patient reactions such as strong emotion, de-

nial, or requests for a second opinion or difficult questions

such as ‘ How long do I have to live?’, may prove challenging

for the physician to answer. There is little evidence that the

difficulties in giving bad news get better over time.

Protocols for giving bad news can help by breaking the pro-

cess into a series of steps [45,54••]. None of these have

been studied empirically, even though they all represent

to some extent best practices, in that they follow the recom-

mendations of the literature and patient preferences [55–57].

Teaching and learning communication skills
Exposure to communication and interpersonal skills is of-

ten initiated in medical school but is rarely subsequently

reinforced. Moreover, it is difficult to prepare the medical

student for the clinical challenges that can occur in oncol-

ogy practice. Physicians in oncology practice can readily

identify their most important communication challenges

[58]. These include giving bad news, dealing with strong

patient and family emotions, transitioning the patient from

curative to palliative care, and discussing end-of-life issues

such as resuscitation. Few oncology training programs offer

sufficient training in communication skills or support fac-

ulty development in this area [59,60]. One successful

approach to teaching communication skills involves resi-

dential workshops of several days’ duration, where learners

are intensively exposed to teaching using simulated pa-

tients using learning models based on adult learning

theory, social psychology, and small group interactions

[46,61,62]. Randomized clinical trials have demonstrated

the efficacy of these programs. Fallowfield et al. [63]

showed that oncologists attending a 3-day workshop were

able to integrate skills into clinical practice. Razavi et al.
[64] showed that basic workshops plus consolidation

training were superior to workshops alone and facilitated

the transfer of acquired skills into clinical practice. Recog-

nizing that communication workshops are expensive and

time consuming, several authors have addressed the issue

of applying teaching techniques to the clinical setting

[65,66]. Physicians in countries where a paternalistic ap-

proach has traditionally led to nondisclosure are now seek-

ing to learn effective communication skills. Guidelines for

shared decision making [67••] and obtaining informed

consent [34] may be useful in guiding communication.

Empowering patients
Even though cancer patients in Western and many non-

Western cultures desire much information about their

illness, they often find it difficult to achieve timely and

relevant access [68]. Access to the Internet has armed

patients with a powerful information tool. It is estimated

that on an average day, 5.5 million Americans look up

health information on the Internet. The emergence of

the Internet as a source of medical information has,

however, afforded them more information about specific

cancers [69–71]. A notable example is the use of the

CHESS system by patients with breast cancer [69,72].

A recent American Society of Clinical Oncology survey

underscored the benefits and challenges posed by patient

Internet usage. Oncologists responding to the survey stat-

ed that 30% of their patients used the Internet to obtain

cancer information [73]. Thirty percent of the 266 pa-

tients visited the Internet for cancer-related information

and most brought information to their medical visit. Al-

though it tended to prolong the length of the visit, many felt

the information obtained provided hope to the patient,

assisted them in finding new clinical trials, and increased

their understanding of the illness. It can also represent a chal-

lenge to the oncologist-patient relation, however, when the

doctor feels that a patient’s questions or challenges their ad-

vice and thus threaten the physician’s authority.

Several studies have been conducted to teach patients

how to more effectively obtain the information they need

in the oncology consultation. These involve preparing pa-

tients for their clinic visits using coaching techniques to

increase their information-seeking behavior [74–76]. Al-

though studies in this area are promising, the time expen-

diture and other barriers are unlikely to result in widespread

adoption of this intervention. Other strategies that have

proved useful include providing audiotapes of visits to

patients [77] or providing feedback to the clinician about

the patient’s concerns, and this has been effective in in-

creasing communication [78].

Complementary and alternative medicine
In the United States, approximately 60% of cancer patients

use some form of complementary cancer treatments. In

Europe, the prevalence ranges from 14% in Greece to

75% among Italian patients [79]. Legal deregulation of

the sale of medicinals, widespread but often unproven ad-

vertising of therapies, and the portrayal of nonprescription

drugs as ‘natural’ compared with mainstream treatments

have contributed to their widespread use among cancer

patients. A recent survey of patients in a large cancer cen-

ter in the United States [80] indicated that 83% of pa-

tients had used at least one complementary or alternative
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approach, the most common of these being spiritual prac-

tices, followed by vitamins and herbs, then movement and

physical therapies. This differs somewhat from practices

in European and Asian countries, where more herbs and

supplements are used. Complementary cancer therapies

seem to serve an important role in patient coping. Patients

report that they engage in complementary therapies to in-

crease their hope or to enhance their sense of control by

participation in their treatment. In some cases, the use of

complementary cancer treatments may be a marker for in-

creased patient distress or may be associated with a delay

in seeking treatment. Few cancer patients use alternative

treatments in lieu of conventional cancer treatment, how-

ever. Only a relatively small percentage of patients discuss

use of these treatments with their oncologist, even though

some therapies may interact unfavorably with cancer

drugs. Patients may feel that it is not important or that

their doctor is not interested. It is recommended, there-

fore, that oncologists routinely ask patients about their

use of complementary and alternative medicines. An edu-

cational rather than a confrontational approach is recom-

mended so as to acknowledge the patient’s initiative in

contributing to a desire to improve their well being.

Conclusion
Various models and systems have recently been proposed

to improve communication in cancer care. One suggested

model is composed of seven stages of communication re-

search, the goal of which is to provide a guiding structure

for bringing coherence to oncology communication [81].

The stages in this model are: (1) identification of commu-

nication difficulties; (2) documentation of patient and clini-

cian views; (3) identification of practices associated with

better outcomes; (4) development of evidence-based guide-

lines and interventions; (5) testing of the effectiveness of

the intervention in changing current practice and improving

patient outcomes; (6) dissemination of the effective inter-

ventions; and (7) broad adoption of the intervention. Exam-

ples are provided for each stage of research to elucidate the

type of study proposed topic. Recently a National Cancer

Institute-funded initiative in communication research has

resulted in the creation of four Centers of Excellence in

Cancer Communication Research. It is unfortunate, howev-

er, that few of the studies proposed by these centers address

communication in the clinical cancer setting.
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Advances in pediatric neuro-oncology
Mark W. Kieran

A number of exciting advances have been reported over the

past few years in the understanding and treatment of children

with brain tumors. The present review highlights many of the

publications from this period, focusing on their relevance within

the major diagnostic and treatment domains of pediatric

oncology (surgery, radiation therapy, chemotherapy,

neuropathology, and neuroradiology). Although many of the

publications cited provide confirmation of previously reported

work, when taken together they form a good framework of the

state of the field from the past few years. Curr Opin Neurol

13:627–634. # 2000 Lippincott Williams & Wilkins.

Pediatric Medical Neuro-Oncology, Dana-Farber Cancer Institute, Boston,
Massachusetts, USA

Correspondence to Mark W. Kieran, MD, PhD, Director, Pediatric Medical Neuro-
Oncology, Dana-Farber Cancer Institute, 44 Binney Street, Boston, MA 02115, USA
Tel: +1 617 632 4907; fax: +1 617 632 4248;
e-mail: mark_kieran@dfci.harvard.edu

Current Opinion in Neurology 2000, 13:627–634

Abbreviations

CNS central nervous system
IMRI intraoperative magnetic resonance imaging
MRI magnetic resonance imaging
MRT magnetic resonance therapy
PNET primitive neuroectodermal tumor

# 2000 Lippincott Williams & Wilkins
1350-7540

Introduction
Central nervous system (CNS) malignancies are the most

common tumors of children, and are the most common

cause of cancer-related deaths in this population. In spite

of dramatic improvements in the outcomes of many

other pediatric tumors (leukemia and Wilm’s tumor, for

example), little progress has been achieved in the cure

rates for pediatric brain tumors. The present review

details some of the major advances in pediatric neuro-

oncology that have been reported over the past few

years. A number of reviews on pediatric brain tumors are

available, and readers are referred to these for more

depth in specific areas of interest [1,2,3 .–5.].

Pediatric brain tumors can be divided into five major

categories (Fig. 1). Although other tumors of the CNS

can be observed in pediatric patients, their occurrence is

rare. In particular, meningiomas and metastatic lesions,

which are commonly seen in adults, are exceedingly rare

in this patient population. In addition, there are a

number of other uncommon entities that defy classifica-

tion. These tumors, which are frequently too undiffer-

entiated to place into one of the above categories, are

often defined as ‘highly malignant brain tumor’, ‘un-

differentiated brain tumor’, or ‘undifferentiated sarco-

ma’. Those that appear to have a neural appearance are

usually lumped into the ‘primitive neuroectodermal

tumor’ (PNET) category.

The diagnosis and treatment of children with CNS

tumors typically involves a multidisciplinary team of

specialists. Although there are a number of important

factors in optimizing the outcome for each child, five

major areas have been the focus of the technologic and

therapeutic efforts over the past 20 years (Fig. 2) [6 .].

The present review identifies recent advances in

neurosurgery, radiation oncology, neuro-oncology, neuro-

pathology, and neuroradiology in relation to pediatric

CNS tumors.

Neurosurgery
The primary goal of the neurosurgeon is unchanged

from that 50 years ago: to relieve symptoms, to provide

tissue for histologic diagnosis, and to maximize resection

when doing so impacts on prognosis, all in the context of

minimizing morbidity. Improvements in image-guided

techniques now allow surgeons to better define, localize,

and remove tumors. In addition, they allow for better

localization of tumor in relation to critical structures.
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Thus, neurosurgeons can now remove greater portions of

tumors while avoiding eloquent structures. For example,

the use of electrophysiologic monitoring during tumor

resection has become common [7]. The addition of

infrared [8–10] and other image-guided surgical tech-

niques are enabling surgeons to localize lesions better,

on the basis of preoperative computer guidance (similar

to global navigation systems that can direct your car to a

specific address from any starting point).

Although these techniques are important, their useful-

ness is somewhat limited by shift of the brain within the

cranial vault after opening the skull. Intraoperative

magnetic resonance imaging (MRI; IMRI or MRT)

allows surgeons to scan the brain in real-time during the

operation, and is becoming an important technique for

the surgical resection of small lesions, or in procedures in

which ensuring a gross total resection is necessary (Fig.

3) [11.,12,13 .,14]. Added to these are new or refined

techniques (e.g. yttrium aluminum garnet laser, ultra-

sonic aspiration, laser hyperthermia) that continue to

improve tumor resection while limiting damage to

normal structures.

Although initial studies using implanted wafers contain-

ing chemotherapeutic agents showed only marginal
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Grade nameTumor typeClass

Glial

Astrocytoma

Oligodendroglioma

Ependymoma

Medulloblastoma

PineoblastomaNeural

sPNET

CarcinomaChoroid plexus

I. Pilocytic astrocytoma

II. Astrocytoma

III. Anaplastic astrocytoma

IV. Glioblastoma multiforme

II. Oligodendroglioma 

III. Anaplastic

I. Myxopapillary or subependymoma

II. Ependymoma

III. Anaplastic

Craniopharyngioma

Germ cell tumors

Germinoma

Nongerminoma

Figure 1. Simplified schema for the classification of pediatric brain tumors

Pediatric brain tumors can be grouped into five
major classes. Metastases, which are the most
common central nervous system (CNS) tumor
in adults, are exceedingly rare in pediatrics.
Some pediatric CNS tumors are difficult to
categorize (atypical teratoid/rhabdoid tumor).
sPNET, primitive neuroectodermal tumor.



improvements, further refinement in this area, both in

wafer technology and the agents delivered via this

technology, continue to hold great promise [15]. Finally,

given the importance of degree of resection on outcome

for many lesions, and the sophistication of many of the

treatment modalities, most patients should be consid-

ered for referral to a specialized pediatric neuro-oncology

center [16.,17.].

Radiation therapy
Like the advances in neurosurgery, the focus of

radiation oncology has been to spare uninvolved

adjacent areas of brain while delivering therapy to the

tumor [18 .]. As such, the likelihood that the advances

in these two fields will dramatically improve the overall

cure rate for children with brain tumors is small,

although they will definitely have a major impact on

the quality of life of those who survive. Refinement in

three-dimensional conformal planning has made this the

standard technique for all pediatric patients who require

radiation therapy [19]. With increasing complexity of

the types of radiation therapy delivered, and the

consequences of improper targeting of the treatment

area [20.], referral to major centers with expertise in

pediatric brain radiation therapy needs to be considered.

Beam-shape modifications that further refine the radia-

tion doses to the irregular contours of the tumor are

widely available with the advent of intensity modulated
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Neurosurgery

Radiation oncology

Neuro-oncology

Neuropathology

Neuroradiology

MRI

MRS

PET

Functional MRI

Histochemistry

Chromosomal

Gene analysis

Chemotherapy

PBSC transplant

Antiangiogenesis

Gene therapy

Small molecular
inhibitors

Photon

Proton

Neutron

Brachytherapy

Infrared guided

Intraoperative MRI }

}

Electrophysiologic
monitoring

Laser hyperthermia

Yag laser

Sonicator

Stereotactic radiotherapy

Three dimensional
conformal

Intensity modulated
radiation therapy

Stereotactic radiosurgery

Radiation sensitizer

Figure 2. Major diagnostic and treatment disciplines for pediatric brain tumors

Many of the advances occurring today relate
to one or more of the five major fields involved
in pediatric neuro-oncology. Although many
other specialists will be involved, most initial
investigations, diagnosis and treatment are
coordinated by these five specialities. MRI,
magnetic resonance imaging; MRS, magnetic
resonance spectroscopy; PBCS, peripheral
blood stem cell; PET, positron emission
tomography.



radiation therapy [21 .]. Using microleaf collimators,

radiation can be further localized to the tumor bed

and away from normal adjacent tissues. This technique

is not yet widely available.

The addition of chemotherapeutic agents with radiation

therapy is also being aggressively pursued to assess for

radiation sensitization [22] as well as additive or

synergistic tumor cell cytotoxicity [23,24,25.,26.,27].

The ability to combine chemotherapy with radiation

can be used not just to increase treatment response, but

also to reduce morbidity in long-term survivors by

permitting a reduction in the volume or dose of

irradiated tissue (e.g. focal cranial irradiation rather than

craniospinal irradiation) [28 .]. The use of other forms of

radiation therapy, such as proton therapy [29 .] and boron

neutron capture [30.,31] continue to hold great promise

in the treatment of pediatric brain tumors, especially in a

patient population that is so susceptible to the deleter-

ious effects of ionizing radiation [32.]. Brachytherapy

[33 .] and antibody-mediated radiation therapy [34] are

being explored as techniques that can focus therapy to

the tumor bed. In addition, stereotactic radiosurgery is

an important modality for recurrent disease and in those

with small residual lesions after completion of up-front

therapy [35.,36]. Escalating doses of radiotherapy using

hyperfractionation (twice daily treatments) has been

attempted, but has failed to show a treatment advantage

for most tumors [37]. As the techniques above continue

to advance, it may be possible to readdress hyperfractio-

nation once therapy can be reliably confined to the

tumor.

Chemotherapy
Standard chemotherapy [38], although disappointing in

many pediatric brain tumors [39.,40], has demonstrated

some specific activity in certain lesions, including low-

grade gliomas [41,42 .], medulloblastoma [43], and CNS

germ-cell tumors [44 .]. Results for high-dose chemother-

apy with stem-cell rescue have been disappointing for

most solid tumors. Although this approach has not

successfully achieved cures in most patients, selected

populations may benefit from this therapy [45.],

especially as the early, treatment-related mortality of

these procedures decreases. The use of blood–brain

disruption continues to be tested, in the hope that this

will lead to greater penetration of chemotherapy into the

tumor [46,47].

Many of the exciting discoveries made in the laboratory

over the past decade have yet to be tested in humans. In

spite of this, enthusiasm over the potential of these

novel agents is high. Any discussion of new phase 1

agents [48 .,49] is likely to be obsolete, because most of

the agents being tested today will be discarded

tomorrow [50]. However, certain areas deserve specific

mention. Gene therapy holds promise in the treatment

of pediatric brain tumors [51 .], although further refine-

ment of this technique is required [52 .,53–56]. The field

of angiogenesis is relatively new, and the possibility of

attacking tumors by targeting their blood supply

[57,58 .,59.] has clearly caught the imagination of a large

number of physicians and their patients. Although some

of the older available agents, such as thalidomide, have

been tested in adults, clinical trials in pediatric patients

are just now being completed. Specific outcome data for

these agents are lacking, but this will rapidly change,

with more than 30 drugs now in clinical trials, not to

mention many more in development, completing phase

II and III testing.

Neuropathology
The schema presented in Fig. 1 provides a general

guide to pediatric brain tumors on the basis of

histopathologic analysis. The new World Health Orga-

nization classification schema for tumors of the CNS has

recently been published [60.]. The past 10 years have

seen a revolution in the molecular reclassification of

these tumors, and advances in molecular techniques

are having a significant impact on the classification

and diagnosis of many CNS tumors [61–63,64.–

66.,67,68.,69,70 .,71]. The frequent cytogenetic ab-

normalities associated with atypical teratoid/rhabdoid

tumors have clearly allowed for improved diagnosis of

this particularly aggressive lesion in young infants and
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Figure 3. Real-time magnetic resonance imaging

Real-time magnetic resonance image of a tumor resection allows the
surgeon to find any signal abnormalities, regardless of shifts within the
cranial vault. It also allows a surgeon the opportunity to ensure complete
resection has been obtained before completing the operation.



children [67,72,73,74.]. Cytogenetic abnormalities in

oligodendrogliomas in adults may allow for modification

of treatment on the basis of molecular and cytogenetic

analyses [75–77]. In addition, the recognition that

PNETs of the CNS (in particular medulloblastoma,

pineoblastoma, and sPNET) may represent different

tumors, rather than the same tumor in different

locations within the brain, is supported by examination

of gene profiling [78]. Continued analysis of tumor

protein and carbohydrate expressions are also being

used to identify diagnostic and prognostic variables

[79].

Neuroradiology
Dramatic advances in radiographic detection of CNS

malignancies have occurred over the past 10–15 years

[80 .]. MRI, itself a major milestone, has now given birth

to a host of other techniques that can be used to assist

the neuro-oncology team in the initial diagnosis, surgical

assessment (image-guided therapy), and evaluation of

response to therapy. Refinement in MRI technique,

including stronger field size (to improve image defini-

tion) and tumor volume analysis [81.], continue to

produce useful advances. The ability to localize func-

tional brain areas (with functional MRI) in the pre-

operative setting has become an important technique

[82 .]. The ability to further define the components of

signal abnormalities identified by MRI using spectral

data (magnetic resonance spectroscopy) are now being

used to guide treatment decisions (treatment effect

versus recurrent disease) and to aid in diagnosis

[83 .,84,85.,86–88]. The addition of positron emission

scanning provides information on the metabolic activity

of the lesion [89.]. Blood oxygen level detection

scanning is also being applied to brain tumor diagnosis

and treatment [90 .].

Impact of therapy
These five areas have an effect on the diagnosis,

treatment, and prognosis of pediatric brain tumors, and

are central to the optimistic out-look for these patients.

A greater understanding of the pyschologic and social

impact of diagnosis and treatment on children and their

families is an area that has only recently begun to

receive attention. Efforts to understand some of the

underlying causes of pediatric brain tumors [91.–

95.,96], as well as the neurocognitive and endocrine

[97 .–99.,100] impacts of therapy, are now being

explored.

Conclusion
The past few years have seen advancements in all of

the major areas that will lead to improved outcomes for

children with brain tumors, and leaves one with a great

deal of optimism and excitement about what lies

ahead.
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Summary

Significant advances have been made in the diagnosis and treatment of childhood brain tumors. Gross total
surgical resection combined with appropriate adjuvant therapies can achieve a high rate of disease control
for low grade gliomas, ependymomas and medulloblastomas. High grade gliomas, tumors involving the
optic apparatus or diencepahalic structures, diffuse brainstem lesions, and recurrent or metastatic disease
still pose considerable therapeutic challenges. We review the current treatment strategies of the three most
common types of pediatric brain tumors: gliomas, medulloblastomas and ependymomas, and discuss
current and future diagnostic and therapeutic modalities.

Introduction

Primary brain tumors are the most common solid
tumors in the pediatric population, comprising 20–
25% of all childhood cancers. Although much
progress has been made in the diagnosis and
treatment of childhood brain tumors, they still
cause the most cancer-related deaths in this age
group [1,2]. Gross total surgical resection is cura-
tive for low grade gliomas, and in combination
with current adjuvant therapies can achieve a high
rate of disease control for ependymomas and
medulloblastomas. Despite advances in surgical
techniques and instrumentation, high grade glio-
mas, tumors in deep-seated midline structures
involving the optic apparatus and hypothalamus,
diffuse brainstem lesions, and recurrent or meta-
static disease still carry poor prognoses and pose
considerable therapeutic challenges.
This review focuses on the current treatment

strategies of the three most common types of
pediatric brain tumors: gliomas, medulloblasto-
mas and ependymomas. Current advances in tu-
mor diagnosis and management, along with
potential future therapeutic modalities, will also be
discussed.

Gliomas

Tumors of glial origin constitute approximately
50% of all primary brain tumors in children, and
are grouped into low grade gliomas (LGG) and
high grade gliomas (HGG) on the basis of histo-
pathological appearance [2–4]. These tumors are
found throughout the central nervous system
(cerebral hemispheres, midline structures, brain-
stem, posterior fossa, spinal cord) and their loca-
tion is also an important prognostic factor [5]. In
addition to general symptoms such as irritability,
failure to thrive and macrocephaly, other pre-
senting symptoms are frequently related to the
tumor’s location (i.e. seizures for cortical lesions,
cranial neuropathies for brainstem lesions, signs of
hydrocephalus for lesions obstructing cerebrospi-
nal fluid (CSF) flow). In the following sections, we
will summarize the current treatment strategies of
pediatric gliomas based on their histology and
location.

Low grade gliomas (LGG)

LGGs are a heterogeneous group of tumors with a
mostly indolent clinical course that are associated
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with an overall survival rate of greater than 80%
over 10 years with appropriate treatment [6]. The
most frequent LGGs are posterior fossa astrocy-
tomas (15–25% of all CNS tumors) and cerebral
hemispheric astrocytomas (10–15% of all CNS
tumors). LGGs also occur in midline structures
(thalamus, corpus callosum, hypothalamus, ven-
tricles) and in or adjacent to the optic apparatus,
accounting for 10–20% of all CNS tumors. Up to
20% of brainstem tumors (10–15% of all CNS tu-
mors) are also diagnosed as LGGs based on clin-
ical presentation and radiographic appearance. In
addition, 70% of all spinal cord tumors (5% of all
CNS tumors) are LGGs.
Most LGGs are classified into two histopatho-

logical types: pilocytic astrocytomas (WHO Grade
I) and diffuse or fibrillary astrocytomas (WHO
Grade II). Pilocytic astrocytomas are character-
ized by the presence of Rosenthal fibers and
loosely knit microcystic areas of aligned bipolar or
stellar astrocytes in a mucoid matrix. Genetic
alterations such as p53 mutation and loss of het-
erozygosity on chromosome 17 have been shown
that distinguish Grade II astrocytomas from pil-
ocytic astrocytomas [7]. Pilocytic astrocytomas
occur mostly in younger children (median 4 years
old) and form the majority of posterior fossa, optic
apparatus and dorsal exophytic brainstem tumors.
On diagnostic imaging, they are usually brightly
enhancing, partly cystic, well-circumscribed tu-
mors that are clearly demarcated from surround-
ing brain and have little surrounding edema.
Grade II astrocytomas occur at a median age of
10 years, and are mostly found as cerebral hemi-
spheric and intrinsic pontine tumors. They are
more densely cellular and infiltrate into the sur-
rounding normal brain, and do not enhance with
contrast on diagnostic images. On magnetic reso-
nance imaging (MRI), LGGs are usually hypoin-
tense on T1-weighted and hyperintense on
T2-weighted images.

Surgery is the main therapy for many LGGs
The treatment of choice is gross total resection for
most LGGs that are readily accessible, e.g. hemi-
spheric, cerebellar, focal and dorsal exophytic
brainstem and cervico-medullary tumors. Modern
neurosurgical techniques including the use of
ultrasonic aspirators, pre-operative cortical/brain-
stem nuclei mapping, intra-operative neuro-moni-
toring and neuronavigation have enabled resection

of previously inoperable tumors (i.e. proximal to
eloquent cortex or cranial nerve nuclei or tracts)
while minimizing surgical morbidity (Figure 1).
Surgery provides tissue for confirmatory patho-
logical diagnosis, and the opportunity for maximal
reduction of tumor burden. Pilocytic astrocytomas
can often be completely removed by dissecting the
tumor mass along a clearly defined tissue plane
from surrounding brain. The extent of resection
has been reported as an important predictor of
clinical outcome: with a greater than 95% resec-
tion, 5- and 10-year survival rates range from 75 to
100%, [8–12]. One series reported that patients
with gross total tumor resections had a 10-year
progression-free survival (PFS) of 100%, while
patients with subtotal resections had a 10-year
PFS of 67–81% [9]. Therefore, the usual recom-
mendation for many LGG patients is serial imag-
ing and clinical follow-up to detect disease
progression.
Repeat surgeries can be performed in the event

of detected tumor progression or recurrence before
the addition of adjuvant therapy, and this strategy
has achieved reported overall 5- and 10-year sur-
vival rates ranging from 50 to 94% for LGG [9,13–
15]. Despite the achieved high rate of disease
control after surgical resection of LGG, several
lines of evidence support the need for vigilant
follow-up, especially for certain tumor subtypes.
Occasionally, LGGs have been reported to trans-
form into higher grade neoplasms. However, in
our experience this is a rare phenomenon that
occurs most often in children who have received
prior irradiation for their LGGs [16]. The pil-
omyxoid variant of pilocytic astrocytomas has
been identified as an LGG subtype with a more
aggressive behavior and linked to worse clinical
outcome especially for young children with optic
pathway tumors; therefore its diagnosis may
prompt the early addition of other therapies
[8,17,18]. Today, LGGs involving the optic appa-
ratus and/or hypothalamus are cautiously and
conservatively resected to avoid neurological or
endocrinological damage. Patients with LGGs in
the optic pathways are frequently treated early
with chemotherapy (see below). There are occa-
sional reports of LGGs which demonstrate lepto-
meningeal spread, a curious phenomenon given
the benign histopathology of these lesions [18–23].
Recent reports suggest that a higher level of cel-
lular proliferation shown by increased MIB-1
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labeling is associated with more aggressive LGG
[8,24]. Additional identification of molecular and
pathological criteria for aggressive LGG subtypes
would be helpful for clinical decisions concerning
the timing and use of adjuvant therapies.

Special considerations for LGG subtypes
One of the most common brain tumors in patients
with neurofibromatosis-1 (NF1) is the LGG
involving the optic apparatus [25]. It has been
documented that optic LGGs in NF1 patients of-
ten have a more benign course, are frequently
diagnosed as incidental lesions, and can be ob-
served via serial imaging and medical follow-up
[26]. The frequency of disease progression has been
reported as 9–39% after 2.4–3.2 years observation
[6,26]. No intervention is indicated until disease
progression is observed. Surgery is probably not
indicated unless in an attempt to halt tumor pro-
gression involving the optic nerve of an already
blind eye.

Tectal tumors regularly have an indolent course,
and are discovered only when a child presents with
hydrocephalus [27]. The indicated treatment is
usually directed at resolving the hydrocephalus via
third ventriculostomy or shunt insertion, with a
strategy of long-term imaging follow-up for the
tumor. In the rare instances of tumor enlargement,
surgery or stereotactic radiosurgery has been
advocated by various groups [28,29].

The role of adjuvant therapies
Chemotherapy and radiotherapy have been re-
served for stabilizing recurrent or progressive
LGGs or to treat surgically inaccessible tumors.
Deep-seated thalamic and diffuse brainstem le-
sions are usually poor surgical candidates and
have poor prognoses especially with malignant
histopathology. LGGs in the thalamus carry a
worse prognosis compared to similar tumors in
other locations; one series reported that 58% of
affected children died at a mean of 5.2 years, and

Figure 1. Neuronavigation workstation image of left trans-temporal approach to focal midbrain LGG in a 10-year old female. Such

lesions can now be approached safely using image guidance, and aggressive neurosurgical resections performed.
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all children with bilateral thalamic involvement
died [30]. Focal radiation therapy of thalamic
LGGs has been reported to achieve survival rates
of 33–75% at 10 years [31–36]. However, some of
the patients in these series had HGGs. Current
strategies for LGGs radiation therapy aim to
minimize late CNS toxicities (i.e. endocrine, vas-
cular and cognitive sequelae) by reducing the
amount of irradiated normal brain and/or reduc-
ing radiation dose [3,37] . Stereotactically guided
conformal radiotherapy and radiosurgery are also
being investigated in LGG treatment [38,39].
There is growing evidence that chemotherapy

can stabilize LGG disease progression, and its use
in younger children (under 5 years old) may delay
the need for radiation therapy with its consequent
CNS toxicities (reviewed in [40]). Packer and col-
leagues reported that 56% of tumors had radio-
graphic responses to chemotherapy, with an
overall survival of 68% at 3 years [41]. Of note, the
children aged five and younger had a compara-
tively better survival rate compared with older
children (74% vs. 39%). Multi-institutional clinical
trials are now underway in which the role che-
motherapy for inoperable, symptomatic and/or
progressive LGG disease will be determined in a
more meaningful fashion. The potential long-term
side effects of chemotherapy remain to be deter-
mined with extended follow-up of treated long-
term survivors.

High grade gliomas (HGGs)

Accounting for approximately 14% of all child-
hood CNS tumors, HGGs consist of WHO grade
III anaplastic astrocytomas or grade IV glioblas-
toma multiforme with characteristic pathological
findings of hyper-cellularity, mitoses, vascularity
and necrosis. Regardless of location, these poorly
circumscribed, highly infiltrative tumors are diffi-
cult to treat effectively. The current therapeutic
regimen consists of maximal tumor resection when
feasible, followed by radiation therapy and
enrollment in chemotherapy trials (reviewed in
[42]).

Surgical resection improves survival
Multiple studies have documented that the extent
of surgical resection of HGGs is strongly associ-
ated with outcome in the pediatric population. In

a reported institutional series, median survival
was >60 months in patients who underwent
gross total resection compared with 10.5 months
in children who underwent limited resections [43].
A multi-institutional Children’s Cancer Group
trial, conducted between 1985 and 1991, in which
all patients received post-operative chemotherapy
and radiation treatment showed that HGG
patients who had a less than 90% tumor resection
fared worse than those children who had greater
than 90% tumor removed (5-year survival of
17% vs. 35%) [44,45]. This difference held true
for both anaplastic astrocytoma patients (22%
survival for <90% resection versus 44% for
>90% resection) and glioblastoma patients (4%
survival for <90% resection vs. 26% for >90%
resection).
In contrast, patients with diffuse intrinsic pon-

tine gliomas (DIPGs) have a uniformly poor
prognosis irrespective of surgery, radiation ther-
apy or chemotherapy [46]. These days, surgery is
not recommended for the classically appearing
DIPGs on MRI. However, patients with atypical
tumors in this region may benefit from at least a
tissue diagnosis and partial resection (Figure 2). In
these cases, skull base approaches, such as a ret-
rolabyrinthine pre-sigmoid approach, have been
most useful. Patients with DIPGs have a median
survival of 12–18 months despite aggressive
external beam radiation therapy (5500–6000 cGy)
or high-dose hyperfractionated regimens (up to
7800 cGy) [47,48].

Adjuvant therapies are only effective with maximal
tumor resection
An early Children’s Cancer Group multi-institu-
tional trial showed that patients did not benefit
from adjuvant radiation and chemotherapy if a
tumor biopsy rather than tumor resection was
performed [49]. Two recently published studies
showed that pre-radiation intensive chemotherapy
benefited patients most when they had a gross
total resection [50,51]. Experimental marrow-
ablative high dose chemotherapy with autologous
peripheral blood or bone marrow stem cell rescue
has been shown to be beneficial only for recurrent
HGG patients who underwent repeat radical tu-
mor resections [52]. Work is continuing to develop
a judicious regimen combining maximal surgery
with adjuvant therapies to effectively treat HGG.
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Medulloblastomas

Medulloblastomas (MBs) are usually found in the
posterior fossa and form the most common
malignant brain tumor in children, comprising
16% of primary CNS tumors. Clinical symptoms
usually involved hydrocephalus: headaches, leth-
argy, nausea and vomiting in the morning, mac-
rocephaly. Cerebellar signs such as ataxia and
dysmetria may also be observed. Although MB
has the same histological feature of densely packed

small round cells with hyperchromatic nuclei as
supratentorial primitive neurectodermal tumors
(PNET), recent gene expression analyses showed
that the MB is a distinct tumor type [53,54]. MBs
are generally brightly enhancing posterior fossa
masses with low T1-signal, and intermediate T2-
and FLAIR-signals on MRI. MBs can also con-
tain necrotic or cystic areas, and commonly arise
from the vermis, grow into the fourth ventricle and
can invade the brainstem. In older children, cere-
bellar hemisphere or cerebellopontine angle MB
may be found.

Surgical management of MB

Since most MBs are midline tumors and involve
the fourth ventricle, many patients present with
obstructive hydrocephalus. If a patient presents in
extremis due to obstructive hydrocephalus, an
external ventricular drain (EVD) should be emer-
gently placed to relieve the elevated intracranial
pressure. Otherwise, an EVD could be pre-opera-
tively inserted to monitor and relieve post-opera-
tive swelling. Routine pre-operative cranio-spinal
MRI coupled with lumbar CSF cytology (10–
14 days post-op) are used for disease staging.
Complete surgical extirpation is the general goal.
However, subtotal resection is performed if tumor
is found to invade the brainstem. Post-operative
cerebellar mutism is thought to result from exces-
sive dissection at the junction of the cerebellar
peduncles and the brainstem [55]. Other common
temporary post-operative complications are atax-
ia, hemiparesis and sixth cranial nerve palsy [56].
The extent of surgical resection, age at presenta-
tion and presence/absence of metastases are doc-
umented to be important prognostic factors in MB
[57].

Adjuvant therapies effectively control disease

MB is frequently a radiosensitive and chemosen-
sitive tumor. The current treatment protocol starts
with initial surgical treatment that maximally re-
duces tumor burden and relieves obstructive
hydrocephalus. This is followed by adjuvant
radiation and chemotherapy. The choice of ther-
apies is related to each patient’s risk stratification:
those with more than 1.5 cm2 post-operative tu-
mor residual, presenting at 3 years old or younger,
and showing the presence of metastases are

Figure 2. (A) Axial MR of typical DIPG in which the virtually

the entire pons is infiltrated and expanded by tumor. These

lesions are invariably HGGs, and neurosurgical resection is

typically not recommended. (B) Axial MR of atypical pontine

lesion which is eccentric and exophytic to the left. While such

lesions are frequently anaplastic, in such cases a neurosurgical

approach to biopsy and resection may be warranted.
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assigned to the high risk group. All other patients
are considered standard or average risk. Because
MBs have a propensity for leptomeningeal spread,
cranio-spinal radiation is an essential adjuvant
treatment but associated with long-term CNS
toxicities. Acute post-radiation effects occur in the
first week and consist of temporary drowsiness,
nausea and headaches. Subacute effects occur after
6–10 weeks and are reversible lethargy and fatigue.
Late changes include cognitive impairment, endo-
crine dysfunction (growth abnormalities, endo-
crinopathies of the hypothalamus-pituitary axis)
[58–61] and secondary neoplasms (Figure 3).
Previously, the standard of care for average risk

patients was post-operative cranio-spinal axis
irradiation of 3600 cGy followed by a boost to the
posterior fossa tumor bed to a total dose of
5400 cGy, and resulted in a reported 60–65% 5-
year PFS [62]. In a single institutional trial, con-
ventional radiation therapy followed by chemo-
therapy resulted in a 5-year PFS of 85% for high
risk patients and 90% for average risk patients [63].
Recent reports also show improved outcome for
average risk children treated with reduced dose
cranio-spinal radiation (2340 cGy) in concert with
cisplatin, lomustine and vincristine chemotherapy:
79% PFS at 5 years [64]. Results from a prospec-
tive randomized multi-institutional trial in North
America to validate the efficacy of reduced cranio-
spinal radiation dose combined with cisplatin-
based chemotherapy regimens are pending [56].
Another method being investigated for maximiz-
ing target radiation dose and reducing toxicity to

adjacent normal brain includes the use of stereo-
tactically guided conformal radiation therapy for
performing the posterior fossa boost.
Chemotherapy regimens have been developed to

augment and possibly delay radiation therapy, and
are continuing to be refined for patients in both
risk groups. The long-term sequelae of radiation
therapy are deemed unacceptable in infants and
very young children, therefore trials of high dose
marrow-ablative chemotherapy with autologous
stem cell rescue are being performed in order to
delay or eliminate the need for radiation therapy
[65]. Current investigations attempt to determine
the optimal timing and dosage of adjuvant thera-
pies to maximize efficacy and minimize toxicity.

Potential biological risk predictors

Progress is also being made to identify molecular
markers useful for predicting MB prognosis. Over-
expression of TrkC (neurotrophin-3 receptor) has
been associated with a better prognosis, possibly
indicating the presence of more differentiated cells
in the tumor [66–68]. High expression of the onco-
genes erbB2 and myc are associated with worse
outcomes [69–71]. Metastatic MB carries a worse
prognosis and has been associated with increased
expression of genes involved with mitogen signal-
ing including platelet-derived growth factor-alpha
(PDFGR-a) and RAS/MAPK signaling compo-
nents [72]. As more markers are identified and
validated in clinical trials as outcome factors,
molecular profiling of tumors from individuals
could potentially be used to tailor patient-specific
therapies.

Ependymomas

Ependymomas are the third most common brain
tumors in children, accounting for 10% of primary
CNS tumors and can be located throughout the
CNS. They arise from ependymal or subependy-
mal cell layers adjacent to the ventricular system
or central spinal canal [73,74]. Presenting symp-
toms frequently relate to obstructive hydrocepha-
lus due to a fourth ventricular ependymoma.
Filum or cauda equina lesions are usually of the
myxopapillary variant and probably arise from
ectopic embryonic foci of ependymal cells [73].
These tumors are usually well-demarcated and

Figure 3. Intra-operative photograph of convexity meningioma

being removed from a 16-year old patient who had undergone

surgery and cranio-spinal irradiation at age 6 for a MB. Other

reported radiation-induced tumors include GBM and sarcoma.
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distinct from adjacent brain parenchyma, and key
pathological features are peri-vascular pseudoro-
sette arrangements of tumor cells. Anaplastic
changes consisting of greater than 5–10 mitoses
per high power microscopic field and the presence
of leptomeningeal metastases have been reported
as associated with increased malignancy [75,76].

Surgical resection is the best prognostic factor

As with other tumors causing obstructive hydro-
cephalus, initial surgical management of ependy-
momas should include CSF diversion via third
ventriculostomy, external ventricular drainage or
shunt insertion. Gross total surgical resection re-
lieves mass effect and CSF obstruction, along with
obtaining tissue for pathological diagnosis (Fig-
ure 4). It has also been reported to decrease the
incidence of leptomeningeal metastasis compared
to subtotal resections [77]. Many have reported
that a gross total resection is associated with a 60–
87% 5-year PFS whereas subtotal resections are
associated with 0–33% 5-year PFS [23,78–85].

Tumors recur predominantly at the primary tumor
site, suggesting that they arise from residual
ependymoma cells [77,79,81,86,87]. Surgeries can
be repeated to resect new tumor growth. This
further supports the need to completely extirpate
the primary ependymoma when feasible, although
one third of tumors are infiltrating adjacent brain
and cannot be completely removed [47]. Due to
possible leptomeningeal metastasis, peri-operative
disease staging with cranio-spinal MRI and CSF
cytology is recommended.

Radiation therapy is the adjuvant therapy of choice

It is generally recommended that even after a gross
total tumor resection, patients with localized dis-
ease undergo local tumor bed irradiation with
fractionated external beam therapy to 6000 cGy.
Cranio-spinal irradiation of 4500–5000 cGy is
indicated for patients with documented leptome-
ningeal metastases. With the advent of stereotactic
conformal radiotherapy, treatment can be tightly
targeted to the tumor bed while sparing adjacent
normal brain or brainstem in order to minimize
radiation-associated toxicity. Chemotherapy is
only efficacious in delaying radiation therapy in
very young patients, and does not improve sur-
vival when added to surgery plus radiation therapy
alone for children older than 2 years [80,88–90].
Current treatment regimens rely mainly on radical
surgical resection followed by radiation therapy.

Current and future advances in diagnosis and

management

The evolution and advancement of imaging tech-
nologies have been instrumental in the diagnosis
and follow-up of brain tumor patients. Certain
tumor types could be identified on the basis of
MRI characteristics alone: DIPGs no longer re-
quire stereotactic biopsies and can be identified
based on characteristic MRI findings [91]. Im-
proved scanner performance has enabled devel-
opment of new, faster acquisition pulse sequences,
thereby providing higher resolution and better
contrast images in less time (reviewed in [92]). New
methods for producing 3-dimensional reconstruc-
tions aid in stereotactic conformal radiotherapy
dosing of brain tumors, and new radiosurgery
instrumentation makes targeting, dosing and

Figure 4. Intra-operative image of posterior fossa ependy-

moma showing a lesion filling the upper cervical spinal canal

posteriorly and entering the fourth ventricle. Such lesions

should be approached with the goal in mind of achieving a

gross total resection.
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treatment more comfortable and reliable [93].
Metabolic imaging via positron emission tomog-
raphy (PET) and single photon emission computed
tomography (SPECT) may help distinguish be-
tween high and low grade tumors by quantitatively
assessing cellular metabolism indicative of prolif-
eration [92]. MR spectroscopy is also useful in
discriminating between different tumor types,
normal brain, and radiation-associated necrosis
(Figure 5) [94,95].
Functional MRI and magnetoencephalography

(MEG) are modern techniques for pre-operative
mapping of eloquent cortical areas that add a
functional dimension to the anatomic imaging that
characterizes image-guided neurosurgery. The
anatomic relationship of a tumor and associated
epileptogenic foci to surrounding functional neu-
rological and vascular structures can bemapped for
pre-operative planning, and imported into a sur-
gical navigation system for intra-operative guid-
ance (Figure 6). The use of intra-operative MRI or
ultrasound systems can also improve the safety and
extent of surgical resection (reviewed in [96]).
Techniques now under development will poten-
tially allow optical imaging of brainstem nuclei and
nerve tracts, thereby enabling safer surgery in sur-
gically difficult regions such as the brainstem.
Neuroendoscopy technology has greatly im-

proved the management of patients with obstruc-
tive hydrocephalus via the advent of safe and
effective endoscopic third ventriculostomies,

coupled with the ability to biopsy tumors within or
adjacent to the ventricular system. New robotic-
assisted neuroendoscopy systems will allow safer
and more precise ventricular navigation via mini-
mal cranial access [96].
Convection-enhanced delivery of macromole-

cules to the brain parenchyma safely circumvents
the blood-brain barrier, and is a technical advance
being tested in clinical trials. Studies with animal
models show the efficacy and safety of delivering
large amounts of macromolecules over large vol-
umes of brain via bulk diffusion and hold much
promise for the delivery of therapeutic molecules
[97,98]. This technique, coupled with the appro-
priate anti-tumor molecules, could potentially en-
able treatment of infiltrative, intrinsic lesions via
neurosurgical delivery of local chemotherapy [99].
Molecular studies are identifying new molecular

markers for use in improving tumor diagnosis and
possibly generating individual tumor-specific
expression profiles predicting response to therapies
or clinical outcomes. Potential novel therapeutic
approaches with immunotoxin, anti-angiogenesis,
pro-apoptosis, differentiation-promoting, radio-
sensitizer molecules can also be generated by such
biological studies, all of which may improve the
survival and quality of life of future pediatric brain
tumor patients.

Figure 5. MR spectroscopy showing a rise in N-acetyl cysteine

peak to the right indicative of a high grade neoplasm. This is the

same case as Figure 2B.

Figure 6. Axial MEG showing cluster of dipoles and spikes

posterior to contrast-enhancing lesion in an 8-year old female

with NF-1, seizures, and headache. The lesion proved to be a

LGG, and it was excised completely using neuronavigation

fused to the MEG images which could simultaneously be used

to map the motor cortex.
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Conclusion

Surgery remains the mainstay of treating most
pediatric brain tumors despite many recent ad-
vances in creating effective adjuvant therapeutic
regimens. Continued refinement in imaging and
surgical technology, coupled with better biological
understanding of these tumors will yield improved
therapies in the future. Continued collaboration
between multi-institutional groups will be essential
to validate future therapeutic approaches in clini-
cal trials.
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Summary

In the last decade, the molecular biology revolution has advanced considerably. These advances have
enhanced our understanding of the genetic underpinnings of human brain tumors in general, and pediatric
brain tumors in particular. We now know that many pediatric brain tumors arise from disturbances in
developmentally regulated signaling pathways. The medulloblastoma, a tumor in which the developmental
Hedgehog and WNT pathways have gone awry, is a prime example of this. New techniques in genetic
engineering have allowed for the creation of sophisticated mouse models of brain tumors that recapitulate
the human disease. Many laboratories are now using cDNA microarrays to study the expression level of
thousands of genes that may be aberrantly expressed in brain tumors when compared to normal control
cells. In the next decade, the use of several new molecular techniques to establish brain tumor diagnoses will
likely become standard tools in the diagnostics and treatment stratification of children with central nervous
system tumors.

Introduction

Our understanding of the pathogenesis of child-
hood brain tumors has advanced considerably
over the past 20 years. While this advancement
can be ascribed in part to knowledge that has
been acquired for other tumors or cancers in
which various oncogenes and tumor suppressor
genes are known contributors, it can also be sta-
ted with some confidence that certain childhood
brain tumors have specific or unique genetic
alterations that have been uncovered through
detailed analysis of the molecular genetics of these
neoplasms. In this report, we will review the
salient features of the molecular pathogenesis of
the most common childhood brain tumors
including primitive neuroectodermal tumors
(PNETs)/medulloblastomas, astrocytomas, epen-
dymomas, choroid plexus tumors, and atypical
teratoid/rhabdoid tumors.

Primitive neuroectodermal tumors –

medulloblastomas

PNETs represent the most frequent malignant
brain tumors in childhood. They are composed of
primitive neural cells resembling immature pro-
genitor cells. Some PNETs can show signs of dif-
ferentiation along neuronal, glial, myogenic and
rarely melanocytic or retinal lineages [1]. The
prototype PNET is the medulloblastoma of the
cerebellum. In the last years crucial genetic steps
contributing to the molecular pathogenesis of this
entity have been identified.
A possible causative agent for the development

of medulloblastoma currently under discussion is
infection with polyoma viruses especially JC virus.
In a recent study, virus genomic sequences have
been detected in medulloblastomas as well as large
T-protein, an oncogenic virus product [2]. In fact,
medulloblastomas can be induced in hamsters
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when JC virus is inoculated into the brains [3,4]. In
other studies, however, JC virus was not detectable
in a significant fraction of PNETs [5–7]. Therefore,
the significance of JC virus infection as a causative
agent in human medulloblastomas is still unclear.
Genetic aberrations are believed to contribute to

the pathogenesis of medulloblastomas. Initial
cytogenetic and molecular genetic studies identi-
fied several genetic aberrations including losses of
chromosomes 1, 9, 10, 11, 16 and 17 [8–13]. Later,
these data were supported by the analysis of tu-
mors by comparative genomic hybridization [14–
21]. Approximately 10% of the medulloblastomas
carry double minute chromosomes as a cytogenetic
sign of amplification of the C-MYC or N-MYC
genes [22–24]. The large cell/anaplastic medullo-
blastoma variants which are associated with bad
outcome have a high incidence of MYC gene
amplification [25]. Although this aberration is
relatively rare, it was found to represent a predic-
tor for bad clinical outcome [26,27]. Loss of
chromosome 17p is the most frequent finding in
medulloblastomas present in up to 50% of the
cases, in many tumors related to the occurrence of

an isochromosome 17q [8]. This suggests the
presence of one or more medulloblastoma-related
tumor suppressor gene(s) on chromosome arm 17p
[28–30]. The TP53 tumor suppressor gene fre-
quently mutated in astrocytic gliomas was found
to be affected only in a small proportion of
medulloblastomas [31–33]. Recently, the HIC-1
tumor suppressor gene encoding a transcription
factor and located on 17p13.3 has been found
inactivated by hypermethylation in the majority of
cases [34]. The functional significance of this
finding is still unclear. Interestingly, chromosome
17 alterations are mostly present in medulloblas-
toma of the classic (non-nodular) type but are
absent in most nodular/desmoplastic type medul-
loblastomas. In the latter type, loss of chromo-
some 9q and inactivation of the PTCH tumor
suppressor gene has been described [35,36]. This
finding as well as an elegant study of mRNA
expression profiles [37] has led to the hypothesis of
two distinct entities of medulloblastomas (Fig-
ure 1). The variants of medulloblastomas seem to
differ in their clinicopathological and genetic fea-
tures, their cell of origin, and also in molecular

Figure 1. Hypothetical diagram of the histogenesis of medulloblastoma (MB) variants. The most common classic variant is charac-

terized by frequent alterations of chromosome 17 while the desmoplastic subtype shows frequent activation of the hedgehog pathway.

While the latter variant is believed to be derived from external granule cell precursors the cellular origin of classic type, which is mostly

located in the midline, is still under discussion but may be the ventricular matrix. There seems to be a continuum from the classic to the

anaplastic variant, with the latter frequently displaying MYC gene amplification. Medulloblastoma with extensive nodularity repre-

sents a variant of the desmoplastic type medulloblastomas in young children and is associated with good prognosis.
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pathways involved in their pathogenesis [38].
PTCH is the human homologue of Drosophila
patched, a component of the developmental
hedgehog signaling pathway. PATCHED encodes
a 12 transmembrane (TM) surface receptor for
Hedgehog proteins and transmits their signal by
interaction with a 7 TM receptor, smoothened [39–
41]. Signaling leads to translocation of Gli proteins
into the nucleus where they induce the transcrip-
tion of specific target genes [41]. Germ line muta-
tions of PTCH located on chromosome arm 9q
causes Gorlin’s syndrome, also known as nevoid
basal cell carcinoma syndrome (NBCCS) [42,43].
These patients are predisposed to develop basal
cell carcinomas and desmoplastic medulloblasto-
mas. Inactivating mutations of PTCH have been
identified in sporadic medulloblastomas [35,44–
47]. Since patched is a signaling component with
inhibiting activity, its inactivation leads to an over-
activation of the pathway. Alternative genetic
events have been described: Mutations occur also
in a patched homologue, PTCH2, in SMOH or in
SUFUH, a gene that encodes a downstream com-
ponent of the pathway [48–51]. Mutations in the
genes were preferentially detected in the desmo-
plastic subtype. However, other groups found
PTCH mutations also in classic type medullo-
blastomas [45,47].
Hedgehog-patched signaling is known to control

the proliferation of specific progenitor cells of the
cerebellum, the so-called external granule cells
[52]. Thus, aberrant activation of this pathway,
which is needed for normal cerebellar develop-
ment, seems to be crucially involved in the
tumorigenesis of medulloblastomas derived from
these progenitor cells [53]. Mouse knockout mod-
els in which one allele of PTC is deleted develop
medulloblastomas, demonstrating the importance
of PTC inactivation for tumor formation [54,55].
The identification of specific inhibitors of hedge-
hog-patched signaling may influence the prolifer-
ation of tumor cells [56,57].
Another developmental pathway involved in the

growth of neural progenitors is the wingless
(WNT) pathway. In a transgenic mouse in which
activated b-catenin is expressed in neural progen-
itors, a tremendous proliferation of neuronal cells
could be observed [58]. Again, mutations of com-
ponents of this pathway, including its central
components b-catenin and Axin1/Axin2, have been
identified in medulloblastomas, mostly in the

classic subtype [59–63]. These genetic events lead
to a nuclear accumulation of b-catenin and in-
creased expression of specific target genes in
medulloblastomas. Similar to Gorlin’s patients,
patients carrying germline adenomatous polyposis
coli (APC) mutations have an increased incidence
of (classic) medulloblastomas [64–66]. APC also
represents a component of the WNT signaling
pathway that controls b-catenin stability.
In contrast to medulloblastomas in which sev-

eral genes and pathways important for the devel-
opment of the tumors have been identified in the
last years, the knowledge on the pathogenesis of
supratentorial PNETs, including hemispheric tu-
mors and tumors of the pineal region (pineoblas-
tomas), is still limited. Alterations that are typical
for medulloblastomas seem to be rare in hemi-
spheric PNETs [12,19,67]. A comparative genomic
hybridization (CGH) study on pineal parenchymal
tumors showed recurrent losses of chromosomal
material of chromosome 22q material as well as
high-level gains of material of 1q, 5p, 5q, 6p and
14q [68]. Other studies have described alterations
of chromosomes 11q, 17q, 10 and 16 [69–71]. Pa-
tients with bilateral retinoblastoma have an in-
creased risk to develop pineoblastomas (‘trilateral
retinoblastoma syndrome’) [72].

Pediatric diffuse astrocytomas

Although pediatric fibrillary astrocytomas are
histologically similar to adult fibrillary astrocyto-
mas, they show a distinct biological behavior and
probably a different molecular pathogenesis.
Analysis of World Health Organization (WHO)
grade III and grade IV pediatric astrocytomas by
CGH revealed a different spectrum of chromo-
somal aberrations than are seen in adult astrocy-
tomas [73,74]. Some pediatric malignant
astrocytomas show no chromosomal aberrations
on CGH [73]. Common losses in pediatric astro-
cytomas included losses on chromosomes 16p,
17p, 19p, 22 and 19q. In one series, although loss
of chromosome 17p was seen in five tumors, only
one had a mutation in TP53, suggesting that a
novel gene on 17p plays a role in the pathogenesis
of these tumors [74]. Survival is significantly
shorter in pediatric astrocytomas showing ampli-
fication of chromosome 1q [74]. Distinct cytoge-
netic changes are seen in pediatric anaplastic
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astrocytoma (+5q, )6q, )9q, )12q and )22q) as
opposed to pediatric glioblastoma multiforme
(+1q, +3q, +16p, )8q, and )17p) [74].
Microsatellites are short, tandem repeats of

DNA dispersed throughout the genome. Defects in
DNA mismatch repair genes result in mutation of
these sequences and are associated with inherited
cancer syndromes, such as hereditary non-polyp-
osis colon cancer (HNPCC) and Turcot syndrome.
Microsatellite instability is not seen in adult
astrocytomas but has been demonstrated in 27%
(12/45) of pediatric malignant astrocytomas and 4/
17 pediatric gangliogliomas [75]. Colon tumors
with microsatellite instability have a better prog-
nosis than those that do not, which is interesting in
light of the better prognosis in pediatric astrocy-
tomas [76].
While amplification of the epidermal growth

factor receptor gene (EGFR) is seen in up to 40% of
adult glioblastomas and 15% of adult anaplastic
astrocytomas, it is not commonly seen in pediatric
astrocytomas [77–80]. However, high expression
levels of EGFR were found by immunohisto-
chemistry in 80% of pediatric non-brainstem high-
grade gliomas [80]. Mutation of the PTEN tumor
suppressor gene portends a poor prognosis in cases
of pediatric astrocytoma [77]. Homozygous dele-
tions of the PTEN gene are seen in about 8% of
pediatric astrocytomas [79]. One study of 29 high-
grade non-brainstem pediatric astrocytomas re-
vealed 11/29 tumors with TP53 mutations, a rate
comparable to adult astrocytomas [81]. Diffuse
intrinsic pontine gliomas have a particularly high
rate of TP53 mutations, as was shown in 5/7 cases
in one study [82]. Homozygous deletions of the
CDKN2A/pl4ARF locus at 9p21, which encodes the
p16 and p14ARF proteins, are found in 10% of
pediatric malignant astrocytomas [83]. Loss of
expression of p16 was seen in 11/18 (61%) of
pediatric glioblastomas [84]. Overexpression of the
MDM2 oncogene is seen in 67% of pediatric
malignant astrocytomas, although there is no
concomitant amplification of the MDM2 gene at a
genomic level [78]. Inactivation of the p53/
MDM2/p14ARF pathway by mutation of TP53,
overexpression of MDM2, or deletion of p14ARF is
seen in over 95% of pediatric malignant astrocy-
tomas [78]. This is similar to adult astrocytomas.
However, mutations of TP53 are seldom seen in
malignant gliomas of children less than 3 years of
age, suggesting that malignant gliomas in very

young children follow a distinct molecular path-
way as compared to older children [85]. However,
the pRb/cyclin D1/CDK4/p16 pathway is only
inactivated in about 25% of pediatric malignant
astrocytomas as opposed to over 80% of the cor-
responding adult tumors [78].

Pilocytic astrocytomas

Individuals with neurofibromatosis type I (NF1)
are at greatly increased risk to develop pilocytic
astrocytomas, often along the optic pathways. As
sporadic pilocytic astrocytomas show frequent loss
of heterozygosity (LOH) on chromosome 17q (the
location of the NF1 gene), one would predict that
mutations of the NF1 gene with consequent loss of
expression would be found in sporadic pilocytic
astrocytomas. In fact, this is not the case as
expression of NF1 is often up-regulated in spo-
radic pilocytic astrocytomas where it may be
reacting to excessive proliferation [86,87]. This is in
contrast to pilocytic astrocytomas arising in indi-
viduals with NF1, as these tumors show loss of
NF1 expression [88]. Why this difference between
NF1 and non-NFl pilocytic astrocytomas should
exist is not currently known.
Many pilocytic astrocytomas have a normal

karyotype, especially when studied by CGH
(which is not susceptible to artifacts of tissue cul-
ture) [89,90]. This is consistent with the fact that
they are low-grade tumors. Cytogenetic abnor-
malities may be more common in adult vs. pedi-
atric pilocytic astrocytomas and their presence
may indicate tumor progression. Pediatric pilocy-
tic astrocytomas show few changes and those are
usually gains of a single chromosome. Trisomy of
chromosomes 7 and 8 are the most common
aberrations seen in pediatric pilocytic astrocyto-
mas [91]. Adult pilocytic astrocytomas have much
more complex karyotypes with multiple areas of
gains and losses [90].
The incidence of TP53 mutations in pilocytic

astrocytomas is controversial with some authors
reporting only infrequent TP53 mutations [92–94],
while other authors report more frequent muta-
tions [95]. Pilocytic astrocytoma do not carry
mutations in the PTEN gene [92,96]. Protein
expression of p16, CDK4, and PTEN was detected
in 73, 61 and 38% of pilocytic tumors, respectively
[92].
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The cell of origin of pilocytic astrocytomas is
uncertain despite their being called astrocytomas.
Recently, a pilomyxoid variant of pilocytic astro-
cytomas has been described. This pathological
subtype carries a worse prognosis than classic
pilocytic astrocytomas, and is frequently found in
patients under 3 years of age.
PEN5 is a sulfated polyactosamine carbohy-

drate first described on natural killer cells of the
immune system [97]. PEN5 is expressed in a
developmentally regulated fashion in the central
nervous system with expression in oligodendrocyte
precursor cells (ODPCs) and may mark the tran-
sition from a proliferative phase to a post-mitotic
stage [97]. PEN5 is observed in a subset of oligo-
dendrogliomas and in all pilocytic astrocytomas
examined, whereas a variety of other CNS tumors
examined were negative [97]. ODPCs also express
the NG2 chondroitin sulfate proteoglycan as well
as the alpha receptor for platelet derived growth
factor (PDGFR alpha) [98]. These proteins were
found to be expressed in oligodendrogliomas and
pilocytic astrocytomas again suggesting that pilo-
cytic astrocytomas arise from ODPCs [98].

Gangliogliomas

Gangliogliomas are benign neoplasms with both
neuronal and glial components. Gangliogliomas
have been reported in patients with NFI [99,100].
A single patient with Turcot syndrome and gan-
glioglioma has also been reported [101]. The Eker
rat has a spontaneous mutation in the Tsc2 gene
and is a model for human tuberous sclerosis (TS)
[102]. Gangliogliomas have similarities to the
cortical tubers seen in TS and anaplastic ganglio-
gliomas have been described in the brains of Eker
rats [102].
Various cytogenetic abnormalities have been

reported in gangliogliomas, but no consistent
patterns have emerged. Complex karyotypes may
be common among recurrent tumors [103–105].
Although gangliogliomas contain both glial and
neuronal components, they are likely monoclonal
in origin as has been shown with the HUMARA
assay that examines X chromosome inactivation in
cells from females [106]. Gangliogliomas but not
fibrillary astrocytomas show significant deposition
of the extracellular matrix proteins collagen IV
and laminin [107]. High expression of these pro-

teins correlated with the occurrence of perivascular
inflammation and involvement of the leptomenin-
ges by the tumor [107], A single ganglioglioma
with a TP53 mutation has been reported; this tu-
mor recurred twice despite surgery and radiation
[108].
Platten et al. reported on an intronic polymor-

phism in the TSC2 gene that is present in 8% of
normal controls and patients with fibrillary
astrocytomas, but is found in 15% of patients with
gangliogliomas [109]. This allele may predispose to
the development of gangliogliomas. These findings
were replicated in a subsequent paper where the
same polymorphism was seen in 8% of controls
but 12.5% of patients with gangliogliomas [110].
These authors also found a second polymorphism
in the TSC2 gene that was present in 6.5% of
controls and 15% of patients with ganglioglioma.
They also found a somatic intronic mutation of the
TSC2 gene in one ganglioglioma sample. While the
functional significance of the mutation is not
apparent, the authors used laser microdissection to
show that the mutation was limited to the glial
component of the neoplasm and was not present in
the dysplastic neurons [110].

Ependymomas

Ependymomas arise from the wall of the cerebral
ventricles or the spinal canal and are composed of
neoplastic ependymal cells. They account for
approximately 10% of childhood brain tumors,
but for 30% of the tumors of children younger
than 3 years. Histological grading of ependymo-
mas is difficult and its predictive value is limited
[111–113]. Cytogenetic and molecular studies
indicate that ependymomas may represent at least
two different categories of tumors. One variant
mostly occuring in adults and in spinal location is
characterized by monosomy/losses of chromosome
22 and mutations in the NF2 gene [114]. Non-
spinal tumors may also carry alterations of chro-
mosome 22, but the NF2 or INI-1 genes seem not
to be affected [115]. In a series of 22 pediatric
ependymomas, loss of chromosome 22 was only
demonstrated in two patients, whereas alterations
of chromosome 6 was detected in five tumors [116].
Monosomy 13 and LOH of chromosomal arm 17p
has also been described in pediatric ependymomas
[117,118]. Dyer et al. analyzed a large series of 42
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primary pediatric ependymomas by comparative
genomic hybridization and found gain of chro-
mosome 1q as the most frequent event [119]. Three
cases showed high level amplification of genomic
material on 1q. Six tumors showed alteration of a
single chromosome only, and of these chromo-
some 1q was affected in three cases. In this study
and in independent observations, chromosome 1q
gain indicated an unfortunate clinical course
[119,120]. This suggests the presence of one or
several genes located on 1q that may be involved in
the progression and/or responsiveness to therapy
of ependymomas. The critical region could be
narrowed down by Kramer et al. to 1q22–31 [116].
The genes located here have to be identified in the
future to uncover the underlying mechanisms.
Dyer et al. also identified a group of patients of

younger age (43.9%) [119, and references cited
herein] with a balanced CGH profile. This pattern
is uncommon in adult ependymomas and provides
evidence for biologically distinct groups in the
pediatric population. In addition, the same study
showed differences of survival between patients
carrying tumors with structural chromosomal
anomalies, purely numerical disturbances and
those with balanced profiles [119]. Although the
pathways involved in the molecular evolution of
ependymal tumors are largely unknown, these
data suggest different subgroups of ependymal
tumors with different genetics, clinical features and
prognosis.
Similar to medulloblastomas, the possible rela-

tion to infection with polyoma viruses was dis-
cussed intensively for ependymomas after an initial
study of Bergsagel et al. who demonstrated SV40
virus genome in ependymomas [121,122]. These
findings have received considerable attention since
they may be related to latent infection following
the use of SV40 contaminated polio vaccines in the
past [123–125]. However, other studies were not
able to confirm these findings [6], and although
SV40 is a proven oncogenic virus its significance
for the development of ependymal tumors remains
unclear.

Choroid plexus tumors

Choroid plexus papillomas (CPP) and choroid
plexus carcinomas (CPC) have been reported to
occasionally occur in families. Some such children

have consanguineous parents [126]. Choroid
plexus tumors have also been reported in individ-
uals with germline mutations of TP53 or hSNF5/
INI1 (see Rhabdoid tumor) [127–129]. Aicardi
syndrome is a rare, X-linked dominant disorder
secondary to mutation/deletion of a gene on the X
chromosome that is seen only in girls as affected
males are usually miscarried. Affected females
have infantile seizures, callosal agenesis and cho-
rioretinal lacunae. These children have visual
impairment, developmental delay and problematic
seizures. Several authors have reported CPP in
girls with Aicardi syndrome [130–133]. CPP have
also been reported in another X-linked disorder,
hypomelanosis of Ito [134,135]. Constitutional
duplication of chromosome 9p is a rare anomaly,
some of the individuals reported with this anomaly
have proliferative disorders of the choroid plexus
[136]. Investigation of sporadic choroid plexus
tumors showed extra copies of 9p further impli-
cating genes on this chromosome arm in the
pathogenesis of choroid plexus tumors. Overex-
pression of the SV40 Large T antigen oncogene in
transgenic mice results in the formation of choroid
plexus tumors [137,138]. Recently, Carlotti et al.
have shown overexpression of cell cycle gene
products, such as pRB, cyclins, and E2F-1, in
choroid plexus carcinomas vs. papillomas. Fur-
thermore, the MIB1 labeling index of CPC was
significantly higher than that of the papillomas
[139].

Atypical teratoid/rhabdoid tumors

Atypical teratoid/rhabdoid tumors are aggressive
embryonic tumors that usually are diagnosed in
children under the age of 2 years. They are fre-
quently misdiagnosed as medulloblastoma/PNET,
especially on small biopsies as up to 70% of
atypical teratoid/rhabdoid tumors contain fields of
cells indistinguishable from PNET [140–142]. As
well as occurring in the CNS, rhabdoid tumors are
also seen in the kidney and less commonly in a
variety of locations in the soft tissues. The great
majority of these tumors were known to have
deletions or abnormalities of chromosome 22q11,
suggesting the presence of a tumor suppressor gene
at that locus. Deletions on chromosome 11
have also been reported in rhabdoid tumors [143–
147].
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Versteege and colleagues identified the tumor
suppressor gene in question on chromosome 22q11
as the hSNF5/INI1 gene (Human Sucrose Non-
Fermenting 5). This gene was biallelically inacti-
vated by deletions and/or truncating mutations in
a series of renal rhabdoid tumors and cell lines
suggesting that it acts as a classical tumor sup-
pressor gene [148]. This gene is highly conserved
from humans to yeast, where it affects the yeast
cell’s ability to metabolize sucrose when mutated
(hence the name). Biegel and co-investigators went
on to show somatic deletions and/or truncating
mutations of hSNF5/INI1 in CNS atypical tera-
toid/rhabdoid tumors. Subsequently, hSNF5/INI1
mutations were also found in choroid plexus car-
cinomas, and perhaps PNETs and medulloblas-
tomas [149,150]. Most mutations were found in
tumors from very young children (age <2 years).
It was subsequently shown that some children

with rhabdoid tumors have de novo (not inherited
from the parents) germline mutations of hSNF5/
INI1 suggesting that these children were born with
‘one hit’ in the hSNF5/INI1 gene and were pre-
disposed to develop rhabdoid tumors. In some
rare families with an elevated incidence of rhab-
doid tumors and/or choroid plexus carcinomas,
there may be an inherited germline mutation of the
hSNF5/INI1 gene that predisposes affected family
members to cancer [128]. Subsequent generation of
SNF5/INI1 knockout mice by homologous
recombination has shown that SNF5/INI1 is
important for development as SNF5/INI1)/) em-
bryos die at embryonic day 7 [151,152]. Further-
more, heterozygous SNF5/INI1+/) mice develop
tumors reminiscent of rhabdoid tumors that show
loss of heterozygosity for SNF5, highly suggesting
that it is also a tumor suppressor gene in mice, as
well as providing an excellent animal model of the
disease.
hSNF5/INI1 is almost ubiquitously expressed in

both time and space. It functions to regulate the
structure of DNA (chromatin) to either allow or
deny access of transcription factors to their
respective promotors. hSNF5/INI1 can promote
expression of some genes while repressing others
[153]. hSNF5/INI1 interacts with the well known
proto-oncogene c-myc and may be involved in the
c-myc mediated activation of pro-apoptotic genes
[154]. hSNF5/INI1 may also be involved with
regulation of the highly important tumor sup-
pressor gene RB1 (retinoblastoma susceptibility

gene). Why loss of function of this highly con-
served, ubiquitously expressed protein would lead
to the specific phenotypes observed in both hu-
mans and mice is not currently known.

Conclusions

The increasing knowledge on the genetics, cellular
origin and cell biology of pediatric brain tumors
will lead to better understanding of crucial events
in their pathogenesis that seem to differ from those
involved in brain tumors of adulthood in many
cases. Advances of the histopathological and
molecular classification of pediatric brain tumors
may finally help to rationalize treatment stratifi-
cation, increasing the survival rate and reducing
therapy-associated side-effects [155]. The under-
standing of underlying pathways may also lead to
more specific therapies.
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Wiestler OD, Pietsch T: Molecular analysis of the lissen-

cephaly gene 1 (LIS-1) in medulloblastomas. Neuropathol

Appl Neurobiol 22: 233–242, 1996

31. Adesina AM, Nalbantoglu J, Cavenee WK: p53 gene

mutation and mdm2 gene amplification are uncommon in

medulloblastoma. Cancer Res 54: 5649–5651, 1994

32. Biegel JA, Burk CD, Barr FG, Emanuel BS: Evidence for

a 17p tumor related locus distinct from p53 in pediatric

primitive neuroectodermal tumors. Cancer Res 52: 3391–

3395, 1992

33. Ohgaki H, Eibl RH, Wiestler OD, Yasargil MG, New-

comb EW, Kleihues P: p53 mutations in nonastrocytic

human brain tumors. Cancer Res 51: 6202–6205, 1991

34. Waha A, Koch A, Meyer-Puttlitz B, Weggen S, Sorensen

N, Tonn JC, Albrecht S, Goodyer CG, Berthold F,

Wiestler OD, Pietsch T: Epigenetic silencing of the HIC-1

210



gene in human medulloblastomas. J Neuropathol Exp

Neurol 62: 1192–1201, 2003

35. Pietsch T, Waha A, Koch A, Kraus J, Albrecht S, Tonn J,
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Abstract Pilocytic astrocytoma (PA) is the most com-

mon tumor of the pediatric central nervous system (CNS).

A body of research over recent years has demonstrated a

key role for mitogen-activated protein kinase (MAPK)

pathway signaling in the development and behavior of PAs.

Several mechanisms lead to activation of this pathway in

PA, mostly in a mutually exclusive manner, with consti-

tutive BRAF kinase activation subsequent to gene fusion

being the most frequent. The high specificity of this fusion

to PA when compared with other CNS tumors has diag-

nostic utility. In addition, the frequency of alteration of this

key pathway provides an opportunity for molecularly tar-

geted therapy in this tumor. Here, we review the current

knowledge on mechanisms of MAPK activation in PA and

some of the downstream consequences of this activation,

which are now starting to be elucidated both in vitro and in

vivo, as well as clinical considerations and possible future

directions.

Keywords Pilocytic � Astrocytoma � Low grade glioma �
LGG � BRAF � Fusion � MAPK � Senescence

Abbreviations

CNS Central nervous system

MAPK/ERK Mitogen-activated protein kinase/

extracellular signal-regulated kinase

NF1 Neurofibromatosis Type 1

NS Noonan syndrome

OIS Oncogene-induced senescence

OPG Optic pathway glioma

PA pilocytic astrocytoma

SAHF Senescence-associated heterochromatin

foci

UTR Untranslated region

Introduction

Brain tumors are the most common solid tumors of

childhood, representing approximately a quarter of all

pediatric neoplasia [1]. The most common histological

entity in this setting is pilocytic astrocytoma (PA), which

accounts for approximately 20% of brain tumors under the

age of 20 [2, 3]. The most frequent sites of PA occurrence

are the cerebellum and the hypothalamic/chiasmatic

region, but they can also arise throughout the intracranial

space, including the cerebral hemispheres and brain stem,

and also rarely the spinal cord [4]. They are typically seen

to be slow-growing, well-circumscribed tumors, which do

not invade surrounding tissues and virtually never pro-

gress to higher malignancy grades. Dissemination into the

spinal canal at diagnosis has been reported, but this is a

rare event occurring in only 2–3% of cases [5]. As such,
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they are classified as malignancy grade I by the World

Health Organisation, and prognosis in terms of overall

survival is very good: [90% of patients survive beyond

10 years, and the majority of these long-term survivors are

cured of their tumor [6, 7]. Despite this, local recurrence

of tumor growth, even after complete resection (as

assessed by surgical report and/or postoperative MRI),

occurs in about 10–20% of cases. Rates of progression in

cases where the primary lesion was not amenable to gross

total resection can be as high as 50–80%. Both the pri-

mary tumor and subsequent recurrence, as well as the

treatments thereof, can also cause significant physical

morbidity or psychosocial dysfunction [8]. The introduc-

tion of novel, targeted therapeutics could therefore be of

significant benefit in treating this tumor of the childhood

brain, especially since, in contrast to most other tumor

entities, it can become in effect a chronic disease which

might require long-term and/or repeated cycles of adju-

vant therapy.

Histologically, diagnosis of PA can often be challeng-

ing. Classic presentation includes a biphasic architecture,

with areas of densely packed, fibrillary tissue interspersed

with looser microcystic compartments. Tumor cells usually

display an elongated morphology with hair-like (piloid)

tendrils that give the tumor its name. Rosenthal fibres

(strongly eosinophilic structures of unknown composition)

and granular bodies are also frequently observed, but are

neither necessary nor sufficient for diagnosis. It is now well

recognized that PAs can show widely varying morphology,

with regions reminiscent of higher-grade astrocytoma,

oligodendroglioma and ependymoma. Areas of necrosis

and marked vascular proliferation, more often seen in

highly malignant glioblastomas, are also occasionally

observed [6], highlighting the clinical importance of sen-

sitive and specific diagnostic markers for PA.

Until recently, very little was known about the genetic

alterations underlying this disease. Most early copy-num-

ber studies showed either balanced karyotypes or whole-

chromosomal changes, with analyses of candidate genes

altered in higher-grade astrocytoma (such as PTEN or

TP53) revealing very few mutations [9–12]. However, the

past few years have brought a substantial increase in our

understanding of some of the key genetic alterations

behind the development of PA, with several mechanisms

converging on abnormal activation of the mitogen-acti-

vated protein kinase/extracellular signal-regulated kinase

(MAPK/ERK) signaling pathway. Expanding on previous

reviews in this area [13, 14], the present review focuses on

these recent advances in our knowledge of PA tumori-

genesis, and also looks ahead to how these insights might

be expanded on in the future, both in terms of basic

biology and with regards to transferring these data to the

bedside.

MAPK signaling in normal brain and high-grade

astrocytomas

Under non-pathological conditions, MAPK/ERK signaling

components are expressed in most regions of the brain, and

show a largely overlapping expression pattern (with the

exception of MEK2, which is almost completely absent)

[15]. Functionally, this signaling pathway has been impli-

cated in various neurological processes like memory

formation and pain perception (reviewed in [16, 17]) but

also in the induction of cortical neurogenesis [18] and

development of the midbrain and cerebellum [19]. The

latter aspects are of particular relevance with respect to PA

pathogenesis, taking into account the high childhood

prevalence and cerebellar preponderance of these tumors,

and the accumulating evidence that neural stem/precursor

cells rather than post-mitotic glial cells constitute the origin

of glial neoplasms in general [20]. Indeed, there are several

reports in the literature indicating that PAs express a

number of markers, such as the PDGFa receptor, the NG2

proteoglycan, Sox10, and Olig2, similar to those of oligo-

dendrocyte precursor cells [21–29]. However, it is also

clear that the cellular effects of MAPK/ERK activation are

strongly context dependent. While several studies using

loss of function strategies of MEK and ERK have shown

that MAPK/ERK activation promotes a neuronal fate of

these early progenitors and represses glial differentiation

[18, 30], other groups report a role for ERK activation in

peri-lesional astrogliosis [31] and in oligodendrocyte dif-

ferentiation in the developing mouse cortex [32]. Further

work in this area is needed to investigate developmental

cell-type specific effects of MAPK activation, and a pos-

sible link to a cell of origin for PA. Besides these diverse

functions in the normal brain, altered MAPK/ERK signal-

ing has also been known for some time to play a major role

in the biology of higher grade astrocytomas (reviewed in

[33, 34]). The underlying aberrations, however, are dif-

ferent in most of these entities when compared with the

common mechanisms in pilocytic astrocytoma outlined

below. Rather than point mutations or gene fusions of RAF

family members, these tumors often harbor high-level

amplifications of upstream receptor tyrosine kinases such

as EGFR and PDGFR [35, 36] or somatic mutations of the

NF1 gene [36] as mechanisms for constitutive MAPK/ERK

activation.

Pilocytic astrocytoma and neurofibromatosis type 1

In contrast to the somatic mutations of NF1 seen in *15%

of glioblastomas [36, 37], the initial indication that MAPK

signaling might play a role in the development of PAs

came from clinical observations in patients with

D. T. W. Jones et al.
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Neurofibromatosis Type 1 (NF1), which is caused by

germline NF1 mutation. Affecting around 1 in 4,000

individuals, it is one of the more common genetic disorders

and is inherited in an autosomal-dominant fashion with

almost 100% penetrance, although roughly 30–50% of

cases are due to new mutations [38, 39]. The product of the

NF1 gene is called neurofibromin, or NF1, and is a large

(220–250 kDa) protein that acts as a GTPase-activating

protein (GAP) for Ras. Loss of neurofibromin activity leads

to an increase in the active form of Ras, thereby contrib-

uting to tumor formation [40]. Neurofibromin has also been

implicated in maintaining progenitor cell pools in the CNS:

mutations in NF1 lead to an excessive accumulation of so-

called O-2A precursor cells (which can give rise to oligo-

dendrocytes or type-2 astrocytes in vitro depending on the

culture model) in transgenic mice, and also result in dis-

ruption of oligodendrocyte precursor cells in zebrafish [41–

43]. Furthermore, loss of NF1 can also lead to mTOR/AKT

pathway activation, which has been implicated in a more

aggressive subset of PAs [44]. The precise role of this

pathway in PAs, however, is yet to be fully determined.

NF1 is associated with an increased risk of glioma for-

mation, and PA is one of the most commonly involved

entities, accounting for about half of all NF1-associated

gliomas [45, 46]. Roughly 15% of NF1 patients have PAs,

particularly in the optic pathway [47], and optic pathway

gliomas are considered one of the diagnostic criteria for the

syndrome [48]. Conversely, about a third of tumors in the

optic pathway are PAs [49] and roughly 10% of all PAs are

NF1-associated, suggesting that PA patients, particularly

with optic pathway tumors, should be examined for clinical

signs of NF1 [50]. Mutation screening of NF1 can be dif-

ficult, since the gene comprises 58 exons spread over

nearly 300 kb of chromosome 17 and the types of muta-

tions observed can be complex. With the application of

high-throughput sequencing techniques, however, it will be

interesting to see whether either somatic NF1 mutations or

clinically undiagnosed germline NF1 alterations are also

seen in PAs.

One further important question that remains to be

answered, with respect to the role of NF1 in PA, is whether

it is possible to predict which patients with a clinical

diagnosis of neurofibromatosis type I will go on to develop

a pilocytic astrocytoma (or other glioma), and which of

those patients will suffer most from, for example, vision

loss or impairment. It was recently shown that there

appears to be some degree of genotype–phenotype corre-

lation in this syndrome, with NF1 patients harboring a

mutation in the first third of the gene more likely to

develop an optic pathway glioma [51]. Whether these

findings can be further expanded on, in order to clarify

a link between specific NF1 alterations and risk of

developing a PA, will be of particular interest both bio-

logically and from a clinical perspective.

In addition to NF1, pilocytic astrocytoma has also been

reported to occur in a small number of patients with

Noonan syndrome (NS) [52–54]. As with many of the

neuro-cardio-facial-cutaneous syndromes, NS is charac-

terized by germline alterations in MAPK pathway genes,

particularly PTPN11, SOS1, and KRAS (reviewed in [55]).

Whether this link is more than coincidental, and whether

PA is observed in any other hereditary MAPK pathway

disorders, are yet to be determined.

Gene fusions involving BRAF are a defining feature

of pilocytic astrocytoma

While a familial tumor syndrome first provided indirect

evidence for a link between MAPK signaling and PAs,

truly compelling evidence for the fundamental role of this

pathway in PA tumorigenesis came with the finding of a

highly frequent somatic rearrangement occurring in the

majority of sporadic cases. Focal duplication of approxi-

mately 2.5 Mb at 7q34 was reported as being a strikingly

common feature in pilocytic astrocytoma in 2008 [56–58],

although the exact significance of this alteration was not

immediately clear. Shortly thereafter, however, it was

shown that a gain in this region resulted in a novel fusion

between KIAA1549 (a large, as-yet uncharacterized gene)

and the BRAF oncogene [59, 60]. The study by Jones et al.

[59] further demonstrated that this fusion resulted in con-

stitutive activation of BRAF kinase activity, and was able

to transform NIH-3T3 cells. Since then, several additional

studies have reported similar findings, and contributed to

expanding our understanding of the frequency and speci-

ficity of this alteration [61–69]. The frequency of this

change stated in the literature varies from 50 to 100%

depending on the demographics of the patients investi-

gated, and a total of five different exonic combinations of

the two genes have been described (see Fig 1). The most

common (KIAA1549 exons 1–16 and BRAF exons 9–18,

or K:B16_9) comprises roughly 60% of fusion events, with

K:B15_9 accounting for *30% and K:B16_11 * 10%, with

minor contributions from rare variants. In all cases, how-

ever, the fusion leads to loss of the BRAF N-terminal auto-

regulatory domain and subsequent activation of the kinase

domain. This is in keeping with BRAF fusions previously

seen in a small fraction of thyroid tumors and large con-

genital melanocytic nevi, as well as rare RAF fusions

recently identified in melanoma, and in prostate and gastric

tumors [70–72]. Studies on larger numbers of PA cases are

now starting to identify links between clinical parameters

and BRAF fusion (as discussed below), but this is still an
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area which will greatly benefit from further (prospective)

investigation in larger cohorts.

Apart from its high frequency, another striking feature

of the KIAA1549:BRAF fusion is its exquisite specificity to

PAs. Several reports looking at various additional low and

high malignancy grade pediatric brain tumors have found

no evidence for the fusion gene in these additional entities

[65, 67, 68, 73]. Whilst some studies have observed a small

number of cases of grade II astrocytoma, mixed oligo-

astrocytic tumors, or pilomyxoid astrocytomas harboring

the fusion gene, it is not currently clear whether these

might in fact represent misdiagnosed PAs with an unusual

histological composition [59, 60, 62, 64]. In the case of

pilomyxoid astrocytoma, in particular, it seems that this

may be part of a spectrum of PA morphology, perhaps

representing a slightly earlier, less-differentiated stage in

the tumor’s development, rather than an entirely distinct

entity. Indeed, there are reports of primary pilomyxoid

astrocytomas diagnosed early in life recurring later as

prototypic pilocytic tumors [74]. It is also not yet clear

whether the worse prognosis initially ascribed to these

tumors (warranting a malignancy grade II classification by

the WHO) is independent of the fact that they occur pre-

dominantly in surgically less-accessible regions and in

younger patients.

It is thus tempting to speculate that there may be

something unique to the PA cell of origin that allows this

fusion to drive oncogenesis solely in this tumor type.

Perhaps there is a ‘Goldilocks’ cell for this fusion, such that

the signaling induced is ‘just right’ to be tolerated and

induce transformation, where other cells may be insensitive

to the stimulus, die, or undergo immediate growth arrest.

The multiple, cell type-specific roles for MAPK signaling

in the brain, as discussed above, further support the

hypothesis that only a distinct cell type with certain

inherent properties and interactions with the microenvi-

ronment might be vulnerable to this mechanism of BRAF-

mediated transformation. An additional possibility is that

the transcriptional program of the PA precursor may lead to

a particular configuration of active and inactive chromatin

within the nucleus that brings the two genes in close

proximity and potentiates recombination. Elucidation of

the exact processes through which the 7q34 duplication

arises may help to shed light on the question of its speci-

ficity. Whilst the mechanism is still not entirely clear, a

recent study looking at the mapping of genomic break-

points suggested a possible recombination mechanism.

Lawson et al. [75, 76] identified an enrichment of sequence

microhomology, complex rearrangements, and proximity

to repeat elements, suggesting that the process of micro-

homology-mediated break-induced replication (MMBIR)

may be involved.

The presence of microhomology, ‘filler’ DNA and

sometimes complex rearrangements was also noted by Cin

et al. [61], who further reported a second mechanism of

BRAF fusion in a small number of PAs. In three cases

identified to date, a *2.5-Mb deletion at 7q34, telomeric to

BRAF, results in a fusion between it and the uncharacter-

ized gene FAM131B (Fig. 1). The resulting protein again

retained only the kinase domain of BRAF, and functional

analysis demonstrated constitutive kinase activity as well

as transformation of NIH-3T3 cells. Interestingly, the

breakpoints identified were close to the 50 end of FAM131B

and consisted primarily of 50 UTR. Only a short fragment

of the FAM131B protein is therefore included in these

fusions, suggesting that the 50 partner gene may be acting

primarily to induce transcription of the fusion and provide

a carrier for the BRAF kinase domain, rather than having a

functional protein role.

Alternative mechanisms of MAPK activation

The second most common change seen in PAs also

involves the BRAF gene, but consists of single amino acid

changes rather than gene rearrangement. Most often this is

the hotspot valine to glutamate change at position 600

(V600E), first identified in 2002 and since then reported in

a large number of tumor types ([77]; and see the Catalogue

of Somatic Mutations in Cancer (COSMIC) at http://www.

sanger.ac.uk/genetics/CGP/cosmic/ for further details). This

mutation has been extensively characterized and is a well-

documented oncogenic lesion [78, 79]. In addition, however,

a novel 3-bp (TAC) insertion encoding an extra threonine

Fig. 1 Schematic representation of the genomic and protein structure

of human BRAF and the fusion products detected in pilocytic

astrocytoma. The gene fusions with their indicated fusion partners and

break points in all cases result in a loss of the amino-terminal auto-

regulatory domain. This, as well as the V600E point mutation and the

Ins598T insertion in the full length protein, results in constitutive

activity of the kinase domain independent of upstream Ras status.

CR1-3 conserved region 1–3
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residue adjacent to the V600 hotspot codon has also been

reported in a few cases of PA [69, 80–82]. This alteration,

referred to as BRAFins598T or simply BRAFinsT, has been

shown to induce constitutive kinase activity at a level similar

to the V600E change, and it also shows transforming ability

in vitro [80, 81].

In stark contrast to the KIAA1549:BRAF fusion, the

V600E mutation does not appear to be specific to a brain

tumor entity. Two recent studies looking at BRAF muta-

tional status in a variety of entities, including a report

from the von Deimling group on more than 1,300 CNS

tumors, showed the presence of mutation in various sub-

types [73, 82]. Particularly high incidence was seen in

pleomorphic xanthoastrocytoma and ganglioglioma, sug-

gesting that BRAF activation has a broader role to play in

brain tumorigenesis, particularly in tumors of lower

malignancy grades. The elucidation of the exact down-

stream pathways involved is therefore a key target for

future research.

Another somatically mutated gene in PA, first reported

several years prior to the discovery of BRAFV600E, is

KRAS. In fact, one of the first identified somatic alterations

in pilocytic astrocytoma was a KRasQ61E mutation [83].

Further mutations in the hotspot codons 12, 13, and 61

have subsequently been found in several larger, indepen-

dent tumor series, but only at low frequency (\5%) [61, 62,

84, 85]. No mutations have yet been reported in HRAS or

NRAS in PA, suggesting that KRAS is likely the predomi-

nant isoform involved in the tumorigenic processes of PA.

Intriguingly, there is also evidence that tumor development

in an NF1 mouse model arises specifically from preferen-

tial activation of KRAS in astrocytes, further supporting

this hypothesis [86].

A further uncommon, yet still recurrent, mechanism of

MAPK pathway activation in pilocytic astrocytoma, so far

reported in only a few cases, is fusion of a second Raf

kinase family member, RAF1 (or CRAF) [61, 62, 81]. As

with the more frequent BRAF alteration, fusion between

RAF1 and SRGAP3 is also mediated by a tandem dupli-

cation event, occurring at 3p25. Several fusion junctions

have been reported, but all result in a truncated RAF1

kinase domain (Fig. 1). The fusion protein has also been

shown to possess constitutive kinase activity and trans-

forming ability [81]. Like the 7q34 duplication, this

alteration appears to be highly specific to PA, and it has so

far not been reported in any other tumor type.

Very few other genes have been reported to be mutated

in PAs, including those which are commonly associated

with higher grade astrocytomas. There are reports of

individual cases with mutations in TP53 and PTEN, for

example [87–90], and one report described a high fre-

quency of TP53 mutation. However, these findings have

not been replicated in more recent cohorts, and these genes

are currently not thought to play a major role in the

development of pilocytic astrocytoma.

The various alterations in the MAPK pathway described

here are usually seen to be mutually exclusive within PA,

suggesting that a single hit in the pathway may be sufficient

for transformation in most cases. However, rare co-occur-

rence of BRAFV600E with either KIAA1549:BRAF fusion or

clinically diagnosed NF1 has also been reported [61, 64,

80]. Indeed, one patient apparently carried all three of these

alterations [61]. The number of cases involved is currently

too small to assess whether patients with multiple hits in

the pathway generally show a worse clinical outcome.

Taken together, at least one hit in the MAPK pathway

has been identified in approximately 80–90% of PA cases

reported to date (see Fig. 2a). The question of which

alterations are responsible for the remaining cases remains

unclear, but is the subject of ongoing investigation in large-

scale genomics projects such as the International Cancer

Genome Consortium, and elsewhere [91]. These studies

should tell us in the foreseeable future whether this tumor

is truly associated solely with hits in the MAPK pathway,

or whether it also depends on as-yet unidentified secondary

alterations.

Clinicopathological correlates of MAPK alterations

With the growing number of reports on the incidence of

MAPK pathway alterations in PA, trends of association with

clinico-pathological parameters are starting to emerge. One

of the earliest recognized features, now confirmed in several

larger series, is an association between tumor location and

the types of MAPK aberration observed. Infratentorial

tumors (most commonly in the cerebellum) tend to show a

very high frequency of KIAA1549:BRAF fusion, while

supratentorial tumors generally show a lower proportion of

fusion-positive tumors, but an increased incidence of

BRAFV600E mutation [56, 61, 63–65, 82] (Fig. 2b). The

reason for this discrepancy, and its potential impact on tumor

behavior, is not currently clear, but the fact that a similar

propensity has been observed in multiple independent

studies suggests a genuine phenomenon. No histological

differences between BRAF fusion and mutant tumors have

been reported.

It has become apparent that there is a striking difference

in the proportion of BRAF fusion-positive cases between

pediatric and adult cases of PA, with the frequency getting

much lower with increasing age at diagnosis [63]. An

influence of age on genetic alterations has also been pre-

viously reported for larger-scale changes, with whole-

chromosome gains (particularly chromosomes 5 and 7)

being significantly more common in adult patients and

almost absent in the youngest patients [9]. The difference
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in frequency of BRAF fusion is in contrast to the situation

in grade II astrocytomas, where signature changes that are

frequent in adult tumors (such as IDH1 and TP53 mutation)

are much less common in children [92]. This raises an

additional consideration in respect to the diagnostic utility

of BRAF fusion and IDH1 or TP53 mutation in different

age groups. The presence of a fusion in pediatric cases and

IDH1 or TP53 mutation in adult cases gives support for a

diagnosis of PA versus grade II astrocytoma, respectively.

It seems, however, that the absence of either change may

rather indicate a grade II astrocytoma in young patients but

pilocytic astrocytoma in adults. This feature, however, will

require careful assessment in larger, well-characterized

series.

An additional question, which will need addressing in a

larger series, is the impact of KIAA1549:BRAF and other

alterations on the prognosis of patients with PA. A study by

Hawkins and colleagues reported an association of BRAF

fusion with a favorable prognosis amongst 70 low-grade

astrocytomas (PAs and grade II diffuse/pilomyxoid astro-

cytomas), which they deemed ‘clinically relevant’; i.e.,

which were incompletely resected due to localization out-

side of the cerebellum [64]. In this subgroup, fusion-

positive tumors had a hazard ratio of 0.28 (95% CI,

0.14–0.58) for tumor progression compared with fusion-

negative counterparts. In contrast, looking solely at pilo-

cytic astrocytomas and in all tumor locations, Cin et al.

[61] did not find an association of KIAA1549:BRAF fusion

with progression-free survival. They did, however, report

both an age of B1 year and incomplete tumor resection as

independent factors of poor prognosis upon multivariate

analysis of 93 cases.

A B

Fig. 2 Distribution of oncogenic hits in the MAPK/ERK pathway by

tumor location. a Representation of the MAPK/ERK signal cascade.

Aberrations activating the pathway, i.e. activating mutations (star),

inactivating mutation of the repressor NF1 (X), fusions proteins and

unknown alterations (?), are indicated with their frequencies in

cerebellar and non-cerebellar PAs. Activation of this signaling

pathway can induce various cellular responses like cell growth,

differentiation, and oncogene-induced senescence (OIS). b The

various MAPK pathway alterations are unevenly distributed in

tumors of different locations. NF1 mutation is mainly seen in optic

pathway gliomas but also occasionally in other locations. Tumors in

other brain regions are dominated by RAF activation, with fusions

occurring primarily in cerebellar tumors and mutations in supraten-

torial PAs. For the more infrequent hits, no prevalent locations can be

given
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Oncogene-induced senescence in PA

In addition to clarifying the relationship between classes of

MAPK alteration and clinical/pathological factors, the next

advances in our understanding of PA biology will come

from determining the precise downstream consequences

of MAPK pathway activation in this tumor. Two recent

reports have taken steps addressing this issue, by demon-

strating that MAPK activation in PA leads to oncogene-

induced senescence (OIS) [93, 94]. OIS is a process of

growth arrest occurring as a tumor-suppressive mechanism

in response to oncogene activation [95]. Several links have

previously been made between the MAPK signaling path-

way and induction of OIS. Since being first described as a

response to oncogenic Ras signaling, senescence has now

also been shown to be induced by BRAF activation and

loss of NF1 activity [96, 97]. The papers on OIS in PAs by

Jacob et al. and Raabe and colleagues [93, 94] showed that

this phenomenon occurs both in vitro, in models of BRAF

activation in neural precursors, and also in cells from pri-

mary tumor samples (Fig. 3). The Jacob et al. study further

demonstrated a more generalized mRNA expression pat-

tern of OIS activation in two independent primary tumor

cohorts. It now seems likely that this process plays a major

role in restricting PA to its relatively slow growth pattern

and generally more benign behavior compared with higher

grade astrocytomas.

Interestingly, both these studies also pointed to a key role

of the p16 tumor suppressor in mediating the OIS process in

PAs, with the study of Raabe et al. reporting a link between

lack of p16 immunopositivity and worse clinical outcome.

This link fits with the observation of p16 loss in a subset of

PAs with histologically anaplastic features and poorer

prognosis [44]. Further investigation is needed to fully

assess the contribution of p16 immunostaining for prog-

nostication with respect to PA behavior. In addition, the

growth repression due to OIS in PAs appears to be less than

that in melanocytic nevi, which also frequently exhibit

BRAFV600E-dependent OIS and thereby an early growth

arrest [97], since PAs can often grow to quite a considerable

size before presenting as a symptomatic tumor. Hence, it

will be of great interest for the understanding of PA biology

to further investigate the mechanisms regulating the balance

between growth and senescence in the context of particular

mitogenic stimuli in the PA cell of origin. This may also

prove to have relevance for informing treatment decisions,

for example when to give adjuvant therapy versus a ‘watch

and wait’ approach.

Mouse models of MAPK-driven gliomagenesis

Activation of MAPK/ERK signaling in the murine brain

has repeatedly been used for the generation of experimental

gliomas. Various approaches initially utilized overexpres-

sion of oncogenic Ras, which alone or in combination with

PI3K pathway activation or loss of the tumor suppressors

Ink4a/Arf, p53 or PTEN, resulted in the development of

grade II–IV glioma [98–104]. The first model of PA

mimicked the optic pathway tumors resulting from germ-

line NF1 alteration. Constitutive homozygous deletion of

NF1 is embryonically lethal in mice [105], while hetero-

zygous animals do not develop astrocytic tumors [106].

The group of David Gutmann therefore applied an induc-

ible knockout approach to specifically delete the residual

copy of NF1 in astrocytes of otherwise NF1-heterozygous

mice (NF1flox/mut; GFAP-Cre), a situation corresponding to

that in NF1 patients [107]. These animals developed benign

lesions in the optic pathway with histologic similarity to

PA. Interestingly, homozygous deletion in astrocytes alone

was not sufficient for tumor induction in these studies,

suggesting that NF1 heterozygous cells in the microenvi-

ronment and other microenvironmental signals may

contribute to the development of these optic pathway gli-

omas (OPGs) [108, 109]. Two recent studies propose that

this effect is due to CXCL12 secretion from stromal cells

and infiltrating microglia, which show a growth promoting

effect on NF1-/- cells [110, 111]. In fact, conditional

deletion of NF1 in astrocytes, glial precursors and neurons

adjacent to the retina using GFAP-Cre has been shown to

induce OPGs, although with only a low penetrance [112].

Notably, loss of p53 either alone or with PTEN deletion in

addition to NF1 deficiency both result in the development

of glioblastoma [113, 114].

Fig. 3 Oncogene-induced senescence in pilocytic astrocytoma. Left
Excessive MAPK activation can induce irreversible cell cycle arrest

via the p16Ink4a/Rb or the p14Arf/p53 pathway. This state can be

determined, e.g., by the appearance of senescence-associated hetero-

chromatin foci (SAHF), immunostaining for p16Ink4a and p21Waf1 or

by the characteristic staining for senescence-associated-b-galactosi-

dase (SA-b-Gal) activity. Right Primary cultured pilocytic

astrocytoma cells display clear SA-b-Gal activity (image kindly

provided by Dr. Karine Jacob, McGill University Health Center

Research Institute)
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The first study to investigate the gliomagenic potential

of the RAF gene family was published by the group of Eric

Holland in 2008. They used the RCAS/Ntv-a somatic ret-

roviral gene transfer system to transduce nestin-positive

neural progenitor cells in vivo with an N-terminally

deleted, constitutively active variant of the human RAF1

gene. Expression of this RAF1 variant alone induced only

hyperplastic lesions, but in conjunction with Ink4a/Arf loss

or AKT overexpression it gave rise to high-grade gliomas

histologically similar to tumors induced with oncogenic

KRAS [115]. Robinson et al. used the same system for

expression of wild-type and V600E-mutant BRAF in vivo.

Again, BRAF expression resulted in the induction of

tumors only when combined with AKT activation or Ink4a/

Arf knockout [116]. The same group recently published

that MAPK/ERK pathway activation by the downstream

effector MEK instead of BRAF is also capable of driving

gliomagenesis in this setting, but the induced tumors were

again of higher grades [117].

We recently extended this analysis of BRAF in the

RCAS system with truncated versions of wild-type and

mutant BRAF corresponding to the portion retained in the

most frequent fusion genes [118]. While confirming pre-

vious results using the full length constructs, the truncated

form of mutated BRAF was sufficient to induce tumori-

genesis without any additional oncogenic hit. The

respective tumors resembled PA not only on histological

and immunohistochemical levels, with fibrous tissue tex-

ture, strong GFAP and phospho-Erk immunoreactivity as

well as a low proliferation index (Fig. 4a), but also with

respect to their benign behavior, since tumor-bearing ani-

mals do not typically succumb to the disease, even without

treatment (authors’ unpublished observations). In vitro, the

oncogenic BRAF variant induced MAPK signaling and

proliferation in primary astrocytes, both of which effects

could be abrogated by pharmacologic BRAF inhibition

[118] (Fig. 4b). These results confirmed that MAPK acti-

vation driven via BRAF is sufficient to induce PA in vivo

without requiring a cooperating second alteration. It will

now be of great interest to exploit this model system for

further investigation of PA tumor biology and for testing

novel targeted therapies in a pre-clinical setting, in order to

translate these advances into a benefit for PA patients.

Clinical challenges and future directions for treatment

of PAs

There are a number of clinical challenges with respect to the

management of patients with pilocytic astrocytoma. Surgi-

cal resection is the treatment of choice for pilocytic

astrocytoma in children, and, in comparison with higher-

grade gliomas and other malignant brain tumors, this

usually results in excellent long-term survival rates [7, 8,

119–121]. Because of the long-term survival of the

vast majority of patients, pilocytic astrocytoma is viewed as

a chronic disease by many pediatric neurooncologists.

Treatment approaches should therefore aim for efficacy not

only in terms of tumor growth control but also in terms of

managing tumor- and treatment-related acute and long-term

toxicity, and quality of life. For example, patients with

supratentorial midline tumors frequently present with visual

symptoms including nystagmus and loss of visual acuity. In

addition, disruption of the hypothalamic region can result in

endocrine problems such as growth failure, delayed onset of

puberty, or pituitary gland dysfunction. Infants with

supratentorial midline tumors may also suffer from dien-

cephalic syndrome, which is associated with failure to

thrive, weight loss, and cachexia. PAs located in the pos-

terior fossa cause headache, nausea, and vomiting due to

obstruction of the fourth ventricle and subsequent increased

intracranial pressure, as well as ataxia due to pressure on the

cerebellum. Tumors located in the cerebral hemispheres are

associated with epileptic seizures or hemiplegia, whilst

those arising in the brain stem can produce cranial nerve

palsies including oculomotor or facial nerve palsy, swal-

lowing difficulties, and tongue atrophy.

Although outcome after surgery is generally good,

complete surgical resection can only be achieved in around

half of all cases, when the tumor is located in surgically

accessible sites such as the posterior fossa. If the tumor

involves the optic pathway, or the hypothalamic or tha-

lamic regions, complete removal is impossible in a

majority of patients. In the case of tumor progression, non-

surgical treatment strategies including chemotherapy and

radiation therapy are usually implemented. Chemotherapy

protocols are frequently based on a carboplatinum/vin-

cristine regimen, and are most often applied to younger

children and patients with NF1 suffering from non-resect-

able progressive disease [120, 122, 123]. Older children

will typically receive local radiation therapy in the event of

tumor progression. These additional treatments increase the

risk of patients experiencing more severe side effects.

With the discovery of BRAF alterations and constitutive

activation of the downstream MAPK-pathway in the

majority of cases of pilocytic astrocytoma, targeted thera-

pies are now being recognized as potential novel treatment

approaches. There are currently a number of preliminary

phase I/II clinical trials ongoing which are testing small

molecule kinase inhibitors targeting the MAPK or related

pathways, including: MEK inhibitors (ClinicalTrials.gov:

NCT01386450, NCT01089101), RAF/multiple tyrosine

kinase inhibitors such as Sorafenib (ClinicalTrials.

gov: NCT01338857), and mTOR inhibitors in patients with

and without NF1 (ClinicalTrials.gov: NCT01158651,

NCT00782626). The outcome of these early clinical
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studies will be of great importance for the further devel-

opment of larger clinical trials for patients with pilocytic

astrocytoma in the forthcoming years.

Further advances in understanding the biology of pilo-

cytic astrocytoma, particularly in further elucidating the

precise roles and downstream effects of MAPK pathway

activation, also have the potential to greatly improve

diagnosis and prognostication of PAs, and also to offer

additional targets for novel therapeutic strategies. For

example, little is known about the underlying biological

factors determining the likelihood of progression of pilo-

cytic astrocytomas: whereas many of the patients with non-

completely resected tumors will exhibit early progression

within 1–2 years after surgery, about 20% will show long-

term stability over more than 10 years without any inter-

vention. In contrast to older children, small infants below

1 year of age have a poor prognosis and even succumb to

their disease in a large proportion of cases. Furthermore,

the biological factors determining spinal or leptomenigneal

dissemination are not known, nor are any predictors of

Fig. 4 BRAF-induced murine

pilocytic astrocytoma. a Tumors

induced by somatic gene

transfer of an activated form of

BRAF display histologic

features of human PA, including

fiber-rich tissue as well as a low

proliferation index (as assessed

by Ki67 immunopositivity),

clear GFAP immunopositivity,

and a strong activation of

MAPK signaling (illustrated by

ERK-phosphorylation; pErk).

b Expression of activated BRAF

induces proliferation in primary

murine astrocytes in vitro,

which can be markedly reduced

by treatment with the kinase

inhibitor Sorafenib
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response to chemotherapy or radiation treatment. All these

are areas which would benefit from additional research and

are currently under intensive investigation.

Summary

In conclusion, recent results in this field have proven highly

significant both in terms of dramatically increasing our

understanding of the basic biology behind pilocytic astro-

cytoma, and providing opportunities for rapid translation

into clinical benefit for patients. However, there remain a

number of pressing unanswered questions, including: What

are the precise downstream effects of MAPK signaling

activation in this tumor that lead to its behavior? Is PA a

single-pathway disease, and what occurs in the remaining

10–20% of PA cases without apparent MAPK signaling

alterations? How does cerebellar PA relate to supratentorial

PA or the pilomyxoid variant? And can we identify clini-

cally relevant subgroups (such as very young patients) with

inferior prognosis? We expect that currently ongoing

efforts, such as large-scale whole genome sequencing within

the International Cancer Genome Consortium (ICGC)

Pediatric Brain Tumor Project (http://www.pedbrain.org) as

well as many other studies worldwide, will be able to build

on the strong foundation provided in the last few years, and

drive continued progress towards combating the most

common pediatric brain tumor.
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Purpose of review

Most children diagnosed with cancer today are expected to be cured. Medulloblastoma, the most common
pediatric malignant brain tumor, is an example of a disease that has benefitted from advances in
diagnostic imaging, surgical techniques, radiation therapy and combination chemotherapy over the past
decades. It was an incurable disease 50 years ago, but approximately 70% of children with
medulloblastoma are now cured of their disease. However, the pace of increasing the cure rate has slowed
over the past 2 decades, and we have likely reached the maximal benefit that can be achieved with
cytotoxic therapy and clinical risk stratification. Long-term toxicity of therapy also remains significant. To
increase cure rates and decrease long-term toxicity, there is great interest in incorporating biologic
‘targeted’ therapy into treatment of medulloblastoma, but this will require a paradigm shift in how we
classify and study disease.

Recent findings

Using genome-based high-throughput analytic techniques, several groups have independently reported
methods of molecular classification of medulloblastoma within the past year. This has resulted in a working
consensus to view medulloblastoma as four molecular subtypes, including wingless-type murine mammary
tumor virus integration site (WNT) pathway subtype, Sonic Hedgehog pathway subtype and two less well
defined subtypes (groups C and D).

Summary

Novel classification and risk stratification based on biologic subtypes of disease will form the basis of
further study in medulloblastoma and identify specific subtypes that warrant greater research focus.
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INTRODUCTION

Brain tumors are the most common tumors in chil-
dren, and medulloblastoma is the most common
malignant pediatric brain tumor. Approximately
400 cases are diagnosed in the United States each
year [1]. The WHO pathologic classification of brain
tumors includes five subtypes of medulloblastoma:
classic, anaplastic, large cell, nodular desmoplastic
and medulloblastoma with extensive nodularity [2].
Recent updates to the WHO classification included
separation of large cell subtype from anaplastic sub-
type and separation of medulloblastoma with exten-
sive nodularity from the nodular desmoplastic
subtype. Risk stratification in medulloblastoma is
currently based on age, metastatic status, extent of
surgical resection and histological presence or
absence of diffuse anaplasia. Standard risk patients
are over the age of 3 years with localized disease and
without anaplastic subtype. All other patients are
illiams & Wilkins. Unau

Health | Lippincott Williams & Wilk
considered high risk [3]. Other embryonal brain
tumors including atypical teratoid/rhabdoid tumor
(ATRT) and primitive neuroectodermal tumors
(PNET) arising outside the cerebellum may be
treated similarly to medulloblastoma, but represent
biologically distinct diseases [4] that are not within
the scope of this review.

Medulloblastoma therapy, including craniospi-
nal radiation and multi-agent chemotherapy,
results in significant long-term toxicity for many
thorized reproduction of this article is prohibited.
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KEY POINTS

� Recently published genome-based studies confirm that
pediatric medulloblastoma is composed of at least four
biologically distinct disease subtypes.

� Incorporation of molecular factors will greatly improve
risk stratification for pediatric patients
with medulloblastoma.

� There is an urgent clinical need for additional research
into non-WNT, non-Sonic Hedgehog
medulloblastoma subtypes.

Hematology and oncology
disease survivors, including neurocognitive impair-
ment, neuropathy, endocrinopathy, impaired bone
growth, impaired motor function, hearing loss and
secondary malignancy. These side-effects are most
closely related to dose of radiation therapy and age at
diagnosis, as well as factors at presentation such as
hydrocephalus and shunting [5,6]. Patients with
medulloblastoma who relapse after standard therapy
have a dismal prognosis, with few long-term survi-
vors [7,8].

The treatment strategy for standard risk medul-
loblastoma patients has aimed to reduce the
dose of craniospinal radiation therapy. The initial
standard dose of 36 Gy has successfully been
reduced to 23.4 Gy with the use of adjuvant main-
tenance chemotherapy while preserving a 5-year
survival rate of greater than 80% [9,10]. Ongoing
studies for standard risk medulloblastoma patients
are evaluating further radiation dose reduction
with the aim of reducing radiation-associated
toxicity [11–15].

Children with high-risk medulloblastoma over
the age of 3 years continue to have a lower 5-year
survival of 70% even with full-dose 36 Gy of cranio-
spinal radiation therapy [10], and dose reduction to
24 Gy resulted in survival under 40% for patients
with metastatic disease inappropriately treated
with standard risk regimens [9]. Therefore, current
strategies for high-risk patients include further
therapy intensification or introduction of new
agents such as isotretinoin (13-cis retinoic acid)
based on preclinical studies showing apoptosis of
medulloblastoma cells treated with isotretinoin
[16].

Because craniospinal radiation therapy is
particularly devastating to the neurocognitive
development of children under the age of 3 years
[5], this youngest age group is currently treated with
strategies using upfront chemotherapy with the
intent of delaying or avoiding radiation therapy
[17–20]. Intensity of therapy, including high-dose
chemotherapy with stem cell rescue, appears to
opyright © Lippincott Williams & Wilkins. Unautho
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improve outcome for this group of patients [19–
21]. Several studies are ongoing to incorporate
children who are 4 or 5 years old into this strategy
[20].
MOLECULAR SUBTYPING OF
MEDULLOBLASTOMA

Although nearly all medulloblastoma occurs spor-
adically, there are three known inherited syndromes
associated with medulloblastoma: Gorlin syn-
drome, which is associated with mutation in the
patched (PTCH)1 [22,23], PTCH2 [24] or suppressor
of fused (SUFU) [25] genes, resulting in deregulation
of the Sonic Hedgehog (SHH) pathway; Turcot syn-
drome, which is characterized by mutation in the
adenomatosis polyposis coli gene, resulting in
deregulation of the wingless-type murine mammary
tumor virus integration site (WNT)/b-catenin path-
way; and Li Fraumeni syndrome, characterized by
p53 mutations, resulting in familial cancer predis-
position [26]. An understanding of these pathways
has allowed creation of transgenic mouse models of
medulloblastoma representing SHH [27,28], and
more recently WNT pathways [29

&

].
The most common recurring gene amplifica-

tions in medulloblastoma include C-myelocytoma-
tosis (MYC) or N-MYC genes, and each occurs rarely,
in only 5% of medulloblastoma cases [30,31].
Increased gene or protein expression occurs more
frequently even without amplification in 20–40% of
medulloblastoma cases [32,33]. Both amplification
[34–37] and increased expression [32,38–41] of
MYC are associated with aggressive tumors and poor
outcome, and MYC status has been proposed but not
yet prospectively implemented as a marker to
improve clinical risk stratification [42,43].

High-throughput technology has facilitated the
rapid study of the cancer genome in cohorts of
patient tumor samples. These include RNA-based
expression analysis and DNA-based copy number
analysis, as well as whole-genome sequencing stud-
ies. Nearly a decade ago, Pomeroy et al. [4] used gene
expression analysis to show that medulloblastoma
was molecularly distinct from other embryonal
brain tumors, including ATRT and supratentorial
PNET (sPNET). In addition, a gene expression sig-
nature was identified, consisting of only eight
differentially expressed genes, which could predict
patient survival more accurately than clinical risk
stratification.

Thompson et al. [44] used gene expression
analysis to demonstrate that medulloblastoma com-
prises five molecularly distinct subgroups, and that
specific known genetic aberrations including PTCH1
and b-catenin mutations were found exclusively
rized reproduction of this article is prohibited.
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within specific subtypes (referred to as SHH subtype
and WNT subtype, respectively). Kool et al. [45] inte-
grated gene expression and copy number analysis to
further describe the association between five expres-
sion-based subtypes and specific genomic aberra-
tions, including monosomy of chromosome 6 in
WNT subtype and loss of 9q in SHH subtype. In
addition, a strong association was observed between
patient age, metastatic status and expression-based
subtype. Kool et al. also re-analyzed the data pro-
duced by Thompson et al., which demonstrated
reproducibility across independent datasets as well
asminorbutkeydifferences thatcanbecreatedby the
bioinformatics process.

Within the last year, the results of four separate
international collaborative genome-based studies of
medulloblastoma have been published. Parsons
et al. [48

&&

] performed whole genome sequencing;
Northcott et al. [46

&&

] and Cho et al. [49
&&

] performed
gene expression and copy number analysis; and
Remke et al. [50

&

] performed similar gene expression
and copy number analysis to characterize a cohort of
adult medulloblastoma patients. The sheer volume
of this data dwarfs previous studies in medulloblas-
toma. The potential for further study using these
now publicly available datasets is nearly unlimited.
One thing is clear; the time has come to clinically
view medulloblastoma as a group of molecularly
distinct subtypes (summarized in Table 1) [44,45,
46

&&

,47,49
&&

,50
&

].
WNT subtype

Activating mutations in b-catenin in approximately
10% of medulloblastoma represent the WNT sub-
type [44,48

&&

,51,52
&

]. The identification of nuclear
b-catenin has been demonstrated to be nearly 100%
specific and sensitive for the presence of mutation
and makes it possible to reliably identify WNT
Copyright © Lippincott Williams & Wilkins. Unau

Table 1. Summary description of molecular subtypes of m

Molecular
subtype

Approximate
percentage of
patients

Typical patient
age Typical histology Cy

WNT 10 Older childhood Classic M

SHH 25 Infant and adult Desmoplastic
or classic

9q

Group C 30 Childhood Classic or
anaplastic

Iso

Group D 35 Childhood Classic or
anaplastic

Iso

GAB, growth factor receptor-bound protein 2 associated binding protein; MYC, mye
WNT, wingless-type murine mammary tumor virus integration site.
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pathway tumors using routine immunohistochem-
istry [51,52

&

]. Monosomy of chromosome 6 is also
present in nearly all WNT subtype medulloblastoma
[44,46

&&

,49
&&

]. Pathologically, WNT tumors are
almost exclusively of classic histology, with rare
anaplastic tumors reported [49

&&

].
Although medulloblastoma as a whole has a

male predominance, WNT tumors occur at equal
rates in males and females [46

&&

,50
&

] or perhaps even
with a slight female predominance [49

&&

]. The long-
term survival of patients with WNT tumors is excel-
lent, exceeding 90% [49

&&

]. Also, WNT tumors arise
exclusively in an older age group of children over
the age of 3 years [45,49

&&

].
In the past few decades, the ability to create

genetically engineered mouse models of disease
has facilitated the detailed study of a large variety
of cancers as well as insight into developmental
pathways [53]. Gibson et al. [29

&

] recently reported
the first genetically engineered mouse model repre-
senting the WNT subtype of medulloblastoma, and
in doing so suggested that WNT subtype tumors
actually arise outside the cerebellum from cells in
the dorsal brainstem and not the cerebellar granule
neuron precursor thought to be the cell of origin for
medulloblastoma. This finding explains the midline
location of WNT subtype tumors, distinct from the
lateral cerebellar position of SHH subtype tumors,
and emphasizes that not only molecular but specific
cellular origins distinguish medulloblastoma sub-
types.

The feasibility of widespread reliable identifi-
cation of WNT subtype medulloblastoma and the
excellent outcome of children with this subtype
treated with conventional therapy identify this
group of patients as ideal candidates for trials of
therapy reduction. Targeted therapy against the
WNT pathway is also likely to be feasible in the
future [54].
thorized reproduction of this article is prohibited.

edulloblastoma

togenetic markers Molecular markers Clinical strategy

onosomy 6 b-Catenin Reduction in therapy

loss SFRP1 [46&&] or
GAB1 [47]

SHH pathway
inhibitors

chromosome 17q MYC activation in
50% of this subtype

Intensified therapy,
novel therapeutics

chromosome 17q Unknown Research focus
needed

locytomatosis; SHH, Sonic Hedgehog; SFRP, secreted frizzled-related protein;
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Sonic Hedgehog subtype

SHH pathway activation appears to drive approxi-
mately 25–30% of sporadic medulloblastoma as
identified by cluster analysis of gene expression
array data [44,45,46

&&

,49
&&

]. It is not yet clear how
to best identify the SHH subtype on an individual
patient basis, and ongoing studies aim to identify
conventional pathological markers that may
reliably identify SHH tumors [46

&&

,47]. Not all
SHH subtype medulloblastoma may be identified
by mutation status of known SHH pathway genes
such as PTCH1 or SUFU [45,46

&&

,49
&&

]. Thirty to forty
percent of SHH subtype medulloblastoma has 9q
loss, which includes the location of the PTCH1 gene
[46

&&

,49
&&

]. Fifty percent of SHH subtype medullo-
blastoma exhibits nodular desmoplastic histology,
but classic and anaplastic types also exist within this
group and rarely nodular desmoplastic types are
reported outside the SHH subtype [45,46

&&

].
SHH subtype medulloblastoma occurs in a bimo-

dal age distribution with peaks within the infant
(less than 3 years old) and adult populations. In
these specific age groups, approximately 50% of
medulloblastoma is of the SHH subtype [46

&&

,50
&

].
In the infant population, nodular desmoplastic sub-
type predicts survival, and these young patients
represent a group in which radiation therapy may
be successfully eliminated [19,20,55,56]. Nodular
desmoplastic histology has not been shown to con-
fer a substantial survival advantage in adult patients
[50

&

], and significant molecular differences exist
between adult and infant tumors within the SHH
subtype [57].

Mouse models of medulloblastoma have been
genetically engineered by inactivation of PTCH1
[28] or activation of the PTCH1 ligand, smoothened
(SMO) [27]. These models have facilitated extensive
preclinical study of this subtype. Several promising
small molecule inhibitors of the SMO protein have
entered clinical trial in pediatric medulloblastoma
patients [58]. However, these agents are likely to be
effective for only a portion of patients with the SHH
group. Additional agents may be needed to effec-
tively target tumors with pathway activation down-
stream of the SMO protein.
MYC-activated subtype

As an entire group, the non-WNT, non-SHH sub-
types of medulloblastoma predict the worst out-
come in both pediatric [46

&&

,49
&&

] and adult [50
&

]
populations. MYC protein activation, which charac-
terizes a portion of one non-WNT, non-SHH subtype
of medulloblastoma in pediatric patients [49

&&

],
appears to be notably absent from the adult popu-
lation [50

&

] and confers the worst prognosis of any
opyright © Lippincott Williams & Wilkins. Unautho
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single predictive factor, with survival as low as 20%
in this subset of patients [49

&&

]. MYC activation is
associated with a higher prevalence of metastatic
disease, but the association with MYC activation
portends a poor outcome even in patients with
localized disease and is likely to represent a signifi-
cant portion of patients classified as standard risk on
current treatment protocols who are destined for
treatment failure [46

&&

,49
&&

]. This finding supports
the idea that metastatic status itself may be a marker
for biologic subtype rather than temporal disease
progression.

The MYC protein has been a notoriously diffi-
cult direct target for novel drug development [59],
although a variety of anticancer drugs on the market
may function at least in part by decreasing activity
of MYC [60–62]. Synthetic lethal screens that
identify molecules that are uniquely effective in
cells with elevated MYC provide one option for
further drug development. Mouse models that are
currently being generated will greatly accelerate
preclinical work in this important area.
Other subtypes

The remaining patients, non-WNT, non-SHH sub-
types without MYC amplification, present a unique
challenge, because the molecular drivers of these
tumors are not yet known. Although a number of
mutations or copy number variants have been
described, it remains unclear which of these drives
the cancer and represents a point of vulnerability.
The first unifying hypothesis suggests that dereg-
ulation of chromatin modulation is responsible for
induction of these tumors [63], which is supported
by the recent finding that mixed lineage leukemia
gene mutations occur across medulloblastoma
subtypes [48

&&

]. It remains unclear whether a chro-
matin remodeling event that initiates tumors
represents a vulnerable driver for established
tumors. Histone deacetylase inhibitors, such as
vorinostat (Zolinza), broadly affect chromatin
remodeling and show preclinical activity against
medulloblastoma as single agents and in combi-
nation therapy [16,64] and are being evaluated in
human clinical trials [65].
Four subtypes of medulloblastoma

Gene expression analyses summarized here each
independently described a WNT subtype, SHH sub-
type and two [46

&&

], three [44,45] or four [49
&&

]
additional subtypes. A commendable collaborative
effort involving each of the international groups
that performed these studies has resulted in a
working consensus to attempt to incorporate a
rized reproduction of this article is prohibited.
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four-group model (WNT, SHH, ‘group C’ and ‘group
D’) into future studies of medulloblastoma.
FUTURE DIRECTIONS AND URGENT
CLINICAL NEEDS

As we begin the transition from clinical stratifica-
tion to molecular stratification, it will be important,
in our opinion, to rejoin groups of patients that
have historically been stratified based on clinical
parameters. Even if nearly all children over age 3
are pooled as study participants, randomized phase
III trials are expected to take 5–10 years to accrue
sufficient numbers of patients. This is particularly
true for those patient groups in which modest
improvements in outcome are possible or for
efficacy equivalency studies, both of which require
more patients to achieve statistically relevant end-
points.

Molecular classification of all medulloblas-
toma using a gene expression-based approach will
improve current clinical risk stratification, but will
require significant coordination and centralization
of testing [66

&

,67
&

]. Use of novel technology to
measure gene expression using paraffin-embedded
tissue may significantly improve feasibility in
national consortium clinical trials [68]. This
approach will likely be coupled, at least initially,
with reliable traditional pathological techniques
including b-catenin nuclear staining and fluor-
escent in-situ hybridization to detect MYC amplifi-
cation [52

&

]. At a minimum, the practical
application of this strategy in the next phase of
clinical trial development would be to exclude
patients with MYC-amplified tumors from inclusion
on trial arms studying therapy de-escalation, such as
the current standard risk trial.

There is a most urgent clinical need for further
research into the biology of non-WNT, non-SHH
medulloblastoma. Because driver mutations are
not well understood, there are no published trans-
genic mouse models of this disease. An alternative
strategy for mouse model development is the
patient-derived xenograft in which human tumor
samples obtained at the time of therapeutic surgery
are transplanted into animal models. This method,
developed by the laboratory of Li, provides resources
for study and therapeutic evaluation for rare and
incompletely understood subtypes of disease for
which there are no transgenic models [69]. Pediatric
tumor samples from the Children’s Oncology Group
brain tumor biology study (ACNS02B3) are now
being utilized for this purpose and are available to
any brain tumor investigators.

An additional critical need is the biologic study
of sPNET, a distinct disease still included on
Copyright © Lippincott Williams & Wilkins. Unau
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medulloblastoma trials that has not fully experi-
enced the benefit of advancing cure rates that have
been seen for medulloblastoma [70–72]. Not sur-
prisingly, genome-based biology studies have indi-
cated that sPNET also represents several clinically
relevant biological subtypes of disease separate from
medulloblastoma [4,73,74].
CONCLUSION

The study of the medulloblastoma genome has
led us to a turning point in which this disease is
recognized as a group of molecularly distinct sub-
types. The majority of research to date has been
performed on the subtypes representing patients
with the best prognosis, and we are now impelled
by clinical need to shift research focus toward
the less well understood subtypes, such as the
MYC-amplified tumors. Key opportunities are pro-
vided by the wealth of genome-based data now
available and novel preclinical patient-derived
tumor models. The molecular classification of
medulloblastoma represents a modern paradigm
shift in the diagnosis and treatment of malignancy.
Similar shifts toward biologic stratification are
likely to apply to an increasing number of tumors,
perhaps all cancers, in the future.
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Purpose of review

Brain metastases occur in 10–30% of cancer patients, and

they are associated with a dismal prognosis. Radiation

therapy has been the mainstay of treatment for patients

without surgically treatable lesions. For patients with good

prognostic factors and a single metastasis, surgical

resection is recommended. The management of patients

with multiple metastases, poor prognostic factors, or

unresectable lesions is, however, controversial. Recently

published data will be reviewed.

Recent findings

Radiation therapy has been shown to substantially reduce

the risk of local recurrence after surgical resection of brain

metastases, although this does not translate into improved

survival. Recently, stereotactic radiosurgery has emerged

as an increasingly important alternative to surgery that

appears to be associated with less morbidity and similar

outcomes. Other potentially promising therapies under

investigation include interstitial brachytherapy, new

chemotherapeutic agents that cross the blood–brain

barrier, and targeted molecular agents.

Summary

Patients with brain metastases are now eligible for a number

of treatment options that are increasingly likely to improve

outcomes. Randomized, prospective trials are necessary to

better define the utility of radiosurgery versus surgery in the

management of patients with brain metastases. Future

investigations should address quality of life and

neurocognitive outcomes, in addition to traditional outcome

measures such as recurrence and survival rates. The

potentially substantial role for chemotherapeutics that cross

the blood–brain barrier and for novel targeted molecular

agents is now being elucidated.
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Introduction
Despite major treatment advances in recent decades,

almost 25% of deaths in the United States are cancer-

related, and cancer remains the second leading cause of

death [1]. Brain metastases are among the most feared

complications of cancer because they often cause pro-

found neurologic symptoms that severely impair quality

of life [2�]. They represent a common complication,

occurring in 10–30% of cancer patients. The prevalence

of brain metastases in cancer patients has been rising over

the past three decades. Factors contributing to this

increase include improved survival of cancer patients

as a result of more effective systemic therapy, the aging

of the US population, and enhanced detection of clini-

cally silent lesions with magnetic resonance imaging

(MRI). Among adults, the most common origins of brain

metastasis include lung cancer (50%), breast cancer

(15–20%), and melanoma (10%). The next most fre-

quent sources include renal cancer, colorectal cancer,

lymphoma, and tumors of unknown primary [2�–4�,5].

Metastases from breast, colon, and renal cell carcinoma

are often single, while melanoma and lung cancer have a

greater tendency to produce multiple metastases [6�,7�].

MRI studies suggest that single metastases account for

one third to one quarter of patients with brain metastases

[8��]. This is important because stereotactic radiosurgery

(SRS), an increasingly valuable therapeutic modality, is

effective only in patients with a limited number of

metastases.

Because physical factors contribute to the deposition of

tumor cells, the distribution of metastases generally

occurs in proportion to blood flow. Thus, about 80% of

metastases are located in the cerebral hemispheres, 15%

in the cerebellum, and 5% in the brainstem. As a brain

metastasis grows and edema develops, the majority of

patients present with a progressive focal neurological

deficit such as hemiparesis, aphasia, or visual field defect.
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Other typical features include headache, seizure, and

cognitive dysfunction. Notably, as many as one third of

brain metastases may escape detection during life [5,9�].

Treatment goals and options
Brain metastases are associated with a poor prognosis.

Depending on the patient’s age, functional status, extent

of systemic disease, and number of metastases, median

survival ranges from 2.3 to 13.5 months [10]. Manage-

ment consists of supportive care and definitive therapy.

Supportive care addresses brain edema, seizures, deep

venous thrombosis, gastrointestinal complaints, psychia-

tric complications, and side-effects of treatment. This

important topic is comprehensively reviewed elsewhere

[9�]. The remainder of this review will focus on definitive

therapy.

Definitive therapy is intended to restore neurological

function, improve quality of life, and extend survival.

Therapeutic modalities that may be used singly or in

combination include surgery, stereotactic radiosurgery

(SRS), whole brain radiotherapy (WBRT), and che-

motherapy. The optimal combination of therapies for

each patient depends on careful evaluation of various

factors including the location, size, and number of brain

metastases; patient age, general condition, and neuro-

logical status; extent of systemic cancer; and the tumor’s

response to past therapy and its potential response to

future treatments.

Surgery
The goals of surgery are to provide immediate relief of

neurological symptoms due to mass effect, to establish a

histological diagnosis, to provide local control of the

metastasis, and if possible, to prolong survival. Thanks

to advances in surgical technique including image-guided

surgery and improved localization, surgical morbidity and

mortality have improved significantly [6�,11�]. In one large

series, overall in-hospital mortality for patients under-

going surgical resection of brain metastases was 3.1%.

Data from this series suggest that high-volume surgical

centers are associated with substantially lower mortality

rates than low-volume centers (1.8% versus 4.4%) [12�].

Single metastasis

In general, surgery should be considered for patients with

good prognostic factors when there is a single metastasis

in an accessible location, especially if the tumor is produc-

ing mass effect. This approach is based on the results of

two prospective randomized trials [8��,13]. In both stu-

dies, reasonably functional patients with a single brain

metastasis and well-controlled extracranial disease were

randomized to receive needle biopsy of the metastasis

followed by WBRT versus surgical resection followed by

WBRT. Patients in the surgery plus WBRT group had

fewer local recurrences, improved survival (40 weeks

versus 15 weeks, and 10 months versus 6 months), and

better Karnofsky performance status (KPS) than patients

who received WBRT alone. Studies have been unable to

replicate these results in patients with active extracranial

disease and lower KPS [14]. A recent meta-analysis

published by the Cochrane collaboration concluded that

surgery may improve functionally independent survival

but has not been shown to have a statistically significant

impact on overall survival [15�]. Across multiple studies, a

trend toward decreased proportion of deaths due to

neurological causes was observed. Small numbers of

patients in the published trials, as well as highly selected

patient populations, rendered the results difficult for the

Cochrane investigators to interpret. Similar results were

obtained in a Canadian meta-analysis [16�]. Although

these recent studies did not confirm a significant survival

benefit, most neuro-oncologists feel that resection of a

single metastasis is probably beneficial in carefully

selected patients. It deserves mention that the fraction

of patients who have a single metastasis on imaging

depends on the modality used. As high-resolution MRI

techniques continue to advance, one can expect the

frequency of single metastases to steadily decline.

Multiple metastases

The role of surgery in patients with multiple brain

metastases is usually limited to resection of a large,

symptomatic or life-threatening lesion or to obtain a

tissue diagnosis. Retrospective trials of WBRT versus

WBRT plus surgery for patients with multiple metastases

have produced conflicting results that are reviewed else-

where [11�]. Large retrospective series recently pub-

lished in the neurosurgical literature suggest that

resection is a viable option for patients with good prog-

nostic features and two or three metastases [17,18]. This

remains to be assessed in a prospective, controlled study.

Radiation therapy
Many patients are deemed poor surgical candidates

because of multiple or inaccessible lesions or poor per-

formance status. In contrast to surgery, radiation therapy

can be delivered to most patients with relatively modest

morbidity. As such, radiation therapy has been the cor-

nerstone of treatment for brain metastases for more than

50 years. Radiation has traditionally been viewed as a

palliative modality intended primarily to relieve neuro-

logical symptoms, with only a modest impact on survival.

Whole brain radiotherapy

WBRT produces symptomatic improvement in 75–80%

of patients with brain metastases [5]. Only one trial has

ever compared WBRT with supportive care, and al-

though median survival was better in the WBRT group,

statistical significance of the findings was not reported

[19]. A large number of studies performed by the Radia-

tion Therapy Oncology Group (RTOG) and others since
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1971 have compared various WBRT dose-fractionation

schedules. These uniformly failed to show any signifi-

cant differences in outcome and are reviewed in detail

elsewhere [16�]. At present, the most frequently used

regimen delivers 30 Gy in 10 fractions over 2 weeks.

Despite interest in improving WBRT outcomes with

radiosensitizing agents such as gemcitabine [20], lonida-

mine, metronidazole, misonidazole, bromodeoxyuridine,

motexafin gadolinium, and efaproxiral (RSR-13), most

results have thus far been disappointing [16�]. Promising

phase II results for efaproxiral [21�] were partially con-

firmed in an international phase III trial which suggested

a possible survival benefit in patients with non-small cell

lung cancer (NSCLC) or breast cancer [22]. ENRICH

(Enhancing Whole Brain Radiation Therapy In Patients

with Breast Cancer and Hypoxic Brain Metastases) is

another phase III trial of this agent, which enhances

tumor oxygenation by an allosteric effect on hemoglobin,

that will enroll up to 360 women with brain metastases

from breast cancer; results are expected in early 2006

(NCT-00083304; Allos Therapeutics). Celecoxib, a cyclo-

oxygenase-2 inhibitor, is currently under investigation for

its radiation sensitizing properties [23]. A novel agent,

motexafin gadolinium, is being tested as a radiation

sensitizer and as an anti-tumor agent [24]. In one trial,

it appeared to improve cognitive function in patients with

brain metastases from NSCLC treated with WBRT [25].

A compelling recent study [26�] suggested that diffusion-

weighted MRI may be useful in predicting the response

of primary and metastatic brain tumors to radiotherapy.

Palliative whole brain radiation therapy

Some investigators advocate the use of the RTOG recur-

sive partitioning analysis (RPA) prognostic classes in

defining WBRT candidates (Table 1) [10,27��]. Recent

literature suggests that non-surgical candidates in RPA

classes 2 and 3 may not benefit from WBRT [28]. Unfor-

tunately, investigators have not yet succeeded in pre-

cisely defining the subset of patients who are likely to die

before realizing any benefit of WBRT [29]; this infor-

mation is relevant because older studies suggest that as

many as 40% of high-risk patients live fewer than 2

months [27��]. Furthermore, the acute side effects of

WBRT are unpleasant and include hair loss (88%),

fatigue (95%), memory impairment (72%), poor concen-

tration (61%), and depression (54%) [30].

Postoperative whole brain radiation therapy
As compared with surgery alone, WBRT after surgical

resection of a single brain metastasis leads to a marked

reduction in recurrence rate (18% versus 70%) and in the

rate of death due to neurologic causes (14% versus 44%).

An overall survival benefit has not, however, been

demonstrated [31��]. Recent data conclude that the

benefits of postoperative WBRT may be realized in

patients regardless of RPA prognostic class [32].

Late toxicity

As increasing numbers of patients survive after treatment

for brain metastases, late complications are a mounting

problem. These include neurocognitive decline, hydro-

cephalus and its associated symptoms, and neuroendo-

crine dysfunction. Although few data are available to

guide management decisions, patients in a favorable

prognostic category are generally treated with daily

fraction doses of less than 3 Gy so as to minimize neuro-

toxicity [3�]. Increasingly, studies are including neuro-

cognitive outcome evaluations as part of the patient

assessment [33�].

Prophylactic cranial irradiation

Patients with locally advanced NSCLC have a particu-

larly high incidence of brain recurrence. Current therapy

for NSCLC patients includes chemotherapy, radiation,

and surgery, and results in median survival rates of 15–25

months. Despite the improving efficacy of treatment for

extracranial disease, these modalities are inadequate to

prevent central nervous system recurrences, which ulti-

mately develop in 21–54% of patients. A number of in-

vestigators have used PCI with various radiation doses

and regimens to treat patients with locally advanced

NSCLC and no evidence of metastasis. Although a

survival benefit has not been demonstrated, the majority

of these studies show a decreased incidence of brain

metastasis in patients who receive PCI [34�]. A recent

Cochrane meta-analysis concluded that PCI should not

be used outside of clinical trials until better data regard-

ing efficacy, survival, and quality of life outcomes are

available [35]. The RTOG has an ongoing phase III study

in which patients are randomized to PCI (30 Gy in 15

fractions) or close observation. The study is powered to

demonstrate a survival advantage, and it includes cogni-

tive and quality of life assessments [34�].

Stereotactic radiosurgery

SRS is a technique of external irradiation that utilizes

multiple convergent beams to deliver a high single dose

of radiation to a discrete treatment volume. Radiosurgery

can be performed with high energy x-rays produced by a
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Table 1. Recursive partitioning analysis prognostic classes and

median survival

Class Features Median survival

1 KPS �70 7.1 months
Age <65 years
Controlled primary tumor
No extracranial metastases

3 KPS <70 2.3 months
2 All others 4.2 months

KPS, Karnofsky performance status. Data from Gaspar et al. [27��].



linear accelerator, with gamma radiation (gamma knife),

and less frequently with charged particles such as protons

produced by cyclotrons. All of the stereotactic radiation

techniques produce a rapid fall-off of dose at the edge of

the target volume resulting in a clinically insignificant

radiation dose to normal non-target tissue. Because most

metastases are small, spherical, discrete, and sensitive to

single fraction radiotherapy, they serve as ideal targets for

stereotactic radiotherapy [36��]. Ample data have shown

that SRS is responsible for local tumor control rates on the

order of 73–94% [5]. Numerous recent analyses indicate

that SRS may effectively treat brain metastases [37–41].

Even neoplasms that are resistant to fractionated radia-

tion therapy such as melanoma, renal cell carcinoma, and

NSCLC, usually respond to single fraction SRS [42].

Complications of SRS include nausea, brain edema,

seizures, and later, radiation necrosis; these are reviewed

elsewhere [36��].

Stereotactic radiosurgery versus surgery

There is an emerging view that SRS may serve as an

alternative to surgical resection for small metastases not

producing mass effect. SRS can also be used to treat

lesions in the brainstem or eloquent areas with much

less risk than surgery. Additionally, because of the non-

invasive, outpatient nature of SRS, it is associated with

less morbidity and may be more cost-effective than

conventional surgery [43]. There may be a lower risk

of leptomeningeal disease dissemination in patients

with posterior fossa metastases treated with SRS [44].

As is the case for conventional surgery, careful selection

of patients is critical; patients without good prognostic

factors are unlikely to benefit [45]. Although the precise

role for SRS remains to be defined by a randomized,

prospective trial, many retrospective studies suggest that

SRS outcomes for appropriately selected patients are

equivalent to those achieved with conventional surgery

[36��], and long-term survival among patients with good

prognostic factors is possible [37]. The most recent of

these reviewed the Mayo Clinic experience of 74 patients

with solitary brain metastases treated with surgery com-

pared with 23 patients treated with SRS. Outcomes were

similar with 1-year survival of 56% for the SRS group and

62% for the surgery group (P ¼ 0.15). Local control was

significantly better in the radiosurgery group (no recur-

rences compared with 58% in the surgery group) [46�]. A

prospective trial comparing SRS to surgery is much

needed. Unfortunately, previous attempts at such a study

have been unsuccessful due to poor accrual, primarily as a

result of patient or physician preference for one of the

treatment modalities.

Stereotactic radiosurgery with or without whole brain

radiation therapy

The role of WBRT in patients treated with SRS is

controversial, especially for patients with relatively radio-

resistant tumors. While recent data established that the

addition of WBRT to SRS significantly improves local

tumor control [47�], an overall survival benefit has not

been demonstrated [48�]. Patients report that the addi-

tion of WBRT causes more memory impairment, depres-

sion, poor concentration, and hair loss than SRS alone

[30]. Much needed randomized studies comparing SRS

and the combination of SRS and WBRT are underway to

assess survival, quality of life, and cost-effectiveness in

patients with newly diagnosed brain metastases.

Whole brain radiation therapy with or without

stereotactic radiosurgery

In 2004, Andrews et al. [49��] published the first random-

ized trial comparing SRS combined with WBRT to

WBRT alone (RTOG 95-08). For patients with a single

unresectable metastasis, SRS was found by intention-to-

treat analysis to confer a significant survival benefit (mean

survival 6.5 months versus 4.9 months; P ¼ 0.039). Addi-

tionally, the SRS group showed a significant improve-

ment in KPS and decreased steroid use at 6 months.

There was no significant survival benefit for patients with

multiple metastases. No difference in efficacy was

observed between linear accelerator or gamma knife

SRS. Trials are needed to further assess the role of

SRS for patients with multiple metastases. A study is

currently underway to investigate the value of combin-

ing temozolomide or the epidermal growth factor

receptor inhibitor, gefitinib with SRS to improve its

efficacy (RTOG 0320).

Interstitial brachytherapy

This technique involves the implantation of radioactive

nuclides into the wall of the surgical cavity to deliver a

dose of radiation to the residual tumor while limiting

radiation exposure to the surrounding brain. Thus far,

brachytherapy remains an experimental treatment

modality. GliaSite (Proxima Therapeutics, Alpharetta,

Georgia, USA) is a novel brachytherapy system cur-

rently under investigation. An inflatable balloon cathe-

ter is placed in a resection cavity following debulking or

resection of a brain tumor. The balloon is filled with an

aqueous solution of 125I that delivers a low, continuous

dose of radiation to the margins of the resection cavity.

Preliminary results for primary brain tumors are promis-

ing [50]. Studies of GliaSite for the treatment of meta-

stases are ongoing.

Chemotherapy
Chemotherapy has generally been used in patients who

have failed other treatment modalities. Although che-

motherapy may occasionally be useful in patients with

chemosensitive tumors such as small cell lung cancer,

choriocarcinoma, and breast cancer, the results of most

chemotherapy trials have been disappointing. The

primary reasons for chemotherapeutic failure include
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inability of the agent to cross the blood–brain barrier

(BBB) and insensitivity of the tumor to the particular

agent. Some of the new chemotherapeutic agents that

cross the BBB hold promise as treatment options for brain

metastases. Preliminary studies suggest that topotecan,

an inhibitor of topoisomerase I that crosses the BBB, may

effectively treat brain metastases from small cell lung and

breast cancer [51]. Temozolomide, an oral alkylating

agent approved for use in the treatment of malignant

gliomas, is well-tolerated and also crosses the BBB. It has

been studied in phase II trials and appears to have modest

activity against brain metastases from lung cancer, breast

cancer, and melanoma [52�,53].

Experimental approaches

An area of intense research involves targeted molecular

agents. A promising recent finding is that gefitinib has

activity against brain metastases from NSCLC [54��,55].

Gefitinib is an oral tyrosine kinase inhibitor of the

epidermal growth factor receptor, which is effective

against a subset of NSCLC. In a prospective trial, gefi-

tinib controlled brain metastases in 27% of patients, with

a median duration of 4 months (Fig. 1) [54��]. Additional

molecular agents in development are reviewed elsewhere

[56]. One provocative idea currently being studied in

mice with intracerebral human breast tumors involves the

intracarotid administration of a genetically engineered

oncolytic virus [57�]. This approach has produced a

survival benefit in mice and warrants additional investi-

gation.

Guidelines
Current guidelines published by the National Compre-

hensive Cancer Network recommend management

similar to that which has been detailed herein [58].

For patients with one to three metastatic lesions on brain
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Figure 1. Radiological response of metastatic lung cancer to brain with high dose gefitinib

A 54-year-old male with non-small cell
lung cancer and multiple small brain
metastases (arrows), which
progressed through whole brain
radiation therapy (August 2004, top
row). The patient was then treated with
high dose gefitinib with reduction in
size of parenchymal nodular lesions
(October 2004, bottom row).



MRI, aggressive management is generally recommended

so long as systemic disease is limited or controllable.

Options include resection and SRS. Either resection or

SRS may be followed by WBRT in an attempt to prevent

local recurrence. If the lesions are deemed unresectable,

WBRT or SRS should be considered. In cases of highly

radiosensitive tumors such as small cell lung cancer or

lymphoma, or when there is disseminated systemic dis-

ease with poor treatment options, WBRT is recom-

mended. In all cases, surgery should be considered for

relief of symptomatic mass effect or hydrocephalus.

When brain metastases initially present as more than

three lesions, surgery is again recommended if a diagnosis

has not been established or if there is symptomatic

mass effect. Surgery should be followed by WBRT with

or without SRS. The same treatment regimen is recom-

mended for patients with multiple metastases who do

not have surgery. After treatment for brain metastases,

patients should be followed with MRI approximately

every 3 months for 1 year and then as clinically indi-

cated. Local recurrences may be treated with surgery,

SRS or occasionally chemotherapy. In cases of distant

recurrence, multiple treatment modalities can be con-

sidered.

Prognosis
The median survival of patients with untreated brain

metastases is approximately 1 month. The addition

of steroids increases survival to 2 months, while WBRT

further improves survival to 3–6 months [5]. Patients

with single brain metastases and limited extracranial

disease who are treated with surgery and WBRT have

a median survival of approximately 10–16 months

[8��,13]. Prognostic data for patients treated with SRS

or novel chemotherapy is not yet available. In review-

ing prognostic information for various treatment modal-

ities, though, one is clearly struck by the degree to

which interventions developed in recent decades have

had an impact on the survival of patients with brain

metastases.

Conclusion
In the last decade, the emergence of SRS as a primary

treatment modality for patients with good prognostic

factors and one or a few small metastases has been a

significant development. Additional data will be necess-

ary to validate the view that SRS is a viable alternative

to surgery in certain situations. Future investigations

should address quality of life and neurocognitive out-

comes in addition to traditional outcome measures such

as recurrence and survival rates. Promising therapies

currently under investigation include chemotherapeu-

tics that effectively cross the BBB, targeted mole-

cular agents, radiation sensitizing agents, and oncolytic

viruses.
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Brain metastases are the most common form of brain
cancer. They exceed the number of primary brain
tumours by at least four times and occur in about 25% of
all patients with cancer. Most brain metastases originate
from lung (40–50%), breast (15–25%), melanoma
(5–20%), and kidney (5–10%). Brain metastases are
located in the cerebral hemispheres in about 80%, in the
cerebellum in 15%, or in the brainstem in 5% of
patients.1

The clinical features of patients with brain metastases
are headache, neurological deficit, and seizures.
Headache is the presenting symptom in 40–50% of
patients, seizures in 15–25%, and focal neurological
deficits such as hemiparesis, aphasia, or hemianopsia
occur in 40%. Impaired cognitive function has been
reported in up to 65% of patients.2

The incidence of brain metastases seems to have
increased over the past decade, and may be the
paradoxical result of the effectiveness of drugs that do
not cross the blood–brain barrier (BBB). As a result of
the increased survival in patients receiving
chemotherapy, brain metastases may become
symptomatic.3,4

Management of brain metastases can be divided into
symptomatic and therapeutic approaches. This review
focuses on the application of the various therapeutic
approaches, including whole brain radiation therapy
(WBRT), surgery, radiosurgery, and chemotherapy of
brain metastases, selected on the basis of inherent
prognostic factors characterising the individual patient.

Prognostic factors 
An adequate estimation of independent prognostic
factors is required to enable the clinician to decide
between invasive treatment and to avoid unnecessary
treatment. Demographic and clinical variables that
might be of prognostic significance for brain metastasis
have been analysed extensively.5,6 These variables include
age, performance status (often determined by use of the
Karnofsky performance status [KPS] score), type of
primary tumour (eg, lung or breast), number of brain
metastases (single or multiple), and the extent of
extracranial disease activity. Recursive partitioning

analysis (RPA) of data from three Radiation Therapy
Oncology Group (RTOG) trials (1200 patients) has
allowed three prognosis groups to be identified (table 1).7

The method of RPA provides a decision tree in which
each branch is based on selection of the prognostic
factor that causes the largest difference in outcome. The
first RTOG RPA classification did not distinguish
between patients with single and multiple metastases.
However, outcome may be better in class 2 patients with
single metastasis than in class 1 patients with multiple
metastases (table 1).8 RPA on the results of a randomised
trial investigating the effect of postoperative WBRT in
patients with a KPS score of at least 70 (ie, RPA classes 1
and 2) showed that survival in patients with single brain
metastases was similar.9 By definition, RPA class 2
harbours a heterogeneous population (all other
patients). We would therefore advocate a classification
system in which both classes 1 and 2 are divided into
single and multiple brain metastases, and to subdivide
class 2 further in patients with or without extracranial
tumour control.

For patients treated with radiosurgery, another
prognostic system has been applied, namely the score
index for radiosurgery in brain metastases (score 0–10).10

This sum score results from the association of the five
main prognostic factors: age, KPS, extracranial disease
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This review focuses on the management of brain metastases. The four main modes of therapy are discussed: whole

brain radiation therapy (WBRT), surgery, radiosurgery, and chemotherapy. Young patients with limited extracranial

disease may benefit from surgical resection of a single brain metastasis, and from radiosurgery (or stereotactic

radiotherapy) if two to four brain metastases are present. Whether WBRT after surgery or radiosurgery is beneficial

is uncertain. Therefore, two approaches can be justified in patients with a good prognosis: WBRT after surgery or

radiosurgery, or alternatively, observation with MRI follow-up after surgery or radiosurgery. A hyperfractionated

radiation scheme is then to be preferred to limit late toxicity of WBRT. Patients with extensive extracranial tumour

activity or impaired quality of life may benefit from radiosurgery (one to four brain metastases), or from shorter

WBRT schedules. We propose a decision tree on the various ways to treat brain metastasis.

Therapeutic management of brain metastasis
Evert C A Kaal, Charles G J H Niël, Charles J Vecht

Median survival (months)

RPA class 1
KPS �70, age �65 years, controlled primary 7·1
tumour, no extracranial disease

Single metastasis 13·5
Multiple metastases 6·0

RPA class 2
All other situations 4·2

Single metastasis 8·1
Multiple metastases 4·1

RPA class 3
KPS �70 2·3

Survival results for overall RPA classes are from Radiation Therapy Oncology Group
trials,7 and those for the single and multiple metastases subdivisions of class 1 and 2
are from Lutterbach et al.8 KPS=Karnofsky performance status score.

Table 1: Prognostic factors by RPA class
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status, number of brain lesions, and largest brain lesion
volume. Each prognostic factor is classified into three
categories according to expected survival, and this
system may prove to be more accurate than the RPA
classification for predicting prognosis (table 2).10,11

Whole brain radiation therapy
Treatment results
The effect of WBRT as symptomatic treatment for brain
metastases has been investigated extensively.
Fractionation schemes have included 30 Gy in 2 weeks,
50 Gy in 4 weeks, and accelerated hyperfractionated
schemes.12,13 None was superior over another. WBRT is
often considered as the principal treatment for patients
with multiple brain metastases to reverse neurological
deficit and control progression in the brain. A
commonly accepted fractionation scheme is 30 Gy in ten
fractions over 2 weeks. 

Newer treatment regimens concentrate on shorter
duration of therapy. In one study, 533 patients were
randomised between a conventional scheme (ten doses
of 3 Gy in 2 weeks) and an investigational scheme (two
doses of 6 Gy on consecutive days). Median survival of
patients in the investigational group was 7 days shorter
than for patients under the conventional treatment,14 and
one may thus argue that a less intensive regimen of two
doses of 6 Gy would prevail. However, quality of life
should be a primary endpoint in studies addressing this
issue, and should therefore be included in future
studies.

Radiosensitisers
The effects of radiosensitisers have been extensively
tested. Misonidazole and 5-bromodeoxyuridine in
combination with WBRT failed to show a survival
effect.15,16 Novel radiosensitisers are now on trial. In a
recent trial, motexafin gadolinium, a redox active drug
that selectively targets tumour cells, was randomly
assigned to 401 patients (251 of whom had non-small-
cell lung cancer [NSCLC]) with brain metastases who
were treated with WBRT.2 Motexafin gadolinium
improved the median time to neurological progression
(5·5 months for WBRT with motexafin gadolinium vs
3·7 months for WBRT only) in patients with lung
cancer, although it did not increase their survival. Toxic
effects were remarkably low, with grade 3 or 4 adverse
events occurring in only 2–5% of patients.2

Another radiosensitiser is efaproxiral, a synthetic
allosteric modifier of haemoglobin. In an open-label
phase II study in patients with brain metastases
originating mainly from lung cancer (58%), the median
survival time for efaproxiral with WBRT was 7·3 months
versus 3·4 months in matched historical controls
receiving only WBRT (p=0·006). Serious adverse effects
related to efaproxiral (including hypoxia) occurred in
14% of patients.17 In brain metastases that arose from
breast cancer, a recent open-label phase III study
showed a doubling of median survival (9 months vs
4·5 months, p=0·002) with efaproxiral.18

Toxic effects
Early side-effects of WBRT, which occur in almost all
patients, include hair loss, fatigue, and scalp erythema
or pigmentation. Late toxic effects of WBRT, which if
present would occur after a median latent period of
14 months, include progressive dementia, ataxia, and
urinary incontinence, resembling normal pressure
hydrocephalus. However, the frequency of radiation-
induced dementia in one chart-review study was only
1·9–5·1%, although this probably represents an
underestimation because only severely affected patients
could be identified.19 Eight of 66 patients treated with
surgery and adjuvant WBRT had minor symptoms of
late radiation toxic effects, and three other patients had
more severe symptoms, starting about 9 months after
WBRT.20 Usually these patients have received daily
fractions of 3–6 Gy WBRT, resulting in a total dose of
25–39 Gy.19 These data support the notion that WBRT is
not associated with significant neurotoxicity in patients
with a median survival time of up to 5 months.
Therefore, in patients with an estimated longer survival,
fraction doses of less than 3 Gy are preferred.
Prospective studies that use cognitive testing are needed
to provide a better assessment of patients’ survival and
neurological improvement on WBRT, and the degree of
neurotoxicity of WBRT in patients with good prognostic
factors.

Prophylactic cranial irradiation
The method of prophylactic cranial irradiation (ie,
irradiation of supposedly subclinical brain metastases)
has now been under evaluation for over 30 years. Most
studies have focused on small cell lung cancer (SCLC).
The cumulative risk on intracranial relapse in SCLC
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Age (years) Karnofsky performance Systemic disease status Largest lesion volume (cm3) Number of lesions
status score

0 �60 �50 Progressive disease �13 �3
1 51–59 51–70 Partial remission to stable disease 5–13 2
2 �50 �70 Complete clinical remission to no evidence of disease �5 1

Each independent prognostic factor is classified in categories 0, 1, and 2, in ascending order, according to expected survival. The score index is the summation of these marks, ranging from 0 to 10: sum score of 1–3 indicates a
median survival of 2·9 months, 4–7 of 7·0 months, and 8–10 of 31·4 months.

Table 2: Prognostic factor categories for the calculation of score index for radiosurgery in brain metastases10
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treated with systemic chemotherapy approaches 50–80%
by 2 years.21 Data from two meta-analyses show a
increased overall survival advantage with a relative risk
of death of between 0·82 and 0·84, and a reduction in
rate of brain metastases (relative risk 0·46–0·48).22–24

112 patients with NSCLC, who had locally advanced
disease, received multimodality treatment. Brain
metastases were the first site of failure in 25 patients,25

especially in the young. These observations have led to
the suggestion that prophylactic cranial irradiation
should also be offered to these patients, and trials on
prophylactic cranial irradiation of high-risk groups with
NSCLC have been advocated.25 Six prospective studies,
including two randomised trials, on those side-effects
that mainly manifest themselves as the cognitive
consequences of prophylactic cranial irradiation in
SCLC have recently been reviewed.24 Conventional
fractionated dose schedules of up to 3 Gy per treatment
did not lead to inferior cognitive outcome compared with
baseline or compared with controls who did not receive
prophylactic irradiation. In the one study of patients
with significant neurocognitive deterioration, chemo-
therapy concurrent with brain irradiation was used.26

Altogether, current studies show a beneficial effect of
prophylactic cranial irradiation on survival and
prevention of brain metastases with SCLC, apparently
without a gross negative effect on cognitive function, as
long as fraction doses of 3 Gy or lower are applied.

Surgery
Improved imaging and localisation techniques have
made surgery an accepted therapy, particularly in
patients with good prognostic factors, and should be
considered for patients with a single brain metastasis in
an accessible location. With significant mass effects or
obstructive hydrocephalus, surgery usually results in
immediate relief of symptoms. In general, patients with
limited or absent systemic disease are selected for
surgery. However, patients with worse prognostic
factors may also benefit, in terms of quality of life, from
a craniotomy if a significant mass lesion can be
removed. Surgery or a stereotactic biopsy is indicated in
patients in whom the nature of the lesion is uncertain.
In one study, 11% of patients with a suspected single
brain metastasis on CT were shown to harbour a glioma,
abscess, or inflammation.27

Surgical management of metastases in the posterior
fossa is a more complex issue. Cerebellar metastases
often cause severe problems such as nausea, vomiting,
gait disturbances, and obstructive hydrocephalus.
Surgical treatment includes shunting to treat the
obstructive hydrocephalus and surgical decompression
of a significant mass lesion. Surgical treatment of
cerebellar metastasis may be preferred, as potential
oedema due to WBRT in this location may become life-
threatening.28 Another difficult issue is surgery for more
than one brain metastasis. Some investigators report

beneficial effects, whereas others indicate that
perioperative morbidity increases when more than one
metastasis is resected.29,30

WBRT with or without surgery
Three randomised trials have addressed the issue
whether surgery of a single brain metastasis in addition
to WBRT would result in a better outcome than WBRT
alone. In two studies, survival improved when WBRT
was combined with surgery (median survival,
9–10 months) compared with WBRT alone (median
survival, 3–4 months).27,31 Patients in the surgical group
of the US study were able to care for themselves (KPS
�70) during a period of 38 weeks compared to only
8 weeks in the group who received WBRT alone.27 In the
Dutch study, the percentage of patients with a WHO
performance status of 0 increased from 6% initially to
29% after 3 months, when extracranial disease was
stable or absent.31 These two studies included only
patients with controlled or limited disease, and showed
that young patients, those with controlled extracranial
disease, or those who developed brain metastases a long
time after initial diagnosis benefited from surgery. In
the third study, which included a higher proportion of
patients with active systemic disease and a lower
performance score than the other two studies, surgery
did not show a difference in survival or quality of life
(table 3).32 In summary, patients younger than age
65 years with a KPS score of at least 70, and no evidence
of extracranial progression over the past 3 months, may
benefit from surgical resection of a single brain
metastasis.

Surgery with or without WBRT 
The evidence that WBRT delays the recurrence of a
tumour and impairs growth of undetected brain
metastases in unoperated patients with brain metastases
has resulted in the standard practice of postoperative
WBRT. However, when the primary treatment has
consisted of surgery (rather than radiation therapy), it is
uncertain whether the addition of WBRT results in
clinical advantage for the patient. In one trial that tested
this hypothesis, 95 patients with a single brain
metastasis were randomly assigned to either
postoperative WBRT or observation only after surgery,
and showed that postoperative WBRT prevented
radiological recurrence of tumour.33 Although patients
receiving postoperative WBRT were less likely to die of
neurological causes, postoperative WBRT did not result
in an increased period of functional independence or in
increased survival.33 WBRT-mediated prevention of
radiological recurrence was independent of RPA class.9

Nevertheless, there is little evidence from prospective
randomised trials on the effect of postoperative WBRT
on neurological functioning and long-term side-effects
in patients with a single brain metastasis. In patients
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with a good prognosis (age �65 years, no active
extracranial disease, good performance status), standard
fractionation WBRT schedules may cause long-term
side-effects. Therefore, in these cases either observation
with regular MRI follow-up, or alternatively, radiation
therapy with smaller daily doses (�2 Gy per fraction)
may be recommended until better data become
available. 

Radiosurgery
Reports on radiosurgery (or stereotactic radiotherapy),
which include the delivery of high doses of radiation, use
of multiple cobalt sources (gamma knife), or a linear
accelerator (linac), dominate the recent literature on
brain metastases. The attention to radiosurgery is not
without reason, since brain metastases are ideal targets
for radiosurgery. The tumours are often spherical, with a
diameter of less than 3 cm, and have radiographically
distinct margins. Brain metastases are therefore well
compatible with dose distributions, with a rapid fall-off
of radiation dose at the edge of the target volume
delivered by the gamma knife or linac. Also,
radiosurgery can be considered an alternative for surgery
and has the advantage that it can more easily be used in
eloquent brain areas or in surgically inaccessible brain
regions. However, a craniotomy is the preferred method
for tumours larger than 3–4 cm in diameter or when
immediate mass relief is required. Furthermore, surgery
is preferred when histological confirmation is
warranted.

In a retrospective study, 74 surgically treated and 23
radiosurgically treated patients with a single brain
metastasis had a 1 year survival rate of 62% and 56%
respectively.35 Other retrospective studies on radio-
surgery or stereotactic radiotherapy have shown median
survival times ranging from 7·4 months to
12·9 months, all of which are compatible with survival
times known from surgical series of brain metastasis.36–38

Local control may be better after radiosurgery. In the
study by O’Neill and colleagues,35 there was no
difference in brain tumour recurrence (local and distant)
between surgery and radiosurgery, and about 30% of
patients showed brain tumour recurrence. However,
there was a remarkable difference in local tumour
control between surgery and radiosurgery: none of the
radiosurgery group and 58% of the surgery group
showed local recurrences.35 One may argue that the

absolute number of patients with brain recurrences after
radiosurgery (six patients) and baseline differences in
performance between treatment groups hampers the
drawing of valid conclusions from this interesting
observation. Another retrospective study on radio-
surgery showed an average local control rate of 83%.39

Although median survival times after radiosurgery or
stereotactic radiotherapy vary between 7 months and
13 months, subgroups of patients may survive longer. In
one study, predominantly of patients with lung cancer,
the median survival was 8·7 months, and 23 of 116
patients (20%) survived for 24 months or more.40 In this
study, a long latency between diagnosis of the primary
tumour and the occurrence of brain metastases, absence
of third organ involvement, and repeated surgery or
radiosurgery were associated with increased survival
time.40 In another study, radiosurgery was repeated four
times or more with few complications.41

Apart from repeating radiosurgery, one may speculate
on its role in patients with a larger number of brain
metastases. In practice, patients with more than three
brain metastases often receive WBRT only. Recent data
indicate that radiosurgery may also be beneficial in
patients with multiple metastases: RPA on 130 patients
treated with radiosurgery who were divided into two
groups (one to three vs at least four brain metastases),
showed that survival was dependent on RPA class only,
and not on the number of  brain metastases.42 Although
randomised trials are necessary, a large number of brain
metastases does not seem to exclude radiosurgery or
stereotactic radiotherapy as the initial treatment in
patients with otherwise good prognostic factors. 

WBRT or radiosurgery
No randomised studies have directly compared WBRT
with radiosurgery. In a retrospective survey, 117 patients
with one to three brain metastases treated with
radiosurgery were compared with 138 historical controls
treated with WBRT.43 With RPA, radiosurgery showed a
survival benefit in class 1 patients of 25 months versus
5 months (KPS �70, primary tumour controlled, no
other metastases, age �65 years) and class 2 patients of
6 months versus 4 months (KPS �70).43

WBRT with or without radiosurgery
In RTOG study 9508,34 333 patients with one to three
brain metastases were randomly assigned to receive
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Treatment group Comparison group p Comment

Intervention Number Median survival (months) Intervention Number Median survival (months)

Patchell et al27 Resection + WBRT 25 9·2 Biopsy + WBRT 23 3·4 �0·01 Surgery improves survival
Vecht et al31 Resection + WBRT 32 10·0 WBRT 31 6·0 0·04 Surgery improves survival
Mintz et al32 Resection + WBRT 41 5·6 WBRT 43 6·3 0·24 ··
Patchell et al33 Resection + WBRT 49 11·0 Resection 46 9·9 0·39 ··
Andrews et al34 WBRT + radiosurgery 92 6·5 WBRT 94 4·9 0·04 Radiosurgery improves survival

Table 3: Randomised trials of WBRT with or without surgery or radiosurgery of single brain metastasis
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WBRT (37·5 Gy in 15 fractions) followed by
radiosurgery or no radiosurgery. Data from this study
showed a survival benefit associated with additional
radiosurgery for patients with a single metastasis
(median survival 4·9 vs 6·5 months, p=0·04). Patients in
the WBRT plus radiosurgery group were also more likely
to have stable or improved KPS than patients receiving
WBRT alone. In patients with multiple (two or three)
metastases, additional radiosurgery did not improve
survival or local control. In a recent retrospective survey,
radiosurgery combined with WBRT was compared with
WBRT alone. The combined treatment more than
doubled median survival times in all three RPA classes.
Performance status was the strongest prognostic factor:
symptom-free patients (KPS =100) had a median
survival of twice those with KPS 60 or lower. Age was not
a significant factor.44 These data indicate that survival is
extended if radiosurgery is applied after WBRT in
patients with a single metastasis but not in those with
two or more metastases. Whether patients benefit from
WBRT after radiosurgery in terms of survival or quality
of life is discussed below.

Radiosurgery with or without WBRT
There is a lively discussion on the role of WBRT after
radiosurgery. Many investigators advocate the omission
of WBRT after radiosurgery. In a recent non-randomised
prospective study, 41 patients with four or fewer brain
metastases were treated with radiosurgery.45 Overall
median survival was 10 months and overall local control
rate was 76%. 56% of the patients had intracranial
progression with a median survival time from
4·3 months, and 51% received salvage radiotherapy.
12 patients (29%) received WBRT with a median time to
WBRT after radiosurgery of about 5 months, and the
investigators concluded that WBRT can be avoided in
70% of the patients.45

Radiosurgery followed by planned observation with
one to three brain metastases was recently studied
prospectively in 101 patients.46 In this study, local control
was 91% at 1 year. Survival could be predicted by RPA
classification, resulting in a median survival of
13·4 months in class 1, 9·3 months in class 2, and
1·5 months in class 3. Due to the patients’ poor survival,
the investigators advocate radiosurgery in class 3 only for
those age younger than 65 years with no signs of
extracerebral tumour progression.46 In a recent
retrospective study, which included 121 patients treated
with radiosurgery (median survival, 8 months; local
control rate, 87%), advanced primary tumour status, old
age, low KPS, and malignant melanoma were all
associated with poor survival.47 The researchers propose
that WBRT should not be part of the initial treatment in
patients with one or two metastases, high KPS, young
age, and good control of the primary tumour, and
suggest that initial avoidance of WBRT may improve
quality of life.47

However, omission of WBRT after radiosurgery may
result in decreased tumour control. A comparison of
radiosurgery with or without WBRT showed that
intracranial disease-free survival at 2 years was 60% after
radiosurgery and WBRT compared with 34% after
radiosurgery alone.48 Another retrospective survey
showed local control rates of 87% after radiosurgery only
and of 97% after radiosurgery followed by planned
WBRT (p=0·0001).49 In a prospective non-randomised
study on 36 patients treated with radiosurgery alone
followed by planned observation, brain tumour
recurrence anywhere in the brain occurred in 47%.50 In
this study, radiosurgery alone was associated with a
significant risk of brain tumour recurrence, often
associated with neurological deficit, with increasing
survival time.50

The effect of WBRT after radiosurgery on survival
remains unclear. A retrospective study, which reviewed
236 patients, showed that in patients without evidence of
extracranial disease median survival was increased for
those who received adjuvant WBRT (15·4 months vs
8·3 months; p=0·08).51 However, in a multi-institutional
review, including 569 patients receiving radiosurgery or
radiosurgery and adjuvant WBRT, there was no
difference in survival.52

In summary, about half of patients do not develop
recurrent brain metastases after radiosurgery. The others
develop (symptomatic) recurrent brain metastases and
may experience benefit from WBRT after radiosurgery.
Data on the importance of the various prognostic factors
for applying WBRT are conflicting, and evidence-based
recommendations cannot be provided. A randomised
phase III trial currently in progress, which is
investigating the effects of WBRT versus the omission of
WBRT for one to three brain metastases after surgery or
radiosurgery, will hopefully provide the answers
(European Organisation for Research and Treatment of
Cancer, protocol 22952-26001).

Chemotherapy
There is a substantial difference between the importance
of chemotherapy in general oncology and in neuro-
oncology. The brain has long been thought to be a
sanctuary for metastases and as a less accessible site for
chemotherapeutic drugs. This relative inaccessibility
may be due to the inability of certain drugs to cross the
BBB, although others argue that the BBB has already
been disrupted if the brain metastases are detectable.53

The importance of the BBB for chemotherapeutic drugs
has been questioned. For example, the presence of a
contrast-enhancing lesion on imaging indicates a
disrupted BBB, implying that brain metastases may be
equally sensitive to chemotherapy as metastases
elsewhere in the body. 

Primary tumours that frequently metastasise to the
brain and are considered as being chemosensitive are
SCLC, breast, and germ-cell tumours. In general,
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chemotherapeutic treatment for brain metastases
should probably be based primarily on the
chemosensitivity of the primary tumour.54 Whether
chemotherapy should be used up front or as salvage
therapy is unclear. We will discuss examples of 
recent chemotherapeutic and polychemotherapeutic
approaches, drugs that easily cross the BBB, and other
novel chemotherapeutic strategies for brain metastases
that originate from lung cancer, breast cancer, and
melanoma (table 4).

Lung cancer 
A commonly applied chemotherapeutic regimen for
patients with SCLC and NSCLC is platinum-based
therapy. For SCLC, cisplatin and etoposide has been
widely accepted, although carboplatin and etoposide
provide better tolerability. Other regimens including
cyclophosphamide, doxorubicin, vincristine, and
etoposide are also used for SCLC. For NSCLC, cisplatin
in combination with either a vinca-alkaloid, paclitaxel, or
etoposide is commonly used.65 Pooled data from five
studies showed a response rate of 66% in 64 patients
with initial brain metastases from SCLC.66 However,
most patients relapse and die from their disease. In
general, toxic effects are significant, including grade-4
neutropenia in all patients in one study.67 In another
study, six of 14 patients had major septic complications,
and two patients died.68 Despite these disappointing
results with limited survival and severe toxic effects after
intensive treatment, new drugs have been investigated.
In a multicentre phase II study of 30 heavily pretreated
patients with SCLC, cerebral metastases responded in
33% of patients treated with the topoisomerase I
inhibitor topotecan.69 Other studies have reported
33–63% response rates after topotecan in patients with
SCLC, and the efficacy of topotecan, which is known to
permeate the BBB thereby reaching 30–40% of plasma
concentrations, has recently been reviewed.59 Topotecan
also acts as a radiosensitiser, and studies are underway
to test its combination with WBRT.70 In another trial, 120
patients with brain metastases from SCLC were treated

with the BBB-permeable topoisomerase II inhibitor
teniposide with or without WBRT in a phase III study.60

Combined WBRT and teniposide treatment resulted in a
57% response rate, whereas single-agent tenoposide
resulted in a 22% response rate only. Overall survival in
both groups was similar.

New orally given and often BBB-permeable drugs look
promising, and probably the best studied agent is DNA-
methylating temozolomide. Single-agent temozolomide
achieved disease control in 41% of patients with
recurrent or progressive brain metastases (half of the
patients had NSCLC), and resulted in improvement of
neurological status in 37% of heavily pretreated cancer
patients with brain metastases (60% of patients had lung
cancer). Furthermore, temozolomide has a favourable
toxicity profile: non-cumulative myelosuppression
occurs in fewer than 5% of patients.71–73 A randomised
phase II study compared the combination of WBRT and
temozolomide with WBRT alone in previously untreated
patients with brain metastases (60% of the patients had
lung cancer). In patients who could be assessed by
radiology, 23 of 24 receiving temozolomide and WBRT
responded to treatment compared with 14 of 21
receiving WBRT only.55 However, no difference in
survival was reported. A randomised phase II study with
82 patients with brain metastasis did show a survival
effect of temozolomide combined with WBRT:
progression-free survival at 90 days was 54% for WBRT
and 72% for WBRT and temozolomide.56 Death from
brain metastasis was more frequent in the group that
received WBRT only.56 In another study, single-agent
temozolomide treatment did not result in objective
responses in 25 patients with advanced NSCLC,
including 13 patients with brain metastases.57 Toxic
effects were moderate (no grade-3 or grade-4 side-
effects) and the study was closed after the first interim
analysis. A combination of temozolomide and cisplatin
has recently been investigated and was well tolerated.74

Therapy that targets the epidermal growth factor by
means of the tyrosine kinase inhibitor gefitinib has
recently been studied. In two retrospective analyses of
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Drug mechanism Primary tumour Treatment Reference

Temozolomide DNA-methylating agent Mixed WBRT + temozolomide: 23 of 24 responded; WBRT alone: 14 of 21 responded 55
Increased progression-free survival 56
Single-agent temozolomide: no effect 57

Melanoma Temozolomide + WBRT: limited anti-tumour activity 58
Topotecan Topoisomerase I inhibitor SCLC 33–63% response in SCLC brain metastases 59
Teniposide Topoisomerase II inhibitor SCLC Teniposide: 22% response in SCLC; teniposide + WBRT: 57% response 60
Motexafin gadolinium Radiosensitiser NSCLC Motexafin gadolinium + WBRT vs WBRT alone: increased time to neurological progression 2
Iressa EGFR inhibitor NSCLC 42–60% response in NSCLC brain metastases 61,62
Efaproxiral Radiosensitiser Breast WBRT + efaproxiral: survival 9 months; WBRT alone: survival 4·5 months 18
Fotemustine Nitrosourea derivative Melanoma Fotemustine + WBRT vs fotemustine alone: increased time to cerebral progression 63
Temozolomide + thalidomide DNA-methylating agent Melanoma Temozolomide: 20% response; temozolomide + thalidomide: 25% response 64

+ angiogenesis inhibitor

EGFR=epidermal growth factor receptor; NSCLC=non-small cell lung cancer; SCLC=small cell lung cancer; WBRT=whole brain radiation therapy.  

Table 4: Examples of recent advances in chemotherapy
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patients with NSCLC and brain metastasis, objective
responses were reported in nine of 15 patients (60%)
and in six of 14 patients (42%).61,62 Both studies included
a patient with a complete response. Randomised studies
are awaited.

Breast cancer
A limited number of small phase II studies with
chemotherapy have been done in patients with brain
metastases from breast cancer. Cyclophosphamide-
based therapy (ie, in combination with methotrexate,
fluorouracil, prednisolone, or other drugs) resulted in
17–61% response rates with a median survival of
6–16 months.75 The combination of cisplatin and
etopside resulted in a 38% response rate.76

In a phase II study, a higher incidence of patients with
brain metastases was reported in patients treated with
epirubicin and docetaxel.4 Others have reported an
increased rate of breast cancer brain metastases during
trastuzumab therapy.3 In a case-control study, 31% of the
control patients and 25% of the patients receiving
trastuzumab, a monoclonal antibody against the 
HER-2/neu receptor, developed brain metastases.77

Survival doubled after trastuzumab therapy (median
survival 21 vs 47 months), probably as result of a
systemic response; only 15% of the patients given
trastuzumab developed bone metastases compared with
91% of the control patients.

Melanoma
In a randomised phase III trial, the phosphoalanine-
modified nitrosourea fotemustine plus WBRT in 76
patients with brain metastases from melanoma resulted
in a significant delay in time to cerebral progression
compared to fotemustine alone without difference in
overall survival.63 In a phase II trial in 31 patients with
brain metastases from melanoma with or without
systemic disease, there was only one complete response
of 4·5 months and two partial responses of 2 months
and 7 months after treatment with temozolomide and
WBRT.58 A combination of temozolomide with the
angiogenesis inhibitor thalidomide in a randomised
phase II study resulted in a 20% response rate after
temozolomide and a 25% response rate after
temozolomide and thalidomide. Median survival times
were 5·3 and 7·3 months, respectively (no formal
outcome comparisons were done).64

Management of brain metastasis
Our proposed decision tree for a therapeutic strategy for
the main categories of patients with brain metastasis is
shown in the figure. The chart starts at the diagnostic
process, dividing patients according to their RPA class
and subdividing class 1 and 2 in single or multiple brain
metastases. Class 2 is further split into patients with or
without active extracranial disease. Class 1 and 2 patients
without active extracranial disease may be treated with

surgery (single metastasis) or radiosurgery (one to four
metastases, and possibly more). This therapy can either
be followed by WBRT or, alternatively, by regular MRI
follow-up. Patients with less favourable prognostic
factors (eg, KPS �70 or active extracranial disease) may
benefit from radiosurgery (stereotactic radiotherapy) if
they have one to four brain metastases, or from a short
course of hypofractionated WBRT, mainly focusing on
maintaining or improving quality of life. Patients with
chemosensitive tumours may benefit from chemo-
therapy, most probably after surgery or radiation has
been applied.

Conclusion
Treatment options for brain metastasis have increased
substantially during the past decades. Today, we know
from randomised clinical studies that surgery or
radiosurgery of a single metastasis in addition to WBRT
in patients with a good prognosis results in improved
survival.27,31,34 Whether additional WBRT after surgery or
radiosurgery is beneficial in terms of quality of life or
survival is currently under study. In the meantime, two
approaches can be justified in good prognosis patients:
WBRT after surgery or radiosurgery, or observation with
MRI follow-up after surgery or radiosurgery. Patient-
friendly treatments (eg, shorter WBRT schedules)
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RPA class 2 KPS �70RPA class 1
KPS �70
Age �65 years

Active extracranial disease

RPA class 3
KPS �70

Single brain
metastasis

2–4 brain
metastases

1–4 brain
metastases

Surgery Radiosurgery

�4 brain
metastases

WBRT

�4 brain
metastases

(a)

+/– +/–

(c) (d) (e) (f)(b)

WBRTWBRT Radiosurgery
or WBRT

**

Radiosurgery
or WBRT

Brain CT or MRI
Thorax X or CT and

abdomen ECHO or CT
if necessary

Primary tumour under control 
No extracranial disease

Figure: Therapeutic strategy in brain metastases
(a) Surgery plus WBRT (hyperfractionated) or surgery plus MRI follow-up should be considered in patients with a
single metastasis. (b) In eloquent areas, radiosurgery (with or without WBRT) is the treatment of choice. (c) For
patients with two to four small metastases, radiosurgery  (with or without WBRT) can be applied. (d) Patients with
more than four metastases may benefit from radiosurgery or WBRT (hypofractionated, daily doses 3–6 Gy).
(e) Patients with active extracranial disease, a low KPS, and a small number of metastases may benefit from
radiosurgery or hypofractionated WBRT. (f) Patients with multiple metastases may benefit from WBRT
(hypofractionated). *Symptomatic care only, including corticosteroids, may be the main treatment in severely
affected patients. 
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prevail in patients with multiple brain metastases and
otherwise adverse prognostic factors. 

Results of studies with novel radiosensitisers in
combination with WBRT seem encouraging: motexafin
gadolinium improves time to neurological progression
in patients with lung cancer, and efaproxiral increases
survival in patients with brain metastases originating
from breast cancer.2,18 However, whether radiosensitisers
will become part of the standard treatment is as yet
unclear. Results from chemotherapeutic studies indicate
that subsets of patients with chemosensitive tumours
may benefit from additional chemotherapy.

Finally, small benefits in survival or improved
radiological outcome after treatment may not always be
the equivalent for better care, especially when side-
effects of treatment are substantial or when therapy
regimens are demanding. Therefore, to achieve
optimum standards of care, an improved quality of life,
including better cognition, should also be one of the
primary endpoints in future studies. In our opinion,
better insight into toxicity issues would facilitate
decision-making on individually tailored treatment,
ranging from symptomatic therapy to extensive
therapeutic measures.
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Metastatic Spinal Cord Compression by Solid
Tumors
Kristin Gabriel, D.O., M.P.H.1 and David Schiff, M.D.2

ABSTRACT

As the survival of cancer patients continues to improve, physicians in the 21st
century face the challenge of early detection of metastatic spinal cord compression. Prompt
diagnosis and intervention increase the likelihood of functional recovery. Because the
epidural space is the most common site of spinal cord metastasis from solid tumors, this
article will review the epidemiology, relevant anatomy, pathophysiology, clinical presenta-
tion, diagnostic evaluation, treatment, and prognosis for metastatic epidural spinal cord
compression. Special attention will be given to the various modalities available for
management of metastatic epidural spinal cord compression to maintain or restore normal
spinal cord function and relieve pain. These treatment options will be considered according
to patients’ disease burden, life expectancy, and values. Intramedullary metastasis will be
briefly discussed.
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Objectives: On completion of this article, the reader will be able to describe the clinical presentation, diagnosis, and treatment of

epidural spinal cord compression by metastases.
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The epidural space is the most common site of
metastases producing injury to the spinal cord. In the
late 1950s, postmortem analysis of patients who died
from cancer indicated that �5% had spinal cord or
cauda equina compression.1 Not all cases, however,
were symptomatic.2 Researchers in Denmark recently
reported similar statistics. They noted the proportion of
cancer patients referred to a regional treatment center

developing metastatic epidural spinal cord compression
(MESCC) rose from 4.4 to 6% between 1979 and 1985.3

With over one-half million Americans dying from
cancer every year, these figures translate into more
than 25,000 annual cases of MESCC in the United
States.4

The primary tumors associated with MESCC are
those that have a tendency to metastasize to the vertebral
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bodies. In 1988, Brihaye and colleagues reviewed nearly
1500 patients with MESCC and found 16.5% originated
from breast, 15.6% from lung, 9.2% from prostate, 6.5%
from kidney, and 4.6% from gastrointestinal carcinoma.5

Memorial Sloan-Kettering Cancer Center reported
similar findings after studying 583 patients with symp-
tomatic spinal cord compression (Table 1).6 The pedia-
tric population rarely develops these cancers. Children
with metastatic epidural spinal cord compression most
commonly have sarcomas, neuroblastomas, germ cell
tumors, and Hodgkin’s disease.7

Spinal cord compression may be the first sign
of cancer. In one study of 337 patients, nearly 20% of
patients had MESCC as the initial manifestation of
malignancy.8 The types of primary tumors in these cases
differed from those presenting with epidural spinal cord
compression with a known malignancy. Only 12% of
patients who initially presented with MESCC had
breast or prostate cancer; however, 78% of the patients
were discovered to have lung cancer, cancer of unknown
primary site, multiple myeloma, and non-Hodgkin’s
lymphoma.8

LOCALIZATION WITHIN THE SPINE
The frequency of metastasis appears to correlate with the
volume of bone in that region of the spine, presumably
related to blood flow and blood-borne metastasis. As
such, the thoracic spine is most likely to have a meta-
static lesion due to its 12 vertebral bodies; the lumbosa-
cral spine is the next most likely to have involvement due
to the large size of the vertebral bodies; and the small
cervical vertebral bodies are the least likely to be affected.
The literature indicates that 70% are localized to the

thoracic spine, 20% involve the lumbosacral spine, and
10% the cervical spine.9–11 Some studies have shown that
lung and breast carcinomas tend to metastasize to the
thoracic spine and colon or pelvic tumors to the lumbo-
sacral spine.12 However, others have not been able to
reproduce these observations.13 Multiple lesions are
reported to occur in 17 to 30% of patients.14

PATHOPHYSIOLOGY
Previously, Batson’s vertebral venous plexus had been
considered to be the main route of access for metastatic
cancer cells to enter the vertebral column.15,16 In 1940,
Batson hypothesized that malignant cells in the blood
spread to the vertebra when intra-abdominal or in-
trathoracic pressure was increased by events such as
sneezing or coughing, thus resulting in venous reflux.
One animal study done in the early 1950s was the only
experimental evidence to support his theory.17

The current theory focuses on arterial seeding.1,18

Details of this process were eloquently demonstrated by
Arguello and coworkers.19 Following the injection of a
variety of tumor cells into the systemic arterial circula-
tion of mice, they discovered that the hematopoietic
bone marrow of the vertebra, rather than the vertebral
bone itself, was the primary soil for proliferation of
cancer cells.19 After the metastatic cells expand into
the medullary cavity of the vertebra, they escape into
the spinal canal by traveling within basivertebral veins or
other penetrating vessels.19 Additionally, direct cortical
bone destruction by cancer cells often leads to vertebral
collapse and extradural mass formation.

A less frequent mechanism for metastatic epidural
spinal cord compression is tumor spread from the para-
spinal region through the intervertebral neural foramen
to the thecal sac. Lymphomas are the most common
tumors to cause compression by this route.20 Rarely,
tumors may metastasize directly to the epidural space to
produce compression.4

Animal studies indicate that vascular congestion,
vasogenic edema, and hemorrhage of the cord were
frequently observed in the vicinity of compression.19

These events were initially thought to be due to arterial
ischemia; however, human autopsies revealed venous
occlusion may be the most important factor leading
to the aforementioned changes and eventual neuronal
degeneration of the cord.1

CLINICAL PRESENTATION
A clear understanding of the presenting symptoms of
MESCC is critical to early intervention and, therefore,
improved neurological outcome. Multiple studies have
shown that the neurological status at the time of pre-
sentation is the most important prognostic factor for
those with MESCC.19,21

Table 1 Primary Cancers Causing Symptomatic Spinal
Cord Compression in 583 Patients at MSKCC

Primary

Tumor

Number of

Patients

% of

Patients

Breast 127 22

Lung 90 15

Prostate 58 10

Lymphoreticular system 56 10

Sarcomas 52 9

Kidney 39 7

Gastrointestinal tract 29 5

Melanoma 23 4

Unknown primary 21 4

Head and neck 19 3

Miscellaneous 69 12

Total 583 100

MSKCC, Memorial Sloan-Kettering Cancer Center.
Source: From Posner J. Neurologic Complications of Cancer. Phila-
delphia: FA Davis; 1995:115.
Copyright # 1995 by Oxford University Press, Inc. Used by permis-
sion of Oxford University Press, Inc.
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Severe, local back pain that gradually increases in
intensity over time is the earliest and most common
symptom. In general, pain will occur an average of
7 weeks before other neurological deficits. Approxi-
mately 83 to 95% of cancer patients have pain as their
first symptom of MESCC (Table 2).3,6,22 The bone
marrow does not contain pain receptors. It is only
when the enlarging mass invades the periosteum, para-
vertebral soft tissues, or nerves that the patient develops
discomfort. Pain may also be caused by the mass effect
of the spinal cord compression itself, spinal instability,
pathological fracture, and the inflammatory and noci-
ceptor stimulating substances that malignant cells
secrete.6,23 The pain of MESCC is often more severe
when supine and can be exacerbated by increased intra-
abdominal or intrathoracic pressure.

Radicular pain, triggered by compression of nerve
roots, is less common than local back pain. In 55% of
patients with thoracic epidural spinal cord compression,
radicular pain was often bilateral and produced a squeez-
ing sensation around the trunk or abdomen.10

Motor dysfunction is the second most common
manifestation of epidural spinal cord compression.
Weakness can be found in 60 to 85% of patients at the
time of diagnosis.6,22,24 It usually is due to corticospinal
tract dysfunction, which is associated with hyperactive
deep tendon reflexes, spasticity, and extensor plantar
responses. The common delay in referral can have
devastating consequences. In one recent study of 319
cancer patients, the majority had reported pain to their
primary care doctors, but it took, on average, over
2 months for a diagnosis to be determined.25 The
patients reported motor deficits an average of 20 days
before diagnosis. This delay in diagnosis contributed to
82% of patients being unable to walk or only able to do
so with assistance at the time of diagnosis.25

Prompt identification and intervention play a
pivotal role in improving the patient’s outcome regard-
ing ambulation. Early pharmacological intervention at
the first sign of neurological dysfunction in experimental
animal models delayed the onset of paraplegia and
protracted neurological complications by 77%.23 More

recent human studies showed that following treatment,
�67 to 100% patients who are ambulatory at time of
diagnosis remain so.26 Unfortunately, only 30 to 40%
presenting with paraparesis at time of presentation can
walk after treatment, and 10% or fewer presenting with
paraplegia, despite intervention, ever ambulate again.26

Either with the symptom of weakness, or shortly
thereafter, many patients report loss of sensation. Sen-
sory loss usually begins in the toes and ascends in a
stocking distribution, eventually reaching one to five
segments below the anatomic level of cord compression.
Early signs of decreased vibration and position sense can
gradually progress to pain and temperature loss.6 Cervi-
cal or thoracic metastatic epidural spinal cord compres-
sion can also present with Lhermitte’s sign, which
consists of paresthesias in the back and extremities
induced by neck flexion. However, this phenomenon is
far more common in patients with myelopathy due to
radiation or chemotherapy.6 On occasion, an isolated
gait ataxia has been reported with MESCC. Spinocer-
ebellar tract dysfunction has been hypothesized to cause
this symptom in the absence of sensory abnormalities.27

Autonomic dysfunction is a late finding in pa-
tients with MESCC. Bladder dysfunction is the most
common autonomic abnormality, and it often correlates
with the degree of motor deficits.4 Patients typically have
painless urinary retention associated with severe weak-
ness and sensory loss in the lower extremities. Other less
common autonomic abnormalities include the absence of
sweating below the level of compression and Horner’s
syndrome.6

DIAGNOSIS
The diagnosis of MESCC depends on the ability to
visualize the extrinsic compression of the thecal sac by a
neoplastic mass. Magnetic resonance imaging (MRI) is
the most specific and sensitive diagnostic tool for spinal
lesions caused by cancer28 (Fig. 1).

Before the widespread availability of MRI, diag-
nosis by myelography was the gold standard. However,
for many patients, coagulopathies, brain masses, or

Table 2 Signs and Symptoms of Spinal Cord Compression in 211 Patients at MSKCC

First Symptom Present At Diagnosis

No. of Patients % of Patients No. of Patients % of Patients

Pain 201 94 207 97

Weakness 7 3 157 74

Autonomic dysfunction 0 0 111 52

Sensory loss 1 0.5 112 53

Ataxia 2 0.9 8 4

MSKCC, Memorial Sloan-Kettering Cancer Center.
Source: From Posner J. Neurologic Complications of Cancer. Philadelphia: FA Davis; 1995:118.
Copyright # 1995 by Oxford University Press, Inc. Used by permission of Oxford University Press, Inc.
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thrombocytopenia precluded this invasive and uncom-
fortable test. Additionally, myelography has the rare risk
of causing pressure shifts leading to neurological decline
if a complete subarachnoid spinal block is present. The
procedure has a 15% risk of exacerbating an existing
neurological deficit.29 Lastly, the presence of a spinal
subarachnoid block prevents visualization of the entire
thecal sac. These concerns motivated researchers to
investigate whether other noninvasive studies along
with the neurological exam would be sufficient to diag-
nose MESCC.

Spinal Radiographs

Plain spinal radiographs are inexpensive and convenient,
yet they have some major limitations, the most impor-
tant of which is a relatively high false-negative rate of 10
to 17% of MESCC.3,6 The reasons for this are threefold.
First, a minimum of 50% of bone must be eroded before
it is radiographically detectable. Second, plain films can
only show bony changes and cannot address the issue of
paraspinal tumor invading through the neural foramina
or soft tissue impingement on the thecal sac or spinal
cord. Third, metastatic involvement of multiple vertebra,
as commonly occurs in breast and prostate cancer, may
hide the clinically relevant lesion.4

Despite these limitations, abnormal radiographs
at the time of presentation are seen in 85% of patients
with MESCC from epithelial tumors.12 Additionally,
the likelihood of epidural tumor is 87% when vertebral
compression is greater than 50%.12 The most common
radiographic findings include pedicle erosion, vertebral
collapse, and bone dislocation. The disk space, in con-
trast to infectious causes of vertebral collapse, usually
remains intact.30 Screening cancer patients with low

back pain for MESCC with plain spinal radiographs is
not the standard of care. One prospective study of cancer
patients discovered that plain films accurately predicted
the level of compression in only 21% of cases.25 Another
series showed initial radiation treatment fields planned
on the basis of spinal X-ray and clinical data were not
sufficient in 69% of patients.31

Radionucleotide Bone Scan

Although radionucleotide bone scans cannot identify
whether an epidural tumor is present, they are more
sensitive than plain radiographs for detecting bone
metastasis.6 In one prospective study, bone scans pre-
dicted with only 66% accuracy the presence and location
of an epidural spinal lesion.32 Radionucleotide bone scan
limitations are directly related to dependence on new
bone formation and increased blood flow to demonstrate
metastases. Malignancies that do not trigger these phys-
iological changes, such as multiple myeloma, are not
detected. Additionally, numerous conditions in addition
to cancer can demonstrate increased radionucleotide
uptake, and the degree of thecal sac compression is
unknown. Despite these shortcomings, one small retro-
spective study found that if both plain spinal radiographs
and bone scans were negative in cancer patients with
spinal symptoms, there was only a 2% risk of epidural
spinal cord compression.33

Computed Tomography

The use of computed tomography (CT) scanning of the
spine to evaluate patients suspected to have MESCC is
nearly obsolete. This is primarily because neither the
epidural space nor the spinal cord can be clearly visua-
lized. However, in patients with severe osteoporosis, CT
demonstrates metastatic disruption of the bony cortex
surrounding the spinal canal. This is a finding very
predictive of epidural tumor extension.34 CT scanning
is also a useful adjunct to myelography.

MRI

MRI is the study of choice for both the screening and
ultimate diagnosis of MESCC. MRI offers several
advantages over conventional CT or CT myelography.
It is more sensitive, demonstrates the upper and lower
limit of epidural metastases, shows the extraspinal extent
of the tumor, and can demonstrate multiple epidural
lesions.35,36 In fact, one recent retrospective study of 108
cancer patients showed that multiple sites of MESCC
occurred in approximately one-third of patients who
presented with a single symptomatic site.37 The presence
of multiple sites of MESCC significantly affects prog-
nosis and treatment planning.4,13 This is especially
important because radiation oncologists typically include

Figure 1 Metastatic spinal cord compression in man with renal
carcinoma.
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the incidental lesions in their treatment ports, and these
lesions inevitably play a role in surgical decisions.4

Hence, many experts recommend imaging the entire
spinal cord or, at a minimum, the thoracic and lumbar
spine in addition to the symptomatic region.6,36,38,39

The cervical spine rarely has asymptomatic epidural
lesions.13

TREATMENT AND PROGNOSIS
The primary objective in MESCC management is to
relieve pain and prevent or restore spinal cord dysfunc-
tion using modalities suitable to a patient’s disease
burden, life expectancy, and values. The degree of func-
tional disability corresponds with survival. In one series,
the probability of surviving 12 months was 73% for
patients with restored or preserved ambulation following
treatment but was only 9% for nonambulatory patients.40

General supportive measures, in addition to corticoster-
oids, radiation therapy, hormone and chemotherapy, and
surgery, are the modalities available to treat epidural
metastases.

As previously discussed, the most prevailing
symptom of metastatic epidural spinal cord compression
is pain, which can severely affect quality of life. Pain
must be addressed early and aggressively. Although some
patients benefit from nonsteroidal anti-inflammatory
medications, most require opiates for satisfactory pain
relief. A good bowel regimen is required, as opiates,
immobility, and autonomic dysfunction from a spinal
lesion all contribute to constipation. Strict bed rest is not
recommended for these patients, as they instinctively
avoid activity that triggers discomfort. Despite no spe-
cific studies on preventing venous thromboembolism in
patients with MESCC, prophylactic anticoagulation
with subcutaneous heparin, low molecular weight he-
parin, or, at a minimum, sequential compression devices,
is reasonable given the hypercoagulable state of cancer
patients. Spinal braces are principally needed for those
with spinal instability.4

Corticosteroids

The main indications for corticosteroids are the preven-
tion of neurological deterioration and the analgesic
effect. Corticosteroids work by decreasing spinal cord
edema and may have an oncolytic effect on the tumor,
especially lymphoma and breast cancer.6 Initially, human
observational correlations were made, and then several
animal studies confirmed, that those treated with de-
xamethasone improved motor strength faster than un-
treated controls.41–43 The optimal dosing schedule of
steroids in patients with metastatic spinal cord compres-
sion has not been prospectively evaluated. However, one
study clearly showed that an initial bolus of 10 mg IV
versus 100 mg IV of dexamethasone showed no outcome

differences in pain, ambulation, or bladder function.44 A
greater statistically significant incidence of side effects
were documented in patients being treated with ‘‘high
dose’’ (96 mg) versus ‘‘standard dose’’ (16 mg) oral
dexamethasone in one retrospective series, but neither
dose was proven to have a greater efficacy.45 One
approach is to use the high-dose regimen only for
patients with paraparesis or paraplegia and halve the
dose every 3 days. Those with small epidural deposits, no
significant neurological dysfunction, and relative contra-
indications for glucocorticoids can safely begin radiation
treatment without corticosteroid therapy.46,47

Radiation Therapy

The favored treatment for many patients with MESCC
is external beam radiation therapy (RT). Although the
optimal dose fractionation scheme is not known, most
radiation oncologists adhere to the standard schedule of
2500 to 3600 cGy in 10 to 15 fractions.4 The treatment
area includes the main metastatic lesion and traditionally
one to two vertebral bodies above and below this level,
with widening of the radiation portal if there is para-
spinal extension of tumor.30 Multiple studies indicate
that radiation alone completely relieves or improves pain
in nearly 75% of patients.48–50 Additionally, several
series indicate that for patients who only have pain, the
overwhelming majority do not become paraplegic after
radiation, and most remain ambulatory for the remain-
der of their lives.10,38,48

The side effects of RT for MESCC are generally
minimal, although mucositis with diarrhea or dysphagia
may develop if large portions of the gastrointestinal tract
are part of the treatment field.4 Pancytopenia may also
occur for those who have a large part of their spine
irradiated. Nausea and fatigue rarely occur if standard
treatment protocols are followed.

The efficacy of RT depends on the degree of
functional deficit when treatment is initiated, the tumor
type, and the extent of subarachnoid impingement. A
recent study by Kovner and colleagues51 confirmed what
had previously been reported about motor strength
before RT being predictive of ambulatory function after-
ward.3,24,26 In Kovner’s study, 90% of patients who were
ambulatory before treatment remained so, while 33% of
the nonambulatory patients regained their ability to
walk.51 Among the nonambulatory patients, 50% of
those who were paretic but only 14% of those who
were plegic became ambulatory.51 Additionally, a slower
development of motor deficits before RT predicted a
better posttreatment functional outcome.52 Another
prognostic factor for the clinical response is tumor
radiosensitivity.10,50 The most radiosensitive tumors
are breast, prostate, small cell lung cancer, lymphoma,
and multiple myeloma. Renal cell carcinoma and mela-
noma are extremely radioresistant. In one study, 74% of
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paraparetic patients became ambulatory after irradiation
if they had radiosensitive tumors, but only 34% with
less radiosensitive cancers regained ambulation.48

The degree of thecal sac deformation, as measured by
subarachnoid block, is a much weaker prognostic indi-
cator compared with initial motor strength and tumor
radiosensitivity. A complete block is a poor prognostic
sign.53

The median survival for patients undergoing RT
of MESCC is �6 months with a 28% probability of
survival for 1 year.50 Survival rates are highest in patients
who are ambulatory either before or after treatment, who
have radiosensitive tumors, and those with a single spinal
metastasis; shorter survival rates occur in those with
lung cancer, multiple vertebral lesions, or other organ
metastases.13,49,51,54

Nearly 10% of patients eventually develop local
recurrence, and this risk directly relates to length of
survival.10,24 Many clinicians are hesitant to advise
reirradiation in patients who relapse locally because of
concern for delayed radiation myelopathy. This risk-
benefit ratio depends on the time from first radiotherapy,
initial dose, life expectancy, and probability of yielding
worthwhile benefit.30 One retrospective study of 54
patients who previously received a median dose of
3000 cGy and were reirradiated with a median dose of
2425 cGy found that reirradiation frequently preserves
ambulation and carries a minimal risk of inducing a
radiation myelopathy during a patient’s lifetime.55 The
median survival time for all patients after reirradiation
was 4.2 months.55

Chemotherapy

A blood–central nervous system barrier does not protect
epidural metastatic tumors, so they may be treated with
the same chemotherapeutic agents and hormonal thera-
pies used for systemic tumors. Metastatic epidural spinal
cord compression from lesions originating from the
breast or prostate may be treated with tamoxifen or
androgen blockade, respectively. Cytotoxic agents may
be efficacious in breast carcinoma or small cell lung
cancer. Sadly, many of the solid malignancies that
frequently cause MESCC are either initially resistant
or develop resistance to chemotherapy. Additionally, the
rapidity with which the metastases respond to these
agents depends on the predicated efficacy of the chemo-
therapy for each tumor type. It is generally recom-
mended that chemotherapy and/or hormonal therapy
be used in combination with more rapidly effective
modalities like RT or surgery.30

Surgery

The two surgical approaches for treating MESCC are
posterior decompressive laminectomy and vertebral body

resection. By sectioning the denticulate ligaments, lami-
nectomy decompresses the spinal cord, which allows it to
move backward, avoiding anterior compression. It also
permits the removal of tumor tissue located posteriorly
and laterally. However, when tumor causes vertebral
body collapse, laminectomy may cause spinal instability
and worsen neurological symptoms.56 Until the late
1970s, decompressive laminectomy followed by RT
was recommended. Since then, multiple studies have
failed to show a difference in neurological outcome
between patients who have only RT compared with
those undergoing decompressive laminectomy plus
RT.10,48,57 Decompressive laminectomy may still be
indicated in patients who continue to worsen following
irradiation and in those with posteriorly located, radio-
resistant tumors.30

Because metastatic tumor is located anterior to
the spinal cord in 85% of cases, it is logical that surgeons
would develop an anterior approach. This more aggres-
sive technique, known as vertebral corpectomy, involves
accessing the affected vertebral body and epidural space
to completely debulk the tumor. This is followed by
spinal column stabilization with either bone grafting or
methylmethacrylate. The latter is the preferred material
because RT can start 1 week after insertion, whereas
bone grafting must be allowed 6 weeks to fuse before
delivery of RT.4

Regine and colleagues58 recently completed the
first randomized clinical trial assessing the efficacy of
vertebral corpectomy followed by spinal stabilization
compared with RT; 101 patients with MESCC were
randomized to either RT alone or surgery followed by
RT. Patients treated with surgery maintained the ability
to walk for a median of 126 days compared with 35 days
for those treated with RT alone.58 The surgically treated
patients retained functional scores and continence longer
than the radiation group.58 These remarkable findings
are supported by earlier studies (Table 3).6 In one series,
80% of preoperative patients had major neurological
impairments. After vertebral corpectomy and stabiliza-
tion, 52% of patients had either complete or significantly
improved neurological recovery, and 93% had good or
excellent pain resolution.59 Improved pain relief and
ambulatory status occurred in 82% of patients, 44% of
whom were nonambulatory before surgery; the median
survival was 16 months, with 46% alive at 2 years.60 The
complication rate caused by infection, hemorrhage,
wound dehiscence, and stabilization failure was 48%.60

Prior RT, age above 65, and paraparesis were all statis-
tically significant predisposing factors for complications.
Until definitive guidelines have been set, it is reasonable
to contemplate vertebral corpectomy as first-line
treatment in patients with limited extraspinal disease
and epidural metastases from radioresistant primary
tumors, spinal instability, or worsening or recurrence
after RT.4
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INTRAMEDULLARY METASTASES
Intramedullary spinal cord metastases (IMSCM) are
extremely rare and account for 3.4 to 6.0% of myelopa-
thies in cancer patients.61–63 The primary cancers re-
sponsible for IMSCM are lung (49%), breast (15%),
lymphoma (9%), colorectal (7%), head and neck (6%),
and renal (6%).12 IMSCMs are usually the result of
rapidly progressing systemic malignancy and are most
likely due to hematogenous dissemination.64 The most
common presenting symptoms are pain, weakness, sen-
sory deficits, and urinary incontinence, with 75% of
patients developing significant neurological deficits
within 4 weeks.12 Brown-Sequard syndrome is typical
of IMSCM, occurring in nearly 50% patients; only 3% of
patients with MESCC have a hemicord syndrome.62

MRI is the diagnostic study of choice. Despite treatment
with fractioned RT to arrest tumor growth and prevent
additional neurological deterioration, survival is usually
only 2 to 4 months.62,65
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Review

Spinal-cord compression as a result of malignant disease
leads to a substantial and inevitably striking change in
quality of life for patients and their families (figure 1).
From its first description by Spiller in 19251 it continues
to be a perplexing problem that commonly needs rapid
decision-making on the part of several specialists and
needs management on an inpatient basis. Even with
adept management, treatment usually aims to preserve
function rather than reverse established deficits. Here,
we discuss the causes, pathophysiology, diagnosis, and
management of malignant spinal-cord compression
(MSCC).

Epidural spinal-cord compression (ESSC) can be
defined as the compressive indentation, displacement,
or encasement of the thecal sac that surrounds the
spinal cord or cauda equina by spinal epidural
metastases (SEM) or by locally advanced cancer.
Compression can occur by posterior extension of a
vertebral body mass, which results in compression of the
anterior aspect of the spinal cord, by anterior extension
of a mass arising from the dorsal elements, or by growth
of a mass invading the vertebral foramen.

ESSC
Epidemiology
Evidence suggests that 2·5–5·0% of patients with
terminal cancer have ESCC within the last 2 years of
illness,2,3 and incidence of MSCC varies by primary
disease site and age. In a large population-based study2

from Ontario, Canada, incidence ranged from 0·22% in
pancreatic cancer to 7·91% in myeloma. Cumulative
incidence of MSCC decreased with age: 4·39%
incidence for patients 40–50 years; 3·85% for patients
50–60 years; 2·88% for patients 60–70 years; 1·66% for
patients 70–80 years; and 0·54% incidence for those
older than 80 years. Second episodes of MSCC occur in
7–14% of patients.4,5 Spinal-cord compression in
childhood occurs in 4·0–5·5% of patients and is the
commonest cause of paraparesis in individuals 3-months-
old to 17-years-old .6

Almost any systemic cancer can metastasise to the
spinal column, and ESCC has been reported with every
major type of systemic cancer. There is a clear and
strong association between the likelihood of systemic
tumours to metastasise to the spine and the risk of SEM.

Therefore, the incidence of SEM for a given tumour is a
function of the incidence of the tumour and of the
frequency of bony spinal involvement in the tumour. In
most adult series prostate cancer, breast cancer, and
lung cancer each account for 15–20% of patients with
ESCC.4,7,8 Non-Hodgkin lymphoma, multiple myeloma,
and renal cancer each typically account for a further
5–10% of patients. Colorectal cancer, tumours of
unknown primary origin (most of which emanate from
unrecognised lung or gastrointestinal primary tumours),
and sarcomas are other common causes of ESCC. Thus,
90% of patients at autopsy who had prostate cancer had
vertebral metastases, as did 74% with breast cancer, 45%
with lung cancer, 29% with lymphoma or kidney cancer,
and 25% with gastrointestinal cancers.9 Cumulative
population-based incidence of MSCC in 40–60-year-olds
was 7·37% for breast cancer, 16·98% for prostate
cancer, and 15·38% for myeloma.2
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Malignant spinal-cord compression (MSCC) is a common complication of cancer and has a substantial negative

effect on quality of life and survival. Despite widespread availability of good diagnostic technology, studies indicate

that most patients are diagnosed only after they become unable to walk. We review the epidemiology,

pathophysiology, and clinical features of MSCC. Clinical trials have informed the optimum management of MSCC,

and we review the role of corticosteroids, radiotherapy, and surgery in the management of patients. We also

emphasise advances in radiation delivery and the results of a randomised trial that supported aggressive debulking

in patients with MSCC.

Malignant spinal-cord compression 
Dheerendra Prasad, David Schiff

Figure 1: Extradural compression from a liposarcoma at the T3–4 level 
Arrows show anterior and posterior masses causing spinal-cord compression.
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In children the cause and mechanisms of MSCC are
different than in adults. Neuroblastoma, Ewing’s sarcoma,
Wilms’ tumour, lymphoma, soft-tissue sarcoma, and bone
sarcoma are the most common tumour types that lead to
compression in children.10,11 Furthermore, compression is
more likely to be caused by paravertebral masses that
impinge on the spinal cord directly, rather than by
involvement of bony elements in the spine.

Although most ESCC develops in patients known to
have cancer, 8–34% arises as an initial manifestation of
cancer.8,12–14 Whereas breast cancer and prostate cancer
are extremely unlikely to present in this way, ESCC is a
common presentation of cancer of unknown primary
origin, non-Hodgkin lymphoma, myeloma, and lung
cancer, which accounts for 30% of patients that have
ESCC as an initial manifestation of malignant disease.

Pathophysiology 
MSCC can be divided into several stages, the first of
which is the development of compression in the spinal
column. Although the valveless Batson’s venous plexus
was thought to be the route of spread of metastatic
disease evidence suggests that direct arterial
embolisation of tumour cells, especially of clonogenic
cells that have affinity for spinal marrow, is the main
mechanism.15 This spread results in a vertebral-body
mass that enlarges to impinge on the thecal sac
anteriorly, and compresses the spinal cord and epidural
venous plexus. Destruction of cortical bone by tumour
can compound this compression by vertebral-body
collapse and retropulsion of bony fragments into the
epidural space.

Tumour growth from the paraspinal region through
the vertebral neural foramen is a less common
mechanism that leads to ESCC in adults, and
compromises the intraspinal contents. Lymphomas are
some of the more common tumours that cause ESCC
through this route.16 Tumours may rarely cause ESCC by
metastasis directly to the epidural space; however a study
by Khaw and co-workers17 found that all 100 patients
with acute MSCC had no isolated epidural lesion and
had some bony involvement.

Studies in rats18 and rabbits19 have shown that white-
matter oedema and axonal swelling as a result of spinal-
cord compression lead to white-matter necrosis and
gliosis. Disrupted blood flow was seen in the arterial
and venous circulation as well as stenosis and
obstruction of the epidural venous plexus in the early
stages of neurological deficit.19 Sequential venous
hypertension and white-matter oedema has also been
shown, followed by decreased spinal-cord blood flow,
ischaemia due to almost total cessation of blood flow in
arterioles in the deep white matter, and by spinal-cord
infarction.20 This hypothesis was confirmed
intraoperatively by loss of medullary centrifugal blood
vessels during compression and by preservation of
radicular and subcommissural vessels. Vacuolisation
and pallor of white matter as well as spinal-cord oedema
have also been described.21

The early mechanism of injury is vasogenic oedema of
white matter and the role of cytokines, inflammatory
mediators, and neurotransmitters in the patho-
physiology of cord compression have been studied
extensively.22 Evidence from light microscopy and
electron microscopy of vascular transudate shows that
macrophage numbers increase over time. Production of
vascular endothelial growth factor is associated with
spinal-cord hypoxia and has been implicated as a
potential mechanism of damage after spinal-cord
injury.23 Several observations suggest that the beneficial
effects of dexamethasone in the CNS are at least partly
meditated by its downregulation of VEGF expression,
which highlights a mechanism for the beneficial effects
of steroids in MSCC.24,25 Dexamethasone also decreases
tissue-specific gravity in the compressed cord and delays
the onset of paralysis. Furthermore, in animals,
indometacin decreases concentrations of prostaglandin
E2 in the compressed segments of the spinal cord and
decreases the water content of compressed spinal cord.22

In the later stages of MSCC, vasogenic oedema is
replaced by ischaemic-hypoxic neuronal injury and by
onset of cytotoxic oedema, a transition associated with
the glutamate system26 that is characterised by
release of presynaptic glutamate, influx of calcium
through N-methyl D-aspartate (NMDA)-linked ion
channels, excitotoxic neuronal injury, and neuronal
disintegration (figure 2). Non-competitive NMDA
antagonists have been shown to delay the onset of
paraplegia after onset of MSCC.22
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Figure 2: Pathophysiology of spinal cord compression 
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In dogs, the duration of MSCC affects the likelihood of
recovery by use of decompression;27,28 rapid-onset
compression needs decompression within 8–10 h,
whereas motor deficits need gradual compression
over 24–48 h and can be effectively reversed by
decompression within the following 7 days. In a clinical
report of 98 patients given radiotherapy for MSCC, more
patients who had neurological deficits that developed
more than 14 days before treatment showed improve-
ment of neurological function 2 weeks after radiotherapy
than patients who developed symptoms less than
14 days before treatment (86% vs 12%). Furthermore,
only 6% of patients with severe deterioration of motor
function that occurred within 48 h before treatment
showed improvement in neurological function.29

Clinical features 
Localisation
SEM is not evenly distributed throughout the spine:
60–80% occur in the thoracic spine, 15–30% in the
lumbosacral region, and fewer than 10% of ESCC
involves the cervical spine. Up to 50% of patients have
involvement of more than one area of the spine,30–33

which is proportional to the volume of bone in each
spinal region. The thoracic spine is most mechanically
prone to compression because of natural kyphosis
(posterior curvature) and because it occupies most of the
intrathecal cross section: the slightest indentation
further contributes to the likelihood of symptomatic
ESCC in the presence of epidural tumour. 

Symptoms and Signs
Pain and deficits in motor, sensory, and autonomic
function occur with MSCC. The table summarises the
incidence of these features.

Pain
The almost inevitable involvement of bone with tumour
means that pain is a ubiquitous sign of ESCC. 83–95%
of patients have had pain at the time of diagnosis for a
median of 8 weeks (or commonly much longer).3,12,14,36,37

Pain is initially localised, and typically increases in
intensity over several weeks. It may be worse after a
period of lying down because of distension of the
epidural venous plexus, and may be more persistent
with intradural lesions. Epidural and bony lesions
produce a more constant pain. Over time, pain may
become more radicular, especially with involvement of
the lumbosacral spine; thoracic epidural lesions can lead
to bilateral, gripping girdle discomfort.

Motor deficits 
60–85% of patients have weakness at the time of
diagnosis—the most apparent and problematic mani-
festation of ESCC.4,38 Moreover, two-thirds of patients
with ESCC are non-ambulatory when diagnosed.13,39

Pretreatment neurological status is by far the most

important predictor of function after treatment, which
emphasises the need for diagnosis before the onset of
weakness.39

ESCC at or above the conus medullaris leads
to weakness of the upper motor neuron and is usually
symmetric. The iliopsoas muscles are commonly
preferentially affected, and weakness is most severe
with thoracic ESCC.4

Sensory deficits 
Patients tend to be less aware of sensory deficits 
than they are of weakness. Sensory deficits are 
slightly less common than weakness, but are 
detectable in 40–90% of patients.3,40 Spinal sensory levels
are usually one to five segments below the anatomic
level of cord compression; radicular sensory loss or loss
of reflex is a more reliable localiser. One study4

suggested that root pain and sensory loss were more
common with lumbosacral SEM, whereas back pain and
bilateral leg weakness were more typical of thoracic
SEM. Lhermitte’s sign, characterised by electric-shock-
like sensations in the back and extremities with neck
flexion, can be seen with cervical or thoracic ESCC, but
may also be seen in non-compressive myelopathies
associated with chemotherapy or irradiation.

Bowel and bladder dysfunction
These disturbances tend to occur late in the
development of ESCC and match the degree of
weakness. However, given the advanced state at which
ESCC is commonly diagnosed, about half of patients
with ESCC are catheter-dependent at diagnosis. Patients
with an isolated difficulty of passing urine or faeces are
unlikely to have ESCC; urinary retention is the most
common problem associated with ESCC.

Other unusual features
Isolated gait ataxia has occasionally been reported 
with ESCC. Although sensory loss can lead to ataxia, gait
ataxia without substantial sensory impairment indicates
disruption of spinocerebellar pathways.41

Diagnosis 
Clinically suspected ESCC must be confirmed by
imaging not only to define the diagnosis, but also to
make informed decisions about surgery, radiotherapy,
chemotherapy, or supportive care and palliation. CT and
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Patients Pain (%) Weakness (%) Sensory Autonomic Ref
deficit (%) dysfunction (%)

398 83 67 90 48 3
153 88 61 78 40 4
130 96 76 51 57 12

79 70 91 46 44 34
77 94 85 57 52 35

Table: Clinical presentation of malignant spinal-cord compression 
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MRI remain the two most useful diagnostic and
management tools in MSCC. Management decisions are
changed by MRI results in more than 40% of patients.42

Plain radiographs 
Since the introduction of MRI and the ease of obtaining
MRI and CT, the role of plain radiographs in ESCC has
diminished. Collapsed vertebral bodies are associated
with ESCC in only 75% of patients and radiographs are
falsely negative in up to 17% of patients.3

Radionuclide bone scanning 
At present, bone scanning is not commonly used in the
assessment of ESCC, although a retrospective study43

suggested that patients with cancer who had back pain
but negative bone scans and plain radiographs had a
very low incidence of ESCC and could thus probably be
spared further radiographic assessment.

Myelography
Introduction of radio-opaque dye into the thecal sac—
myelography—defines the level and extent of epidural
compression and, before the development of CT, was the
mainstay of ESCC diagnosis. However, today it is rarely
used in this context.

CT 
This technique gives an opportunity to diagnose spinal-
cord compression and to find paraspinal masses.
Although soft-tissue structures and the spinal cord are
better assessed by use of MRI, CT is crucial for
planning the management of disease (especially for
implantation and instrumentation that may be needed
as a part of a surgical procedure). For the planning of
radiotherapy, CT can generate a dose plan and is needed
for 3-dimensional and conformal radiotherapy even if
MRI is used for diagnosis.

MRI
The imaging method of choice in the assessment of
ESCC is MRI because it is non-invasive, has high 
soft-tissue resolution, can image several planes, and 
can reconstruct. MRI has a sensitivity of 93%, a
specificity of 97%, and an overall diagnostic accuracy 
of 95% in detection of MSCC (figure 1).44 It can
distinguish benign and metastatic causes of vertebral-
body collapse with 97·6% sensitivity, 100·0% specificity,
and 98·2% overall accuracy. Because of the frequency of
several levels of compression, imaging of the entire
spine is recommended, although not always practical. 

Positron-emission tomography (PET)
PET imaging shows metabolic data by measurement of
15-fluorodeoxyglucose uptake. It has been used in the
study of ESCC both as a diagnostic tool, by
identification of regions of increased uptake
corresponding with metastatic deposits, and as a probe

for definition of functional state of the underlying
spinal cord.45,46 However, its anatomic resolution is poor
compared with MRI, which remains an expensive
method with sub-optimum sensitivity. PET data is only
just starting to be incorporated in software used to
design radiation portals and is therefore not a routine
diagnostic test.

Corticosteroids
Anecdotal reports47 first suggested that corticosteroids
could benefit patients with spinal-cord compression,
which have been shown to reduce oedema, inhibit
inflammatory responses, stabilise vascular membranes,
and delay the onset of neurological deficit in spinal-cord
compression.22 In a randomised comparison48 of
patients assigned radiotherapy with or without
corticosteroids, life-table analysis of patients with gait
function who were assigned dexamethasone had a
significantly better ambulatory outcomes than did
patients who were not assigned corticosteroid (p<0·05).
However, consensus ends with the agreement on the
efficacy of steroids on spinal-cord compression: there is
no agreement on the optimum dose to be used. High
doses in the range of 100 mg dexamethasone have been
compared with low doses (about 10 mg), and single
bolus doses with continuous therapy without clear
evidence of the benefit of one over the other.38,48,49

Without strong evidence for use of high doses of
steroids, any dose in the wide range of 16–100 mg
dexamethasone per day is probably appropriate
(although higher doses need a rapid taper if toxic effects
are to be minimised). Indeed, in patients with no
neurological dysfunction corticosteriods might be
avoided altogether.39

Radiotherapy
Although presence of metastatic disease in the
spine makes all subsequent therapy palliative, most
researchers regard the reversal of spinal compression
as invaluable to restoring quality of life, and as an
indication for therapy with curative intent in those with
limited disease elsewhere. Presence of the spinal cord
in immediate proximity limits the dose that can
be delivered if toxic effects are to be avoided (unless
sophisticated techniques are available to spare
the cord). 

Conventional external-beam fractionated radiotherapy
Dose and fractionation 
Various dose schedules have been tried for pain relief
and reversal of compression, from 8 Gy in one fraction,
20 Gy in five fractions, 30 Gy in ten fractions, to 40 Gy in
20 fractions. The most commonly used prescriptions are
30 Gy in 10 fractions and 8 Gy in one fraction.
A systematic review of various dose schedules by Sze
and colleagues50 found no difference in pain relief
between single fraction and multifraction radiotherapy.
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However, patients given single fractions needed
retreatment more often than did those given fractionated
treatment. Since fractionation helps lower the risk of
spinal-cord injury, single fraction radiation is reserved
for very sick patients. 

The optimum dose schedule for treatment of ESCC is
unknown. A randomised trial51 on different dose-
fractionation regimens for bone metastases generally
did not identify any substantial difference between
schedules that ranged from 30 Gy in five fractions to
27 Gy in 15 fractions. However, reanalysis51 suggested
that more fractions was associated with improved pain
control—a conclusion supported by a non-randomised
single centre study by Hoskin.52 Maranzano and co-
workers53 reported that two fractions of 8 Gy given
1 week apart in patients with ESCC who had poor
neurological outlook was safe and apparently as
efficacious as more conventional schedules, a finding
that requires further assessment. There was no
reported difference of improvement in motor
dysfunction with three different fractionation
schedules that ranged from 30 Gy in ten fractions to
40 Gy in 20 fractions.54 Most radiation oncologists
adhere to more typical schedules of 25–36 Gy delivered
in 10–15 fractions.

Radiotherapy for SEM generally has minimum side-
effects. When large portions of the gastrointestinal tract
are included in the treatment area, mucositis with
dysphagia or diarrhoea may occur. The spinal column
has a substantial number of blood-cell precursors, and
patients who have had much of their spine irradiated
may develop cytopenia; however, substantial fatigue and
nausea are uncommon with standard treatment
schedules.

Technique
Radiation should be centred on the site of epidural
compression. Up to 25% of patients develop recurrent
spinal-cord compression after irradiation, and 64% of
patients with early recurrence (ie, within 3 months) have
disease within two vertebral bodies of the site of initial
compression.5 Accordingly, the irradiated area should
extend to one and possibly two vertebral bodies above
and below the site of compression. Areas are oriented as
opposed laterals in the cervical spine to minimise doses
to the pharynx, as single posterior areas in the thoracic
spine, and as single posterior or anterior–posterior
opposed fields in the lumbar spine based on the
anatomical depth of the spine. Posterior areas are
centred on processes of the spine and kept symmetric
with a width of 6–8 cm at treatment depth. They may,
however, be extended laterally to include paraspinal
masses associated with the compression. Megavoltage
therapy is then usually given at 6 MeV, which is
sufficient for all but obese patients and
anterior–posterior treatments of the lumbar spine,
where higher energies of 12–15 MeV are used.

Intensity-modulated radiotherapy 
This technique is a specialised form of highly conformal
three-dimensional radiotherapy that is planned by use of
sophisticated computer-based methods and leads to a
high degree of control by irradiation of different
anatomical regions (figure 3). The possibility of
differential doses means that curative rather than
palliative radiotherapy can be given.

With retreatment of vertebral metastases, intensity-
modulated radiotherapy can minimise further doses to
the cord while delivering therapeutic doses to the disease.
Heidelberg55 studied 18 patients with 19 lesions who
were retreated for recurrent spinal metastases by use of
conformal radiation or intensity-modulated radiotherapy.
All patients had previously undergone conventional
radiotherapy and the indication for reirradiation was
tumour progression associated with pain or neurological
symptoms. After retreatment, overall local control was
94·7% and 81% of patients had significant pain relief;
42% of patients had neurological improvement and
tumour size was unchanged in 84%. No clinically
substantial late toxic effects were seen after conformal
radiotherapy or intensity-modulated radiotherapy.

Particle-beam therapy
Proton beams (figure 4) and other particulate beams
deposit their energy at precise and controllable depths,
and stop in the target; by contrast, X rays pass through
and exit healthy structures (ie, the spinal cord), which
limits the dose to the tumour as a function of the
increasing dose to the spinal cord. Issacson and
colleagues56 reported that the dose delivered to the
compressing mass could be increased to 68 Gy compared
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Figure 3: Intensity-modulated radiotherapy dose plan by use of helical
tomotherapy for treatment of thoracic spinal metastasis from lung cancer 
The high-dose zone (red) is shaped in a concave way to avoid the spinal cord.
Magenta outline denotes the target and the blue outline is the spinal cord.
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with a three-dimensional conformal photon dose of
57 Gy. Both methods delivered 40 Gy to the spinal cord
with a complication probability of 1% or less. Although
particle accelerators are not readily available at most
treatment facilities, they represent the role of developing
technology in this area. 57 Gy may be enough to treat all
but the most resistant tumours—eg, sarcomas and
melanomas—and the added benefit is small. 

Brachytherapy
The implantation of radioactive seeds near to the region
of spinal-cord compression is limited to a very small
group of patients who have good performance status and
expected long-term survival. Rogers and colleagues57

reported on brachytherapy combined with surgical
resection of involved bony elements. The source of
compression in all patients was malignant disease and
seven patients had radioresistant disease (sarcoma in
four patients, renal cancer in one, and colon cancer in
two). Permanent iodine-125 seeds in absorbable suture
were placed open to exposure after resection. 2-year
actual local control rate was 87·4% and at 3 years was
72·9%. 84% of patients had either normal or improved
ambulation after surgery and there were no
myelopathies or other neurological sequelae. The spinal
cord needs only a few millimetres of protection from
close proximity to brachytherapy sources, which can be
done by wrapping the spinal cord in several layers of
gold foil.58

Radiosurgery 
This technique refers to the use of a single high dose of
radiation delivered by use of stereotactic guidance to a
well-defined target volume. Moreover, a steep gradient
of radiation is introduced into the surrounding tissue
with high biological effectiveness. Radiosurgery is
commonly done in two to three courses and needs use of
a localisation and immobilisation appliance such as a
stereotactic frame. The poor tolerance of the spinal cord
to radiation compared with the brain has meant that
development of spinal radiosurgery has been slow.
Technological developments such as CyberKnife
(Accuray Corporation, CA, USA) and Helical
Tomotherapy (TomoTherapy Incorporated, WI, USA)
hold clinical potential. Although there are a few reports
on the safety of radiosurgery in ESCC,59–61 its role is still
limited and unproven in the routine management of
spinal-cord compression.

Prognosis and outcome
Prognosis
Radiotherapy is effective in the prevention of further
tumour growth and neurological damage in most
patients; it also generally ameliorates the pain of ESCC.
Definition of neurological status before treatment is an
important predictor of outcome, which depends on: the
extent of functional limitation when radiotherapy is
started; the tumour type, and the rapidity of onset of
neurological deficits. Radiotherapy maintained
ambulation in 80–100% of patients treated in several
series who had begun treatment when they were still
ambulatory.3,35,38 About one-third of patients who are not
mobile nor paraplegic before treatment will regain the
ability to walk, as will 2–6% of paraplegic patients. Rades
and colleagues62 found that rapid onset of neurological
deficits within 48 h in 14 of 57 patients was associated
with a worse outcome. No patients showed improve-
ment, 43% had no change, and 57% of patients showed
deterioration. 

The importance of tumour type in determination of
treatment outcome is intuitive because some tumours
(eg, lymphoma, myeloma, and cancers of the breast,
prostate, and small-cell lung) are more sensitive to
radiation than others (eg, melanoma and renal-cell
carcinoma). Although patients with radioresistant
tumours still get substantial palliation with radiation for
ESCC, the chances of major functional recovery or of a
long-term response to radiotherapy are much smaller
than patients with the radiosensitive tumours.4,12,39

The extent of subarachnoid block seen on MRI is a
predictor of outcome: an epidural metastasis that causes
minor impression on the thecal sac should have a better
outcome than a large mass that obliterates the
subarachnoid space, which encircles and deforms the
spinal cord.4,63 However, this predictor is a far weaker
prognostic factor than neurological status or tumour
histology.
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Figure 4: Proton-beam dose plan for a spinal metastases (bright red contour) 
High-dose zones are outside the spinal cord and wrap around the metastases. The maroon contour outside and to
the right of the isodose colour wash is the left kidney.
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Outcome and survival
The radiographic response of ESCC to radiotherapy has
not been carefully studied, especially in comparison with
MRI. In a series4 of patients undergoing repeat
myelography for various reasons 20–170 days after
initiation of radiotherapy, 47% had shrinkage of SEM,
37% had stable disease, and 16% had progression.

Median survival in patients undergoing radiotherapy
for ESCC varies between 3 months and 6 months
according to historical series. Survival is higher in
patients who are ambulatory either before or after
irradiation4,39 Patients with radiosensitive tumours and
single spinal metastasis have longer survival than
patients with lung cancer, multiple vertebral metastases,
or visceral or brain metastases33,64–66 From the perspective
of neurological prognosis, about 10% of patients
eventually have local recurrence,67,68 and risk of
recurrence increases with survival: 50% of 2-year
survivors and nearly all 3-year survivors will develop
recurrence.12,38,69 Furthermore, about 50% of patients
surviving at 1 year are still ambulatory at that time.

Surgery 
Surgery remains the only method that leads to
immediate relief of spinal compression and direct
mechanical stabilisation of a diseased and weakened
vertebral column. Indications for surgery include: any
patient with MSCC who can undergo surgical
decompression and fixation; direct compression in the
setting of intraspinal bony fragments, which are unlikely
to respond to radiation; an unstable spine where direct
fixation and stabilisation is the only way to preserve
ambulation; impending sphincteric dysfunction that
prompts rapid decompression; no response to
radiotherapy; and a radiation dose to spinal cord already
at tolerance from previous radiotherapy.

Results of a multicentre comparison70 of surgical
decompression and radiation with radiotherapy alone
concluded that patients with spinal-cord compression
who were treated with radical, direct decompressive
surgery and postoperative radiotherapy regained the
ability to walk more often and maintained it longer than
did patients treated with radiation alone. Surgery
permits most patients to remain ambulatory and
continent for the remainder of their lives whereas
patients given radiation alone spend about two-thirds of
their remaining time unable to walk and incontinent.
This multicentre study may change practice and allow
patients to be considered for procedures that they are
often denied on the basis of their general condition,
permitting better quality of life with aggressive surgical
management in those patients who meet eligibility
criteria for surgery.

Laminectomy 
Removal of the posterior neural arch of the vertebra
(laminectomy) decompresses the spinal canal and spinal

cord, but has only been proven to help when
compression is posterior. In anterior spinal-cord
compression (the more common form) there is loss of
spinal stability when posterior elements are removed,
leading to neurological deterioration. Findlay71 noted
that 51% of patients with spinal-cord compression had
vertebral collapse (defined as over 50% loss of vertebral
height) and that 25% of patients treated with
laminectomy sustained major neurological deterioration
associated with surgery. Therefore, this procedure
should be reserved for the removal of posterior lesions. 

Anterior decompression
Thoracotomy or retroperitoneal dissection—methods of
anterior decompression—allows total removal of the
pathological vertebral body and the tumour mass.21 The
diseased vertebral body is then replaced with cement
(methyl 2-methacrylate) and various fixation devices
(figures 5 and 6).72–74 Traditional bone grafting is not used
because the bed is often too diseased to support the graft
and because the postoperative radiation that is invariably
used will reduce the chances of graft acceptance. Yen and
co-workers74 found that 24 of 26 patients (92%) who died
before completion of the study had a stable spine as a
reuslt of surgery (mean postoperative survival 271 days).
During accrual of these patients, 20 others were not
enrolled because they were in poor general condition,
which highlights that even when the surgeon is willing,
only half the patients are actually candidates for this
extensive procedure. A retrospective study of neoplastic
spinal-cord compression by Sundaresan and colleagues75

to define the effectiveness of surgical treatment and the
quality of life in patients with potential morbidity who
were undergoing extensive procedures found that, over a
5-year period, 110 patients had surgery, 43% of which did
not respond to previous radiotherapy. 82% of patients
improved after surgery, in terms of pain relief and
ambulation. Apart from the nature of primary tumour,
presence of paraparesis before surgery had the most
substantial effect on survival. The researchers suggested
that effective surgical treatment of neoplastic
compression in most patients needs anterior–posterior
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Figure 5: Patient with a plasmacytoma metastasis involving anterior and posterior bony elements with SCC
and wedge compression of the vertebral body as shown on T1-weighted (A) and T2-weighted (B) MRI 
The mass was treated with anterior and posterior surgery and fixation (C) with reversal of neurological deficit.
The surgical bed was then irradiated.
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resection by use of instrumentation to achieve total
tumour resection. Therefore, long-term survival is
feasible in a subset of patients by use of this aggressive
surgical approach.

Surgery versus radiotherapy 
The need to identify patients who will benefit from
surgical decompression has prompted several
retrospective and a few prospective comparisons of the
outcomes for radiotherapy with those for surgery, some of
which12,13,35,37,39 did not find significant differences in
outcome for radiation alone compared with laminectomy
and radiation. A retrospective study by Gilbert and co-
workers12 found no advantage for addition of laminectomy
to irradiation in treatment of spinal-cord compression.
Clinical findings12 in 130 consecutive cases of spinal-cord
compression caused by metastatic extradural tumours
were compared with 105 matched historic controls. 
65 patients had surgery and radiotherapy and 170 patients
received radiotherapy alone (patients with lymphoma or
paraplegia usually received radiotherapy alone). 46% of
patients in the laminectomy group were ambulatory after
treatment compared with 49% of those in the radiation-
alone group.

A small prospective study37 of laminectomy and
radiotherapy by Young and colleagues randomly assigned
29 patients laminectomy and radiation (16 patients) or
radiation alone (13 patients). Three of six patients in the
surgically treated group who were ambulatory before
treatment remained so after treatment, whereas five of
five patients in the radiation-alone group retained
ambulation after radiotherapy. 44% of non-ambulatory
patients were mobile after laminectomy compared with
33% of patients after radiation. By 4 months, mobility for
patients in both groups was 33%, and sphincter function
and pain relief were similar for each group. 

In the multicentre prospective randomised trial
previously discussed,70 the researchers sought to define
the efficacy of radical surgical resection of metastatic
tumours that caused spinal-cord compression. Patients
were randomly assigned either surgery followed by
radiotherapy (surgery group) or radiotherapy alone
(radiation group). The intent of surgery in all patients
was to remove as much tumour as possible, provide
immediate decompression, and to stabilise the spine.
All tumours were metastatic from solid malignant
primary tumours and lesions were located anteriorly in
60% of patients, laterally in 15%, and posteriorly in 20%
in both groups, who were treated with the same
corticosteroid protocol and given total radiation doses of
30 Gy. Patients assigned surgery retained the ability to
walk significantly longer than did those assigned
radiotherapy alone (median time 126 days vs 35 days,
p=0·006). The surgery group also maintained
continence and functional scores as assessed by Frankel
and the American Spinal Injury Association
significantly longer than did patients in the radiation
group.

Conclusion 
When feasible, surgical management should be offered
to patients with malignant spinal-cord compression.
Radiotherapy is an excellent adjuvant to surgery in
patients and may be used as the only management in
patients who are unsuitable for surgery or when
palliation is the aim.
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Paraneoplastic neurological disorders (PNDs) 
are disorders of the nervous system that occur 
in association with cancer, but are not due to 
a local effect of the tumor or its metastases. 
They are detectable in approximately 1% of 
adult patients with cancer and may affect any 
structure of the nervous system from brain 
to muscle [1]. PNDs of the peripheral nervous 
system include muscle diseases (polymyositis/
dermatomyositis), neuromuscular disorders (i.e., 
Lambert–Eaton myasthenic syndrome [LEMS]) 
and polyneuropathies. In the CNS, PND can 
present as stiff-man syndrome, subacute cer-
ebellar degeneration (SCD), encephalomyeli-
tis, opsoclonus–myoclonus syndrome (OMS) 
or cancer-associated retinopathies. In some 
patients, different PNDs can overlap [2]. The 
clinical syndromes are not exclusively cancer-
associated. In LEMS, approximately 50–70% 
of the patients have an underlying tumor [3]. 
However, some syndromes are more often can-
cer-associated and, therefore, have been classified 
as ‘classical syndromes’ [4]. The most frequent 
tumors associated with PND are small-cell lung 
cancer (SCLC), gynecological malignancies and 
lymphoma [1]. PND precedes the detection of 
the tumor in the majority of patients, but can 

occur at any time after a cancer diagnosis [1,4]. 
The occurrence of cross-reactive autoantibod-
ies against nervous system and tumor anti-
gens suggests an autoimmune pathogenesis of 
PND. This hypothesis led to different thera-
peutic strategies using immunosuppressive and 
immunomodulatory drugs. 

Paraneoplastic disorders of the 
neuromuscular junction
Three autoimmune diseases of the neuro-
muscular junction are currently known – myas-
thenia gravis (MG), LEMS and neuromyotonia – 
and all of them can also occur as a paraneoplastic 
syndrome [5].

Myasthenia gravis clinically presents with proxi-
mal muscle weakness and fatigability, mostly start-
ing with ocular symptoms. In 10–30% of cases, 
an underlying thymoma or, much less frequently, 
a thymic carcinoma can be found. Approximately 
85% of the patients have autoantibodies against 
the acetyl choline receptor (AchR) of the neuro-
muscular junction [5]. Approximately half of 
the anti-AchR antibody-negative patients have 
autoantibodies against another protein, MUSK, 
a muscle-specific kinase, that is associated with 
the AchR. 
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Similar to MG, LEMS patients also have muscle weakness and 
fatigability of proximal muscles. However, LEMS patients also 
present with autonomic disturbances, such as gastrointestinal 
dysmotility, incontinence and erectile dysfunction. In 50–60% 
of the cases, LEMS is associated with SCLC. Autoantibodies 
against the presynaptic P/Q-type voltage-gated calcium chan-
nel (VGCC) are detectable in almost all LEMS patients, with 
and without underlying SCLC, and are highly specific for the 
disease [6]. Neuromyotonia (Isaac’s syndrome) is a rare neu-
rological disorder showing spontaneous muscle fiber activity, 
muscle cramps and weakness. Delayed muscle relaxation (myo-
tonia), myokymia and sweating can be additional features [7]. 
Autoantibodies against presynaptic voltage-gated K+-channels 
(anti-VGKC) can be found [8]. Neuromyotonia has been described 
as a paraneoplastic syndrome associated with thymoma, SCLC 
or Hodgkin’s disease [9–11]. 

The receptor or ion channel autoantibodies in these diseases are 
highly specific and their pathogenecity has been proven in different 
studies. However, they can not identify paraneoplastic forms of the 
diseases. In MG, the detection of anti-titin antibodies has only a 
weak sensitivity and specificity for the identification of thymoma in 
patients younger than 60 years of age [12–14]. In LEMS patients, anti-
SOX1-antibodies have been described as a potential tool to distin-
guish paraneoplastic from idiopathic LEMS. Between 30 and 40% 
of all SCLC patients were positive for anti-SOX1-antibodies [15]. 
Recently, anti-SOX1-antibodies have been described in patients 
with paraneoplastic LEMS. Between 64 and 67% of paraneoplastic 
(SCLC-associated) LEMS patients were positive for anti-SOX1, 
whereas none of the idiopathic LEMS patients were positive [16,17]. 

For MG, neuromyotonia and LEMS, the pathogenecity of the 
humoral immune process is well established. In MG, anti-AchR 
autoantibodies cause loss of functional AchR by a combination 

of antigenic modulation of AchR numbers and complement-
dependent lysis of the postsynaptic membrane [18]. In neuro-
myotonia, anti-VGKC antibodies have been shown to reduce K+ 
channel function [19]. LEMS IgG inhibits the calcium influx into 
human lung cancer cell lines [20] and LEMS IgG injected in mice 
causes electrophysiological disturbances of the neuromuscular 
junction [21].

Most immunosuppressive or immunomodulatory therapies and 
plasmapheresis have been shown to be effective in paraneoplastic 
disorders of the neuromuscular junction (Table 1). Thymectomy 
cannot only improve the paraneoplastic (thymoma-associated) 
MG, but also MG in younger patients without detectable thy-
moma [22]. However, most patients require immunosuppression 
and symptomatic treatment [23,24]. 

In paraneoplastic and nonparaneoplastic LEMS, 3,4-diamino-
pyridine is the first (symptomatic) treatment [25]. SCLC-associated 
LEMS patients usually have chemotherapy, which stabilizes or 
improves the neurological syndrome [26]. In patients with an aggres-
sive course of LEMS, steroids, azathioprine, IVIg or plasmapheresis 
have been shown to be effective [27–30]. 

Both paraneoplastic and nonparaneoplastic neuromyotonia also 
respond to immunomodulatory treatment [31,32]. Most patients 
show good improvement after plasma exchange or intravenous 
immunoglobulins [31,32]. 

Paraneoplastic syndromes of the peripheral nervous 
system & CNS
Clinical features
Every structure in the peripheral nervous system or CNS can be 
affected by PND. However, no syndrome is specifically para-
neoplastic, it can also have other causes. Most PNDs have a sub-
acute onset and lead to severe disability. A few syndromes are more 

Table 1. Surface-binding autoantibodies in paraneoplastic syndromes.

Autoantibody Syndromes Tumors Treatment Ref.

Anti-NMDA receptor Limbic encephalitis Ovarian teratoma
Hodgkin’s lymphoma

Tumor treatment
Plasma exchange, steroids

[42,83]

Anti-AMPA receptor Limbic encephalitis Lung, breast, thymus Tumor treatment
Regular improvement after immunotherapy†

[45]

Anti-GABA(B) receptor Limbic encephalitis with mainly 
seizures

Seven out of 
15 patients
Mainly SCLC

Nine out of ten patients improved after 
immunotherapy† and/or cancer treatment

[84]

Anti-VGCC (P/Q-type)

Anti-VGCC (N-type)

LEMS with or without cerebellar 
involvement
LEMS/autonomic dysfunction

SCLC

SCLC

3,4-diaminopyridine, steroids, IVIg, plasma 
exchange

[6,28,80]

Anti-VGKC Limbic encephalitis
Neuromyotonia

SCLC, thymus, 
prostate, breast

Steroids, IVIg, plasma exchange [8,32,82]

Anti-aquaporin4 NMO spectrum disorders Breast, lung, thymus Steroids, plasma exchange [86]

Anti-nAChR(a3) Autonomic neuropathy Lung (SCLC and 
adenocarcinoma)

Steroids, plasma exchange, IVIg [110,111]

These autoantibodies are not specific for underlying malignancy, but can occur in a paraneoplastic context. 
†Not further specified.
AMPA: Amino-3-hydroxyl-5-methyl-4-isoxazole-propionate; GABA: g-aminobutyric acid; IVIg: Intravenous immunoglobin; LEMS: Lambert–Eaton myasthenic 
syndrome; nAChR: Nicotinic acetylcholine receptor; NMO: Neuromyelitis optica; SCLC: Small-cell lung cancer; VGCC: Voltage-gated calcium channel;  
VGKC: Voltage-gated potassium channel.
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‘typical’ paraneoplastic, and according to the diagnostic criteria 
are called ‘classical’ PNDs (Table 2) [33]. The classical syndromes 
are described later.

Subacute sensory neuronopathy (SSN) involves a subacute onset of 
numbness and often pain, which can be asymmetrical at onset. The 
upper limbs are involved early and patients have a severe disturbance 
of the sense of joint position, often leading to pseudoathetotic move-
ments of the fingers. SSN is frequently associated with other CNS 
PNDs, mainly encephalomyelitis. Neurophysiological examination 
shows reduced or absent sensory nerve action potentials; however, 
approximately 50% of patients also show abnormalities in motor 
nerve conduction studies [34]. Pathologic examination shows primary 
damage of the dorsal root ganglion neurons; therefore, the term 
‘neuronopathy’ is used in this syndrome. The syndrome is mainly 
associated with SCLC and anti-Hu and/or anti-CV2/CRMP5 anti-
bodies (for different autoantibody nomenclature see box 1). Other 
forms of neuro pathies have also been described as PNDs, but the 
association with a tumor is less frequent than SSN. 

Gastrointestinal pseudo-obstruction results from a disturbance 
of the neurons in the digestive system and can present with marked 
constipation and even ileus. Additionally, dysphagia, vomiting 
and gastroparesis may occur. SCLC is the main under lying tumor, 

and anti-Hu or anti-CV2/CRMP5 antibodies can be detectable. 
However, in some cases pseudoobstruction may occur as a part 
of a generalized autonomic neuropathy and can also be associated 
with autoantibodies against neuronal AchRs [35].

Subacute cerebellar degeneration, an acute onset of cerebellar 
dysfunction, is characterized by severe ataxia of both the trunk 
and limbs, nystagmus and leads to severe disability, even leaving 
some patients bedridden. It is mainly associated with lung cancer, 
Hodgkin’s lymphoma and gynecological/breast tumors. Different 
autoantibodies, such as anti-Hu, anti-Yo or anti-Tr, have been 
described in association with cerebellar degeneration (Table 2), and 
are more or less specific for a distinct tumor type [36]. Interestingly, 
SCD in patients with non-SCLC can be associated with auto-
antibodies directed against the protein kinase Cg, a key protein 
in Purkinje cells [37]. The syndrome rarely responds to immuno-
suppressive therapy, and most patients remain severely disabled. 
Two patients with subacute cerebellar ataxia and glutamate receptor 
autoantibodies a few years after Hodgkin’s lymphoma have been 
described, but due to the long gap between the lymphoma and 
the onset of the ataxia, a possible paraneoplastic etiology remains 
unclear [38]. Anti-VGCC autoantibodies have been described in 
SCLC patients with LEMS and cerebellar dysfunction [6]. However, 

Table 2. Classical paraneoplastic neurological syndromes: clinical syndromes, autoantibodies and 
associated tumors.

Clinical syndrome Autoantibody Associated tumor(s)

Paraneoplastic neuropathy (typically sensory neuronopathy 
Denny-Brown, but other forms of neuropathy have been reported)

Anti-Hu
ANA
Anti-CV2/CRMP5
ANNA-3
Anti-synaptophysin

Multiple (majority SCLC)
Multiple (majority gyn)
Lung cancer
SCLC
SCLC

Paraneoplastic cerebellar degeneration Anti-Hu
Anti-ANNA-3
Anti-Yo
Anti-Tr

SCLC
SCLC
Ovarian and breast cancer, 
Hodgkin’s lymphoma

Opsoclonus–myoclonus syndrome† Anti-Ri
Anti-Hu/atypical

Breast, SCLC
Neuroblastoma, SCLC

Limbic encephalitis Anti-Hu
Anti-Ma
Anti-PCA-2
Anti-CV2/CRMP5
Anti-NMDA

SCLC
Testicular cancer
SCLC
SCLC
Ovarian teratoma

Encephalomyelitis Anti-Hu
Anti-Ma
Anti-PCA-2

Multiple (majority SCLC)
Testicular cancer
SCLC

Cancer-associated retinopathy Anti-recoverin
Anti-transducin
Anti-a-enolase

SCLC, others

Gastrointestinal pseudoobstruction Anti-Hu SCLC

Lambert–Eaton myasthenic syndrome Anti-VGCC
Anti-SOX1‡

SCLC

One clinical syndrome can be associated with different antibodies and different tumor types. The most frequently occurring autoantibody for each syndrome is given 
in bold.  
†Most patients have no detectable antineuronal antibodies. 
‡Marker of SCLC.
ANA: Antinuclear antibodies; Gyn: Gynecological tumors; SCLC: Small-cell lung cancer; VGCC: Voltage-gated calcium channel.
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since these antibodies are specific for LEMS, and can also occur in 
nonparaneoplastic LEMS with cerebellar involvement, their role in 
cerebellar dysfunction remains to be elucidated.

Opsoclonus–myoclonus syndrome is a combination of omni-
directional, oscillating eye movements (opsoclonus), myoclonus and 
severe ataxia. In adults, the paraneoplastic form is rare and mainly 
associated with SCLC or breast cancer, and in the latter, anti-Ri 
antibodies can be found [39,40]. Adult patients often worsen to a 
generalized CNS dysfunction, whereas the prognosis in children is 
mainly determined by the developmental disturbances. 

Limbic encephalitis (LE) includes seizures, psychiatric dis-
turbances and (short-term) memory dysfunction [33]. Different 
tumors are associated with paraneoplastic LE: SCLC, testicular 
cancer and ovarian teratoma are the most frequent tumors [41]. 
In recent years, several subtypes have been identified, each of 
them with a distinct clinical and immunological phenotype [42]. 
The concept of LE has substantially changed, as ion channels 
and receptors have also been identified in some of these patients. 
In contrast to LE associated with autoantibodies against typical 
intracellular antigens (anti-Hu, anti-Ma and anti-CRMP5), LE 
patients with potassium channel-, NMDA- or AMPA-receptor 
autoantibodies often do respond to immunosuppressive or 
immuno modulatory treatment. This response to treatment 
seems to be independent from the presence of an underlying 
tumor [42–45].

Some other syndromes have also been reported to be paraneo-
plastic: stiff-person syndrome is characterized by increased muscle 
stiffness of the trunk and upper leg muscles. The paraneoplastic 
form can be associated with anti-amphiphysin antibodies, whereas 
most cases of nonparaneoplastic stiff-person syndrome have auto-
antibodies against glutamate decarboxylase (anti-GAD abs) [46]. 
Paraneoplastic chorea has been described in cancer patients, 
mostly in association with lung cancer and anti-CRMP5 anti-
bodies [47,48]. In most of these patients, the chorea was part of a 
multifocal syndrome, including visual loss, peripheral neuropathy 
or LE [47]. A paraneoplastic visual loss caused by optic neuritis or 
retinitis has also been reported in association with SCLC or renal 
carcinoma and anti-CRMP5 antibodies [49].

If a definite or possible paraneoplastic syndrome has been diag-
nosed [33], the crucial step is the identification and treatment of 
the underlying tumor. Approximately 60–70% of PNDs precede 
the tumor up to several years. The early detection of the tumor 
may increase the probability of curative treatment. In general, 
the detection of a defined antineuronal antibody makes it highly 

probable that a neurological syndrome is paraneoplastic. Some 
of the autoantibodies are associated with a distinct clinical syn-
drome, for example, anti-Tr is almost exclusively associated with 
cere bellar degeneration [50]. However, in most cases, the autoan-
tibody specificity points to a special tumor type (e.g., anti-Hu is 
mostly associated with SCLC), and most tumors can be found 
by CT or MRI scan of thoracic, abdominal and pelvic regions [1]. 
If a patient has a classical PND, a defined antineuronal autoan-
tibody and the tumor screening was negative using a CT scan 
or MRI, a whole-body PET with fluorodeoxyglucose should be 
performed [51,52].

Treatment of PND still remains difficult. Anti-Hu-positive 
patients do not normally respond to immunosuppressive treat-
ment. The only therapy that stabilizes these patients is the tumor 
treatment itself [53,54]. Although the treatment response of PND 
is poor, patients with anti-Hu seem to have a better prognosis of 
their tumor disease [54]. In other PNDs associated with defined 
antineuronal autoantibodies, only a few patients have been 
reported to respond to treatment [55]. Some patients with rap-
idly developed paraneoplastic neuropathy without antineuronal 
antibodies showed an improvement after immunosuppression or 
plasmapheresis [56,57]. Most patients with LE and ion channel- 
or receptor-autoantibodies also respond to immunosuppressive 
or immunomodulatory treatment [42–45]. In LE patients with 
intracellular antibodies, Ma2-positive patients may respond bet-
ter to immunosuppression than patients with anti-Hu or anti-
CRMP5 [58]. Intravenous immunoglobulins for the treatment 
of PNDs have only been recommended for LEMS and pediatric 
OMS [59].

Immunological features
Autoantibodies
More than 30 years ago, Wilkinson described autoantibodies 
in sera of patients with neuromyopathy [60]. These antibodies 
react with different groups of antigens, expressed not only in the 
nervous system, but also in the tumor tissue of these patients [61]. 

Autoantibodies against intracellular (onconeuronal) antigens
The most frequent antibody in PND is anti-Hu (named according 
to the index patient). Anti-Hu reacts with a group of 35–40 kDa 
RNA-binding proteins and is expressed in the nuclei and to a 
lower extent in the cytoplasm of neurons. Most patients have 
SCLC and mainly paraneoplastic encephalomyelitis, often asso-
ciated with a sensory neuronopathy [1]. Most autoantibodies 
described in PND are directed against intracellular autoantigens: 
anti-Ri, which reacts with the NOVA-1 and NOVA-2 antigens, is 
mainly associated with breast or lung cancer; and anti-Ri-positive 
patients show mainly brainstem or cerebellar dysfunction and a 
third show opsoclonus [39,62–64]. Anti-Ma antibodies have recently 
been reported to bind to a family of new neuronal proteins, which 
are also expressed in the testis and in the patient’s tumors, but 
not in other tissues [65,66]. Sera containing antibodies directed 
against Ma1 and Ma2 recognize 37 kD and 40 kD proteins in the 
brain and testis and are associated with brainstem encephalitis and 
cerebellar degeneration in various tumors [65]. Patients exhibiting 

Box 1. Autoantibody nomenclature.

• Anti-Hu: ANNA-1

• Anti-Ri: ANNA-2

• Anti-Yo: PCA-1

• Anti-CV2: Anti-CRMP5

In some cases, one antineuronal antibody has different abbreviations – either 
according to the index patient or a systematic nomenclature.
ANNA: Anti-neuronal nuclear antibody; CRMP5: Collapsin-response mediator 
protein 5; PCA: Purkinje cell antibody.
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anti-Ma2 antibodies have predominantly limbic and/or brain-
stem encephalitis, and most of them have germ cell tumors [67]. 
Interestingly, in patients with isolated anti-Ma2 antibodies, the 
neurological syndrome can improve or even resolve with tumor 
therapy [67].

In patients with SCD, anti-Yo antibody occurs in associa-
tion with gynecological or breast cancer [68]. Anti-Tr antibod-
ies have been described in patients with Hodgkin’s lymphoma 
and show a punctate staining in the Purkinje cell cytoplasm 
and dendrites, but no reactivity on the Western blot has been 
found yet [50]. 

An autoantibody directed against glial structures (anti-
CV2/CRMP5) has been described in paraneoplasia patients with 
lung cancer or thymoma [69,70]. In contrast to anti-Hu-positive 
patients, who predominantly show encephalomyelitis and/or sub-
acute sensory neuronopathy, anti-CV2/CRMP5 patients more 
often have cerebellar ataxia, sensorimotor neuropathy, chorea, 
uveoretinal symptoms or LEMS [47–49]. In these patients, the 
overlapping of different syndromes is very common [47]. The 
anti bodies recognize the 66 kD protein Ulip4/CRMP5, a 
member of a protein family related to axonal guidance, which 
is expressed in oligodendrocytes and peripheral nerves [69–71]. 
Anti-CV2/CRMP5 is probably the most frequent autoantibody 
after anti-Hu [72]. 

Recently, some more antineuronal autoantibodies in PND 
patients have been described (see also Table 2): a new Purkinje 
cell autoantibody (PCA-2) has been reported in SCLC patients 
with different PNDs [73]. This antibody is directed against a 
280 kD protein expressed in Purkinje cell somata and dendrites 
and in SCLC. The patients had brainstem encephalitis or LE, 
or cerebellar ataxia. Another antineuronal antibody (ANNA-3) 
shows reactivity to neuronal and Purkinje cell nuclei with a 
corresponding 170 kD band in Western blot ana lysis [74]. Most 
ANNA-3-positive patients had SCLC and sensorimotor neuro-
pathy, cerebellar ataxia, brainstem encephalitis or LE. More 
recently, synaptophysin was identified as a new autoantigen 
in a patient with paraneoplastic neuropathy and SCLC [75]. 
Breast cancer or SCLC patients with paraneoplastic stiff-man 
syndrome can have autoantibodies against amphiphysin, a syn-
aptic protein [46,76,77]. Interestingly, passive cotransfer of anti-
amphiphysin IgG and encephalitogenic T cells into rats can 
induce the disease in these animals [77]. In cancer-associated 
retinopathy, different auto antibodies, including autoantibod-
ies against a-enolase, transducin and recoverin, have been 
found [78]. The latter have been shown to induce apoptosis of 
retinal neurons in vitro [79].

Autoantibodies against receptors or ion/water channels
The receptor autoantibodies associated with paraneoplastic syn-
dromes of the neuromuscular junction have been described above. 
In autonomic neuropathies, antibodies against the a3 subunit of 
the neuronal AChR have been described with and without associ-
ated tumor, and these antibodies have been proven to be patho-
genic (Table 1) [35]. The paraneoplastic forms were mainly associ-
ated with lung tumors. Autoantibodies against N-type VGCC 

can also be observed in autonomic neuropathies [80]. Since the 
N-type VGCC antibodies can also be found in paraneoplastic and 
nonparaneoplastic LEMS, their clinical and pathohysiological role 
remains to be determined.

The first CNS disease which was described in association with 
a receptor autoantibody was LE [81]. Antibodies against VGKC 
could be detected in both paraneoplastic and nonparaneoplastic 
LE [82]. Interestingly, a significant proportion of these patients 
respond to immunotherapy. Antibodies against VGKC could also 
be found in neuromyotonia (see above) [8,32]. 

Autoantibodies against different subtypes of glutamate recep-
tors, NMDA and AMPA receptors have been described in both 
paraneoplastic and nonparaneoplastic encephalitis [42,45,83]. 
Patients with NMDA-receptor encephalitis show a combination of 
neuro psychiatric symptoms, seizures, movement disturbances and 
later severe autonomic disturbances, including central hypoven-
tilation [42]. Most paraneoplastic patients with NMDA-receptor 
autoantibodies were females with ovarian teratoma – only one 
male had Hodgkin’s lymphoma [42,83]. Patients with AMPA 
receptor autoantibodies were predominantly female and showed 
LE, most of them associated with lung or breast cancer or thy-
moma [45]. Another autoantibody directed against the GABA(B) 
receptor was very recently described in LE [84]. These patients 
had mainly seizures and approximately 50% of the patients had 
an underlying tumor, mainly SCLC. 

Recently, aquaporin-4, a water channel expressed in the CNS, 
could be identified as the antigenic target of autoantibodies associ-
ated with neuromyelitis optica [85]. However, these antibodies could 
also be observed in patients with neuromyelitis optica-spectrum 
disorder and tumors [86].

Physiopathology of PND
As described above, the pathogenic effect of autoantibodies 
directed against receptors or ion channels on the surface of 
the neuromuscular junction is well established. However, in 
CNS PNDs, although an intrathecal synthesis of antineuro-
nal antibodies is frequent, a strong pathogenic effect of auto-
antibodies against intracellular proteins, such as HuD or Ma, 
is very unlikely. A cytotoxic effect of antineuronal antibodies 
on primary neuronal cultures, but not on tumor cell lines, has 
been demonstrated in vitro [87–89]. Several attempts to estab-
lish an autoantibody-mediated PND in animals have failed. 
Immunization of mice with Yo protein resulted in a high-titer 
antibody response, but did not induce neurological disturbances 
in these animals [90]. Additionally, passive transfer of anti-Hu 
or anti-Yo antibodies into animals did not induce neurological 
disease. In some smaller series, patients with anti-Hu-positive 
PND, were treated with plasmapheresis. Although the autoan-
tibody titers decreased significantly, no clinical improvement 
could be seen, indicating that the anti-Hu antibodies themselves 
are not pathogenic [53].

It is also unclear why patients with the same tumors, for exam-
ple, SCLC, develop different autoantibodies. The expression of the 
corresponding autoantigen by the tumor is one ‘conditio sine qua 
non’ to produce autoantibodies – all SCLCs express Hu-antigens. 



Expert Rev. Neurother. 10(10), (2010)1564

Review Blaes & Tschernatsch

However, not all SCLC patients develop auto immunity. This 
could be related to the MHC I expression of the tumor and with 
a special MHC (HLA) genotype, since without the adequate 
MHC I on the tumor cells and on the immune cells, the patient’s 
immune system should not be able to recognize the antigen and 
to develop autoimmunity. 

Recently, some authors found evidence for the involvement of 
T-cell-mediated autoimmunity in PND. Albert et al. described 
the occurence of tumor-specific cytotoxic T lymphocytes reac-
tive against the onconeural antigen cdr2, which is expressed in 
ovarian carcinoma and Purkinje cells [91]. In another study, a 
limited repertoire of the T-cell receptor Vb chain has been found 
in CD8+ T cells in the tumor and CNS of anti-Hu-positive PND 
patients [92]. In anti-Hu-positive PND patients, HuD-specific 
type 2 CD8+ T cells can be detected, indicating that these cells 
could be involved in cell-mediated injury of the nervous sys-
tem [93]. Recently, Pellkofer and coworkers reported inflamma-
tory lesions in the brain after transferring Ma-reactive cytotoxic 
T cells into rats [94]. Recently, a mouse model of spontaneous 
developing SCLC was established and approximately 20% of 
these animals develop anti-Hu antibodies without neurological 
disturbances [95]. This model is not only a promising tool for 
tumor immune-interaction and development of PNDs, but it also 
shows that autoantibodies do not cause PND alone.

In contrast to autoantibodies against intracellular (onco-
neuronal) antigens, antibodies directed against surface structures, 
such as ion/water channels or receptors, are much more likely to 
be pathogenic. For autoantibodies associated with neuromuscular 
junction autoimmunity, this has already been proven [5,19,20]. The 
pathogenicity of autoantibodies against neuronal AChR has also 
been shown in an animal model [35]. Anti-VGKC antibodies were 
shown to be pathogenic in neuromyotonia [19]; however, their pos-
sible mechanism of action in LE is not yet clear. NMDA receptor 
autoantibodies induce a reversible decrease of NMDA receptor 
clusters in the postsynaptic dendrites of primary cultured hippo-
campal neurons [42]. Autoantibodies against the AMPA receptor 
decrease the number of synaptic AMPA receptor clusters [45]. Both 
observations support the hypothesis of an autoantibody-mediated 
form of LE.

Tumors & tumor immunogenecity in PND 
The most frequent tumors of PND patients are SCLCs, gyne-
cological tumors, lymphoma and, in children, neuroblastoma. 
In some tumor patients, low-titer antineuronal antibodies 
can be detectable without associated PND [96]. Interestingly, 
SCLC patients with antineuronal or other autoantibodies have 
a better prognosis than SCLC without autoantibodies [97,98]. 
Neuroblastoma, the most common solid extracerebral tumor in 
childhood, was also reported to have a better prognosis, if asso-
ciated with a paraneoplastic OMS [99]. However, it is unclear 
whether the improved prognosis of paraneoplasia patients is 
the result of an effective anti-tumoral immune response or is 
caused by a better differentiated, underlying tumor type. All 
SCLCs express the HuD protein, which is one of the identi-
fied autoantigens in PND patients. However, SCLC in PND 

patients have been reported to express MHC class I molecules, 
which is not expressed in most nonparaneoplastic SCLCs [100]. 
In childhood OMS, the associated neuroblastoma seem to be 
better differentiated than other neuroblastoma and exhibit only 
a single copy of the n-myc gene, which is associated with a 
favorable outcome [101]. 

Childhood paraneoplastic neurological symptoms
In children, paraneoplastic neurological syndromes have also been 
described. LE is found in children with and without ovarian tera-
toma, and is associated with autoantibodies against the NMDA-
receptor [42]. Paraneoplastic cerebellar degeneration associated 
with Purkinje cell autoantibodies has been reported in a child 
with Hodgkin’s disease [102]. 

The most frequent PND in childhood is OMS, which is almost 
exclusively associated with a neuroblastoma. The neurological 
disease antecedes the tumor in most cases, and approximately 
1–2% of neuroblastoma patients develop OMS. Apart from ops-
oclonus, myoclonus and severe truncal ataxia as main symptoms, 
sleep disturbances and excessive irritability, as well as learning and 
behavioral difficulties in the long-term course of the disease can 
occur (review in [103]). 

Although anti-Hu antibodies have been described in some 
childhood OMS, most of these children, but not adults, have 
functionally active autoantibodies binding to the surface of 
neuroblastoma cells and cerebellar granular neurons [104–106]. 
Interestingly, the B-cell-activating factor BAFF, which plays a 
major role in the survival of B cells and the development of auto-
immunity, correlates with autoantibody levels in the cerebrospinal 
fluid of OMS children [107].

Opsoclonus–myoclonus syndrome regularly responds to 
immuno suppressive or immunomodulatory treatment. Intermittent 
and continuous treatment with steroids, ACTH, plasma exchange 
and IVIg has been used regularly [103]. Additionally, the anti-CD20 
antibody rituximab has been used in the treatment of OMS [108]. It 
has also been suggested that an early chemotherapy may improve 
the neurological outcome in these children [109]. 

Expert commentary
Although the treatment of paraneoplastic neurological disorders 
is still difficult, progress has been made in the understanding of 
the physiopathology of these syndromes. Most antibody-posi-
tive PNDs are associated with antineuronal antibodies directed 
against intra cellular antigens. These antibodies are highly specific 
for the detection of a paraneoplastic syndrome. However, they 
are unlikely to play a major role in the pathogenesis of PND. 
Different studies suggest a more T-cell-driven autoimmune 
process in these syndromes. 

Autoimmune disorders of the neuromuscular junction are 
mainly caused by pathogenic autoantibodies against receptors 
or ion channels. Surprisingly, an increasing group of patients, 
mainly with LE, both paraneoplastic and nonparaneoplastic, are 
also associated with such antibodies, especially directed against 
potassium channels, NMDA  and AMPA receptors or GABA 
receptors. Although the receptor antibodies are not specifically 
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paraneoplastic, in this special group a pathogenic role of the auto-
antibodies is much more likely and these patients often respond 
to immunosuppressive or immunomodulatory treatment.

Five-year view
Research on paraneoplastic neurological syndromes in the last 
20 years mainly focused on the exact characterization of the clini-
cal syndromes and the identification of specific onconeuronal 
antigens. In recent years, the pathogenic role of T cells in PND 
has been established. Very recently, a SCLC animal model, includ-
ing anti-Hu autoimmunity, has been developed. This model is 
a first substantial step in the understanding of tumor–immune 
interactions and will also lead to an improved understanding of 
the pathogenesis of onconeuronal autoimmunity. The develop-
ment of a PND animal model is one of the crucial steps within 
the next years. On the other hand, the discovery of NMDA- and 
AMPA-receptor antibodies in a subgroup of paraneoplastic LE 
may offer a different therapeutic course in these patients. Since 
many of them respond to immune therapies, the pathogenic role 
of these autoantibodies should be established in vivo. 

One major drawback is still the late diagnosis of PND. If a treat-
ment of the PNDs is to be successful, immunosuppression has to 
start earlier to prevent T-cell-mediated irreversible damage in the 
nervous system. Therefore, further development of standardized, 
specific antineuronal antibody tests are necessary. 

In view of the promising results in the last 3 years, it is very 
likely that there will be a better characterization of antibody-
mediated forms of PND in the next years, which are obvi-
ously easier to treat with immunosuppressants. Further steps 
in the development of a PND animal model have become more 
likely by the description of an anti-Hu associated SCLC model 
in mice.
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Key issues

• Recent findings on T-cell immunology in paraneoplastic neurological disorders (PNDs) and the development of a small-cell lung cancer 
mouse model with anti-Hu antibodies are promising developments in the physiopathology of PND.

• Autoantibodies against onconeuronal antigens are highly specific and should prompt an extensive tumor search in antibody-positive 
patients.

• Patients with a classical paraneoplastic syndrome and a defined antineuronal autoantibody should have a fluorodeoxyglucose-PET, if 
conventional tumor search was not successful.

• In patients with PND of the neuromuscular junction, limbic encephalitis or autonomic neuropathies associated with ion 
channel/receptor-autoantibodies, immunosuppressive or immunomodulatory treatment is promising to improve the disease.

• PNDs with autoantibodies against (intracellular) onconeuronal antibodies do not normally respond to immunosuppressive treatment, 
only tumor therapy stabilizes the syndrome.
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Central nervous system neuronal surface antibody
associated syndromes: review and guidelines
for recognition
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ABSTRACT
The concept of antibody mediated CNS disorders is
relatively recent. The classical CNS paraneoplastic
neurological syndromes are thought to be T cell
mediated, and the onconeural antibodies merely
biomarkers for the presence of the tumour. Thus it was
thought that antibodies rarely, if ever, cause CNS
disease. Over the past 10 years, identification of
autoimmune forms of encephalitis with antibodies
against neuronal surface antigens, particularly the
voltage gated potassium channel complex proteins or the
glutamate N-methyl-D-aspartate receptor, have shown
that CNS disorders, often without associated
tumours, can be antibody mediated and benefit from
immunomodulatory therapies. The clinical spectrum
of these diseases is not yet fully explored, there may be
others yet to be discovered and some types of more
common disorders (eg, epilepsy or psychosis) may prove
to have an autoimmune basis. Here, the known
conditions associated with neuronal surface antibodies
are briefly reviewed, some general aspects of these
syndromes are considered and guidelines that could help
in the recognition of further disorders are suggested.

INTRODUCTION
Well recognised conditions such as myasthenia
gravis (MG) and the LamberteEaton myasthenic
syndrome (LEMS) have been shown by rigorous
experimental approaches to be antibody mediated.
The antibodies are directed against essential
membrane receptors or ion channels involved in
transmission at the neuromuscular junction; the
antibodies bind to extracellular epitopes on the
membrane proteins; plasma exchange leads to clear
clinical benefit; and both in vitro and passive
transfer experiments show that the IgG antibodies
are pathogenic.1

Several antibodies to ‘onconeural’ antigens are
found in CNS disorders associated with cancers
(paraneoplastic neurological syndromes),2e4

including antibodies to Hu (Hu-Abs), and many
others.5 However, as the targets of these antibodies
are intracellular proteins, and patients do not
usually improve with immunotherapy, their path-
ogenic roles are not clear. Rather, it is thought
that T cell cytotoxicity is a more likely mechanism
to account for the neuronal cell loss that occurs
in these rare but serious conditions. T cell cyto-
toxicity could also contribute in patients with
antibodies to glutamic acid decarboxylase (GAD-
Abs) as these are also directed against an intracel-

lular antigen, but at very high levels are associated
with non-paraneoplastic forms of stiff person
syndrome (SPS) and other CNS disorders.6 7

Over the past few years it has become increas-
ingly clear that there are CNS syndromes associated
with antibodies that bind to cell surface determi-
nants of membrane associated proteins on neuronal
cells and are likely to be pathogenic.8 9 Here we call
these antibodies ‘neuronal surface antibodies’
(NSAbs), and the diseases associated with them,
NSAb syndromes (NSAS). These syndromes can be
indistinguishable at presentation from classical
paraneoplastic syndromes, such as limbic encepha-
litis (LE), but one is a newly defined entity,
N-methyl-D-aspartate receptor antibody (NMDAR-
Ab) encephalitis.10 These syndromes can be diag-
nosed by serum/CSF antibody tests, are not so rare,
are frequently non-paraneoplastic and they respond
to immunotherapy with a good chance of
substantial recovery.8e12

Although these syndromes are beginning to be
widely recognised, there are likely to be others for
which no NSAb has yet been defined and in which
immunotherapies have not yet been tested. There is
a need, therefore, to define guidelines for their
recognition so that an immune mediated basis can
be explored. In this review, we start by comparing
conditions that are associated with antibodies to
intracellular antigens with those that are associated
with antibodies to cell surface antigens. We then
summarise the main clinical and paraclinical
features of the syndromes that have already been
identified and, largely from these observations,
suggest guidelines for recognising these and other
immune mediated conditions in the future. We
concentrate on the diseases predominantly
affecting the ‘grey ’ matter, and will not include
those diseases such as neuromyelitis optica and
acute disseminated encephalomyelitis in which
antibodies to ‘white’matter glial or myelin antigens
have also recently been discovered.13 14

GENERAL FEATURES OF DISEASES ASSOCIATED
WITH ANTIBODIES TO INTRACELLULAR
ANTIGENS VERSUS THOSE WITH NSABS
Table 1 summarises some features of the CNS
autoimmune syndromes according to the presence
of onconeural antibodies or NSAbs. Patients with
onconeural Abs present at ages which are typical of
the tumours but those with NSAbs can occur at
any age. LE and the more complex NMDAR-Ab
encephalopathy are, to date, the most frequent
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presentations in the NSAS and more common than either
cerebellar degeneration or encephalomyelitis with onconeural/
intracellular antibodies. Tumours can be present, particularly
small cell lung cancer (SCLC), ovarian and breast cancers with
onconeural antibodies, and ovarian teratomas, thymomas, breast
and lung cancers with the NSAS, but many of the NSAS
patients do not have tumours. Evidence of CSF inflammation,
including oligoclonal bands, can be present in both groups but
a normal CSF is more common with some of the NSAS.2 3 8 9

The most important distinctions relate to the course and
treatment responses. Patients with onconeural antibodies
usually present subacutely and often have a relentlessly
progressive course, despite immunotherapies, although there
may be stabilisation of the neurological syndrome if tumour
treatment is effective.4 By contrast, patients with NSAbs may
have an acute or subacute onset, usually with short duration to
nadir, and can make a very good response to immunotherapies.
In additions to tumour treatment if required; in many cases
immunotherapies can be weaned over a year or two, suggesting
that the condition is monophasic.8

It is generally accepted that the onconeural antibodies are
markers for the immune mediated process but not pathogenic;
Tcell cytotoxicity towards the same or other antigens is thought
to be causative, mostly based on postmortem observations of
abundant T cell infiltrates in the brain parenchyma in close
apposition with neurons. The NSAS are not well studied yet
but T cell infiltration is less conspicuous in the few reports of
patients with anti-NMDAR encephalitis.4 6 8

WELL DEFINED CNS SYNDROMES ASSOCIATED WITH NSABS
Features of the main syndromes recognised so far are summar-
ised in table 2. NSAbs have, of course, been described in the

neuromuscular junction disorders, as mentioned above. In CNS
syndromes, voltage gated potassium channel (VGKC)-Abs were
first identified by immunoprecipitation in Morvan’s syndromes
and then in non-paraneoplastic LE.15 16 Voltage gated calcium
channels (VGCC) and metabotropic glutamate receptor 1
(mGluR1) antibodies were found in some patients with cere-
bellar degeneration (see below).17 18 In LE, serum VGKC-Abs
were also shown to label rodent hippocampus by indirect
immunohistochemistry,16 and these and other serum or CSF
antibodies that bind to the hippocampal molecular layer region
rich in synaptic connections were subsequently designated
‘neuropil’ antibodies.19 A novel and frequent target is the NMDA
sensitive glutamate receptor,20 while other less frequent neuropil
antibodies are against a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA),21 gamma-aminobutyric acid B
(GABAB)22 and type 5 metabotropic glutamate (mGluR5)
receptors.23 Subsequently, it became clear that antibodies
immunoprecipitating VGKC extracted from mammalian brain
do not target the VGKC, as originally thought,16 24 25 but
proteins that are tightly complexed with VGKC in situ, mainly
leucine rich glioma inactivated 1 protein (LGI1) or contactin
associated protein 2 (CASPR2).26e28 Both of these proteins are
expressed in the hippocampus although the localisation is subtly
different.26 We now call these antibodies VGKC complex anti-
bodies generically, or LGI1 and CASPR2 specifically. Contactin
2 is another component of the complex but antibodies to this
protein are not very common.26

Limbic encephalitis
LE is a well recognised condition characterised by subacute
development of short term memory loss, behavioural change
and seizures involving the temporomedial lobes and the

Table 1 CNS syndromes associated with antineuronal antibodies

Classical paraneoplastic CNS syndromes
associated with onconeural antibodies

CNS syndromes associated with neuronal
surface antibodies

Main syndromes PCD
Encephalomyelitis
LE
Brainstem encephalitis

LE
Morvan’s syndrome
NMDAR-Ab encephalitis
PERM
Cerebellar ataxia

Age range (years) and sex Mainly adults (40e70); both genders
(PCD more frequent in women).

NMDAR-Ab encephalitis common in children
and young women

Antibodies commonly detected or
recently reported

Antibodies against intracellular antigens
or PNS related onconeural antibodies
(Hu, Yo, Ri, Ma2, Cv2/CRMP5, amphiphysin, Sox1/2)

Antibodies to VGKC complex antigens
(LGI1 or CASPR2), NMDAR, AMPAR,
GABABR, GlyR, VGCC-Ab, mGluR1, mGluR5*

Tumours SCLC, breast, ovary, testicular Teratoma, thymoma, SCLC, breast
No tumour found in many cases, particularly
LE associated with LGI1-Ab

Relationship between antibody
and tumour

Antibody usually indicates the presence
of a particular tumour type

Antibody presence does not indicate
if a case is paraneoplastic

Immunotherapy Not usually effective Generally effective

Outcome Poor; improvement or stabilisation related
mainly to tumour treatment

Variable but generally good; possible
spontaneous remission

Neuropathology Loss of neurons, gliosis, T cell infiltrates in
close apposition to neurons, some with
immunophenotype of cytotoxic T cells

Limited data Variable T cells,
B cells and plasma cell infiltrates but less
intense than in patients with paraneoplastic
disease.9a

Prevalent pathogenic mechanism Antibodies are markers for the tumour and
are not likely to be pathogenic. T cell
cytotoxicity is the proposed pathogenic
mechanism

Autoantibody mediated, probably downregulation
of target antigen but may be complement
mediated damage in some conditions

*Glutamic acid decarboxylase (GAD) antibodies are not neuronal surface antibodies as they target an intracellular antigen but they do not generally associate with tumours, and are
considered to be markers of immune mediated syndromes.
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CASPR2, contactin associated protein 2; GABABR, gamma-aminobutyric acid B receptor; GlyR, glycine receptor;
LE, limbic encephalitis; LGI1-Ab, leucine rich glioma inactivated 1 protein antibody; mGluR, metabotropic glutamate receptor; NMDAR-Ab, N-methyl-D-aspartate receptor antibody; PCD,
paraneoplastic cerebellar degeneration; PERM, progressive encephalomyelitis with rigidity and myoclonus; PNS, paraneoplastic neurological syndromes; SCLC, small cell lung cancer; VGCC-
Ab, voltage gated calcium channel antibody; VGKC, voltage gated potassium channel.
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amygdalae, with variable evidence of CSF inflammation and
neuronal antibodies.2 29 For years it was considered a rare
paraneoplastic disorder with a poor prognosis but it is now
recognised that LE is frequently non-paraneoplastic.9 30 In a few
cases reported, a single clinical feature (eg, seizures, amnesia,
delirium, psychosis) can be prominent or isolated; therefore, the
concepts of autoimmune forms of encephalopathy, psychiatric
disorders, epilepsy or dementia are beginning to be explored (for
example, see Vincent et al,31 Flanagan et al,32 Vernino et al,33

Zandi et al34and Kayser et al35).

LE associated with VGKC complex antibodies
VGKC-Abs associated LE was the first immunotherapy respon-
sive NSAb associated CNS syndrome to be well characterised30 36

and since then it has become widely recognised. A high
proportion of patients with LE have LGI1-Abs, and a few have
CASPR2-Abs, but there are other VGKC complex proteins yet to
be defined and the antibodies are best identified by the estab-
lished radioimmunoprecipitation assay.24 26 Approximately 60%
of patients have MRI evidence of medial temporal lobe inflam-
mation but pleocytosis or other CSF changes are uncommon,
and oligoclonal bands are rare.26 30 Patients respond within a few
weeks to intense immunotherapies with good or very good
outcomes, but even without treatment a few patients have
shown spontaneous improvement.16 26 Interestingly, a distinc-
tive seizure semiology, termed faciobrachial dystonic seizures,
can be identified before manifestation of LE, and these seizures
respond rapidly to immunotherapies, which might prevent the
onset of cognitive dysfunction and more widespread seizures in
future cases.12

A rarer condition associated with VGKC-complex-Abs is
Morvan’s syndrome, characterised by insomnia and psychosis,
peripheral nerve hyperexcitability (including neuromyotonia and
pain) and dysautonomic features.15 37 38 CASPR2-Abs are more
common than LGI1-Abs in Morvan’s syndrome but some

patients have both specificities or neither. Around 40% of
patients with Morvan’s syndrome have tumours, often recur-
rent or malignant thymomas, sometimes associated with
previous MG, and these patients have a poor prognosis.
However, those patients without tumours do well with
immunotherapies.26

Less frequent NSAbs associated with LE
LE can also associate with antibodies against AMPA and GABAB

receptors.21 22 These often have a classical LE phenotype and
many have tumours, including SCLC, thyroid and breast
tumours. There may be prominent psychiatric features with
AMPA receptor antibodies (AMPAR-Abs) and prominent
seizures with GABAB receptor antibodies (GABABR-Abs) but
only small cases series have been reported so far.21 22 39 40

GABABR-Abs are probably the most common antibodies found
in LE in association with SCLC, previously thought to be
‘seronegative’ for onconeural antibodies.40 41 Most of the
patients with GABABR-Abs or AMPAR-Abs who receive
immunotherapy and cancer treatment show neurological
improvement although relapses have been observed with
AMPAR-Abs.21 22

Another novel NSAb has been recently described against type
5 mGluR (mGluR5) in two patients with prominent limbic
encephalopathy and Hodgkin lymphoma (namely Ophelia
syndrome).23

Although not NSAbs, GAD-Abs have been identified in
younger females with a form of LE, presenting mainly with
temporal lobe epilepsy and MRI evidence of temporal lobe
inflammation; these patients did not usually respond well to
immunotherapies but were not treated aggressively at onset.42

NMDAR-Ab encephalitis
The encephalitis associated with NMDAR-Ab is a well charac-
terised and recognisable condition, distinct from the forms of LE

Table 2 Neuronal surface antibody associated syndromes

Syndrome Antibodies Particular clinical features Possible tumours
Immunotherapy
response

In vitro evidence of Ab
pathogenicity

Frequency or No of
cases reported

NMDAR-Ab
encephalitis

NMDAR Dyskinetic movements,
decreased consciousness,
psychiatric presentation in
young women. Epilepsy and
abnormal movements more
frequent at onset in children

Ovarian teratoma. Rare
in children. Up to 50%
after age 18 years

Yes In vitro and in vivo reduction
of NMDA receptors

Common syndrome.
More than 500 cases
reported, mainly in USA

LE LGI1
CASPR2
(<10%)

Male predominance, hyponatraemia,
faciobrachial dystonic seizures,
myoclonus

Rare with LGI1-Ab.
Thymoma in some
with CASPR2-Ab

Yes In vitro production of
epileptogenic activity in
brain slices

Common syndrome
More than 600 cases
reported, mainly in UK

AMPAR Possible isolated psychiatric
symptoms

70% (lung, breast,
thymus)

Yes, frequent
relapses

Downregulation of AMPA
receptors

14

GABABR Prominent seizures 60% (SCLC) Yes None 25

mGluR5 Ophelia syndrome Hodgkin lymphoma Unknown None 2

Morvan’s
syndrome

CASPR2 Encephalopathy, peripheral
nerve hyperexcitability,
dysautonomia

Thymoma Yes Not tested 9

PERM GlyR Encephalomyelitis with
myoclonus, rigidity and
brainstem signs

Thymoma Yes Not tested 6

Cerebellar
ataxia

VGCC Possible coexistence
of LEMS

SCLC Poor Not tested 16

mGluR1 Remote history of Hodgkin
lymphoma

Hodgkin lymphoma Yes In vivo 3

The frequencies given depend on reported cases. Many cases are being diagnosed but are not reported.
Ab, antibody; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CASPR2, contactin associated
protein 2; GABABR, gamma-aminobutyric acid B receptor; GlyR, glycine receptor; LE, limbic encephalitis; LEMS, Lambert-Eaton myasthenic syndrome; LGI1-Ab, leucine rich glioma
inactivated 1 protein antibody; mGluR, metabotropic glutamate receptor; NMDA, N-methyl-D-aspartate; NMDAR, N-methyl-D-aspartate receptor; PERM, progressive encephalomyelitis with
rigidity and myoclonus; SCLC, small cell lung cancer; VGCC, voltage gated calcium channel.
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described above.10 However, in distinction to most patients with
typical LE, a high proportion of patients are children or young
women who may initially be seen or admitted to psychiatric
wards for acute anxiety, behavioural change or psychosis.
Within a few days the presence of seizures or neuropsychological
deficits is recognised, defining an organic condition, and within
days or weeks reduced consciousness, movement disorders,
hypoventilation and autonomic imbalance often require admis-
sion to intensive care units.10 Up to 50% of young adult female
patients have an ovarian teratoma, but these are much less
common in children.10 11 Importantly, MRI is frequently not
informative but pleocytosis at onset is very common.10 11 In
children, the disease can present with behavioural disturbance
and dyskinesias43 and in the past such patients have often been
classified as encephalitis lethargica.44 Relapses can occur in
20e25% of non-paraneoplastic patients and they can be sepa-
rated by months or years.10 11

PERM and GlyR-Ab associated conditions
A few patients with a well recognised but rare condition,
progressive encephalomyelitis with rigidity and myoclonus
(PERM), which is part of the spectrum of SPS,45 have GAD-Abs
but some are now being identified with antibodies against
glycine receptors (GlyR-Abs).46e48 PERM was initially described
as a subacute disorder characterised by muscle rigidity, stimulus
sensitive spasms, brainstem dysfunction with poor prognosis
and pathological findings (often post mortem) of perivascular
lymphocyte cuffing and neuronal loss in the brainstem and
spinal cord. Generalised myoclonus, hyperekplexia, cerebellar
ataxia and autonomic dysfunction were later described.45 A few
reports of GlyR-Abs in single cases and a series of three patients
show a wide spectrum of features on presentation with often
prominent brainstem dysfunction and little MRI or CSF
evidence of inflammation46 47; one patient presented with an
immunotherapy responsive isolated medial temporal lobe status
epilepticus (Zuliani et al in preparation).49 One had a thymoma,
with dramatic improvement after surgery and immuno-
therapy.48 Despite the apparent rarity of the condition, patients
with GlyR-Abs, in distinction to most of those with GAD-Abs,
seem to do well on immunotherapies; however, one patient who
also had NMDAR-Abs died before testing for either antibody
was available.50

Cerebellar ataxia associated with NSAbs
Antibodies (VGCC-Abs) against voltage gated calcium channels
(VGCC-Abs) were demonstrated to be present in some cases of
cerebellar degeneration in association with lung tumours.17

However, the lack of response to immunotherapies, despite
improvement of coexistent LEMS, suggested that the antibodies
are unlikely to be contributing to the cerebellar pathology (or
alternatively that they cause permanent Purkinje cell damage
before treatment can be initiated).17 51 Antibodies to mGluR1
were initially reported in two patients with subacute cerebellar
degeneration and a past history of Hodgkin disease and were
shown in passive transfer to lead to ataxia in experimental
animals.18 One other patient with this antibody without
a tumour and with a partial treatment response has been
reported.52 A recent study using a proteomic approach to iden-
tify potential NSAbs in patients with non-paraneoplastic cere-
bellar ataxia identified CASPR2-Abs in a total of nine of 88 (10%)
idiopathic ataxia patients compared with 2% in neurological
controls.53 Systematic studies are required to examine the full
repertoire of antibodies in this heterogeneous condition early
during the disease course, and to test treatment responses.

Proof of the pathogenicity of NSAbs
Despite the very good clinical evidence that many of the
syndromes described above are antibody mediated, there is little
direct experimental evidence to prove this concept. There are
studies on the effects of the serum or CSF IgG antibodies on
neuronal function in cultured cells21 54 55 or on brain slices56 but
the transfer of clinical or electrophysiological evidence of disease
to experimental animals by either systemic or intrathecal
injection has not yet been reported, with the exception
of mGluR1-Ab in paraneoplastic cerebellar degeneration,18 and
reports of GAD or amphiphysin antibodies that target intracel-
lular antigens (see below).57 58

WELL DEFINED CNS SYNDROMES WITHOUT IDENTIFIED
NSABS
There are several syndromes which are well recognised and
generally thought to be immune mediated but in which
a potentially pathogenic antibody has not been defined. Below
we remind the reader of these syndromes and recent work that
may lead to discovery of relevant NSAbs.

Stiff person syndrome and related disorders
The autoimmune basis of SPS (reviewed by Meinck and
Thompson45) is supported by response to immunomodula-
tion,45 59 association with organ specific autoimmune diseases,
high titre GAD-Abs (often intrathecally synthesised)7 or
amphiphysin-Abs in paraneoplastic cases.60 61 A direct patho-
genic role for antibodies against GAD and amphiphysin, both
intracellular antigens, is controversial but successful passive
transfer to rodents from patients both with GAD-Abs58 and
amphiphysin-Abs57 are encouraging, in the latter case with
evidence of internalisation of antibodies into the neurons. These
experiments suggest that there are pathogenic antibodies that
can access the presynaptic nerve terminal but more work needs
to be done to define more clearly how this occurs, and the
possibility of NSAbs coexisting with GAD-Abs needs to be
explored.

Opsoclonusemyoclonus syndrome
Opsoclonusemyoclonus syndrome (OMS) is a rare disorder
characterised by chaotic saccadic eye movements, myoclonus,
ataxia and encephalopathy. It is best characterised in infants
who often have neuroblastomas, but in some the disease appears
to be non-paraneoplastic; the acute disease remits but the chil-
dren are often left with cognitive and other problems. Immu-
notherapies appear to be of benefit but no systematic studies
have been reported. There is also an idiopathic adult onset OMS,
frequently in women, who have a monophasic course with
a good response to intravenous immunoglobulins or corticoste-
roids.62 By contrast, a paraneoplastic form of OMS is more
common in older women and associated with breast cancer and
SCLC.63 Some evidence of possible NSAbs that are able to induce
apoptosis of neuroblastoma cell lines has been shown in children
but not in adults.64e67

Cerebellar ataxia without identified NSAbs
Post-infectious cerebellitis
This condition is well known in children68 but adult cases have
also been reported.69 Like OMS, it tends to improve spontane-
ously but often leaves long term deficits, especially in adults.69

Most cases are not associated with any identified antibody
although autoantibodies cross reacting with EpsteineBarr virus
have been reported,70 and autoimmune mechanisms are likely.
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Cerebellar ataxia associated with antibodies against non-onconeural
intracellular antigens
In cases of cerebellar ataxia without evidence of a tumour or
onconeural antibodies, there is some evidence for potential
autoimmune mechanisms. Antibodies against intracellular
antigens have been reported in patients with non-paraneoplastic
cerebellar ataxia (eg, Homer3)71 72 and also with coexisting
coeliac disease/gluten sensitivity (ie, antigliadin antibodies cross
reacting with cerebellar antigens) although the latter hypothesis
remains controversial.73 In addition, a more insidious course is
described in non-paraneoplastic GAD-Ab associated cerebellar
syndromes in which an autoimmune mechanism is further
supported by CSF inflammation and polyendocrine autoimmu-
nity.7 74 In each of these situations the possibility of NSAbs
should be considered in the future.

OTHER POSSIBLE NSAS
There are many reports of patients in whom an NSAb mediated
mechanism may be present even though they do not present as
one of the conditions described above. For example, there are
patients reported with epilepsy75e77 or psychosis34 35 78 with
GAD, VGKC complex or other NSAbs; others with GAD-Ab
associated nystagmus79 or palatal tremor.80e82 Moreover, there
are CNS disorders for which a role for autoantibodies has been
hypothesised but is still controversial. These include post-
streptococcal neurological and psychiatric syndromes, Syden-
ham’s chorea with antibodies targeting ‘basal ganglia antigens’
and also encephalopathies associated with systemic autoim-
munity (ie, antiphospholipid syndrome and neuropsychiatric
lupus) or organ specific conditions for which a vasculitic or
ischaemic mechanism can be excluded.83 Hashimoto’s encepha-
lopathy, also called steroid responsive encephalopathy associated
with autoimmune thyroiditis, is an example of the latter group
and is only defined by the presence of serum thyroperoxidase or
thyroglobulin antibodies, often without evidence of thyroid
dysfunction.84 Given the high frequency of thyroid antibodies in
the normal population, it is likely that in some cases they are
incidental and that NSAbs are the real pathogenic agent; indeed,
thyroid antibodies were found coexisting with NMDAR or
VGKC-complex-Abs in a recent study of LE.85 Finally, there are
many forms of childhood encephalitis and epilepsy which are
often treated with steroids but are not yet recognised as anti-
body mediated, although cases with VGKC complex, GAD or
NMDAR-Abs are beginning to be reported.86 87 Below we
consider how one might go about recognising these conditions
and defining NSAS for future diagnosis and management.

ANTIBODY SCREENING
Indirect immunohistochemisty or immunofluorescence on fixed
and/or frozen rat brain tissue is commonly used as a preliminary
screen to identify recognisable staining patterns that represent
intracellular or surface (eg, neuropil) antibodies, although
sensitivity, particularly for the latter, depends on laboratory
expertise. The target of the antibodies may be strongly suspected
from these results, but should be confirmed by more specific
techniques. Commercial assays for immunoblotting with
recombinant proteins for the most common/well characterised
onconeural antibodies (Hu, Ma2, CV2/CRMP5, Ri, amphi-
physin) are widely available. GAD-Abs and VGKC complex
antibodies are often detected by radioimmunoassay but a GAD-
Ab ELISA and a GAD-Ab immunoblot test are also available.

The gold standard for NSAb detection (and for other anti-
bodies against cell surface antigensdeg, AQP4) is an assay based

on mammalian cells (generally human embryonic kidney cells)
transiently transfected with the antigen of interest and incu-
bated with the patient’s serum, diluted 1:10 or greater (or CSF,
usually diluted from 1:1e1:10). Positive samples are visually
identified at the (unpermeabilised) cell surface or throughout
the (permeabilised) cell using an antihuman IgG tagged with
a fluorescent dye. This technique, commonly named a cell
based or cell binding assay, is sensitive and specific, as only one
antigenic target is overexpressed in these cells.
Given the plethora of antibodies that have been reported so

far, the clinician faced with the dilemma of which antibody to
test first, especially if indirect immunohistochemisty or immu-
nofluorescence gave inconsistent results, should bear in mind
that most NSAb related CNS disorders are covered by NMDAR-
Abs and VGKC-complex Abs. If the sample proves negative for
both, it may be worth referring to a laboratory with research
experience in this area and requesting other antibodies.
However, multiple antibody testing (for NMDAR, LGI1,
CASPR2, AMPAR, GABABR and GlyR) may be the way forward
as there are now beginning to be commercial assays consisting of
mosaics of cells displaying different NSAbs (similar to the single
antibody test reported by Wandinger and colleagues88).
If no antibodies are positive with these specific tests, immu-

nostaining of live hippocampal or other neurons may detect
other NSAbs in patients. This approach, not yet available
commercially, would allow detection of potentially pathogenic
NSAbs, justify immunotherapies and could lead to identification
of new antigens in the future.

IMMUNOTHERAPY
There is no consensus or evidence base to indicate which type of
immunotherapies should be tried in these patients but in well
defined syndromes it is thought important to start early,
without waiting for the results of the antibody determinations,
and while screening of the tumour is conducted. First-line
treatments are intravenous followed by oral high dose cortico-
steroids, intravenous immunoglobulins or plasma exchange, and
frequently a combination of these (plasma exchange preceding
intravenous immunoglobulins). Most patients with encephalitis
associated with NSAbs respond within weeks of first-line
treatments but responses can be slow in patients with NMDAR-
Ab encephalitis. For non-responders, if the tumour screen is
negative, a second-line immunotherapy, with rituximab, cyclo-
phosphamide, or both, has been suggested.10 There are no data
on the value of chronic long term immunotherapy to prevent
relapses in those syndromes that do so (mainly NMDAR-Ab
encephalitis) although patients who are not treated with
immunotherapy at the first event seem to have a higher risk for
relapses.89 Based on the authors’ experience, weaning should be
very careful. Serial estimations of antibody levels, in serum and
CSF if available, can be helpful.

APPROACH TO THE RECOGNITION OF NSAS
Well defined syndromes
If the clinical features are typical of a well defined syndrome,
such as LE or OMS, after exclusion of other potential causes
(infective, trauma, toxic, metabolic, tumours or histories of
previous CNS disease), the priority is to rule out a paraneoplastic
syndrome, as previously established.2 A search for a tumour
should be undertaken and testing of serum, and CSF if possible,
performed for onconeural antibodies, for those NSAbs that are
currently available (NMDAR, VGKC complex proteins) and also
for GAD-Abs. If a tumour is found or if onconeural antibodies

Zuliani L, Graus F, Giometto B, et al. J Neurol Neurosurg Psychiatry (2012). doi:10.1136/jnnp-2011-301237 5 of 8

Neuro-inflammation

 group.bmj.com on April 11, 2012 - Published by jnnp.bmj.comDownloaded from 

http://jnnp.bmj.com/
http://group.bmj.com/


are positive, the syndrome will be a definite paraneoplastic
neurological syndrome,2 and tumour therapy and immuno-
therapy can be performed. Irrespective of the presence of
a tumour, a positive NSAb would justify the diagnosis of NSAS
and more intensive immunotherapy; a screen for specific
tumours should be intensified (eg, teratoma for NMDAR-Abs or
thymoma for VGKC-Abs).

Suspected NSAS
In case of other neurological syndromes, the following
three criteria can be used to suggest a possible immune mediated
cause associated with an NSAb. Supportive features are not
mandatory but their presence would strengthen the diagnostic
suspicion and help the subsequent diagnostic classification.

Criteria
< Acute or subacute (<12 weeks) onset of symptoms
< Evidence of CNS inflammation (at least one of):

– CSF (lymphocytic pleocytosis, CSF specific oligoclonal
bands or elevated IgG index);

– MRI (eg, mediotemporal lobes FLAIR/T2 hyperintensities
in case of a LE-like syndromedotherwise unexplained (eg,
post-seizure); or enhancement of cerebellar sulci) or
functional imaging (hypermetabolism on fluorodeoxyglu-
cose-positron emission tomography or hyperperfusion on

single photon emission computed tomography in the
acuteesubacute phase);

– inflammatory neuropathology (lymphocytic infiltrates or
other signs of immune activation) on biopsy.

< Exclusion of other causes (infective, trauma, toxic, metabolic,
tumours, demyelinating or histories of previous CNS disease).

Supportive features
< History of other antibody mediated disorders (eg. MG) or

organ specific autoimmunity.
< Preceding infectious, febrile illness or viral disease-like

prodromes; this follows the recognition that (1) many cases
of autoimmune encephalitis (eg, NMDAR) are preceded
by prodromes and that (2) a CNS (as well as a peripheral
nervous system) disorder with an acute or subacute onset
following a viral disease can be generated by a parainfectious
autoimmune mechanism.

As all of these conditions can associate with tumours, screening
for onconeural antibodies should be performed.2 If a tumour is
found or onconeural antibodies are positive, the syndrome will
be a paraneoplastic neurological syndrome, definite or possible
according to the Graus criteria.2 Meanwhile, a search for NSAbs
and GAD-Abs should not be delayed, and while waiting for the
results, a trial of immunotherapy can be started. Even in patients
who are negative for the known NSAbs, a trial with steroids and

Figure 1 Flowchart indicating our suggestions for approaches to the recognition and diagnostic criteria for the neuronal surface antibody syndromes
(NSAS). The field is developing and the scheme is intended to help identify further NSAS. *For details, see Graus et al.2 **History of other antibody
mediated disorders or organ specific autoimmunity, or previous infectious/febrile illness. GAD, glutamic acid decarboxylase; IVIG, intravenous
immunoglobulins; NSAbs, neuronal surface antibodies; OMS, opsoclonusemyoclonus syndrome; PE, plasma exchange; SPS, stiff person syndrome.
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intravenous immunoglobulins or plasma exchange can be
considered if there are no contraindications, particularly if
infectious diseases have been ruled out.

Ultimately a diagnostic classification as definite, probable or
possible NSAS will depend on the clinical presentation, antibody
testing and response to immunotherapies (figure 1). Positive
antibodies may sometimes be misleading, as very low titres (eg,
<1:50) can be found in patients with apparently unrelated
conditions (unpublished results), but at present there are no
standards for assessing the NSAbs and more data are needed to
explore the relationships between titres and clinical features. To
define a syndrome as immunotherapy responsive, a sustained
improvement in the modified Rankin score of at least 1 point
would be appropriate.5

The following diagnostic definitions are not only for ‘classi-
fication’ but are aimed at helping to justify systematic antibody
testing, more intense immunotherapies and the search for novel
NSABs.

Classification
< A diagnosis of definite NSAS can be made if known NSAbs are

present in the serum or CSF AND there is a response to
immunotherapies.

< A diagnosis of probable autoimmune NSAS can be made if:
– known NSAbs are present
– OR there are other neuronal antibody markers of an
immune process (GAD-Ab, unknown neuronal surface/
neuropil antibodies) or at least one of the above mentioned
clinical supportive features AND there is a response to
immunotherapies.

< If clinical and paraclinical criteria suggest a possible NSAS,
but no known NSAbs are found, a diagnosis of possible
autoimmune NSAS can still be made if:
– other neuronal antibody markers of an immune process
(GAD-Ab, unknown neuronal surface/neuropil antibodies)
or at least one of the above mentioned clinical supportive
features are present

– OR there is a response to immunotherapies.
A diagnosis of probable or possible NSAS will prompt search for
novel unknown antibodies or a second line immunotherapy
(with or without tumour screening). An alternative diagnosis
will be warranted in any other case (see figure 1).

CONCLUSIONS
This new field of immune mediated CNS diseases is exciting but
also challenging. There is a need for more intense research into
those conditions that are shown to be immunotherapy respon-
sive and thereby can be defined as possible NSAS. The presence
of these and other NSAbs in patients with more common
conditions, such as epilepsy, psychosis and dementia, needs to be
systematically examined. Ideally, antibody testing should be
performed in local laboratories using internationally validated
procedures so that the diagnosis can be made and treatments
started as soon as possible in the hope of restoring health,
limiting hospitalisation and optimising outcomes. Systematic
studies of the treatments are needed in order to establish best
practice.

Acknowledgements The authors are grateful to the Paraneoplastic Neurologic
Syndrome Euronetwork for funding, and to all members of the PNS Euronetwork
whose discussion and previous guidelines helped to shape this review (LZ, FG, BG,
AV), the European Neurological Society (ENS) and the European Federation of
Neurological Societies (EFNS) (LZ), the National Institutes of Health Research
(NIHR) and Oxford Biomedical Research Centre (LZ, AV).

Contributors The review was invited by the editor and based on initial discussions
between LZ, FG and AV. Additional comments and suggestions were received by BG
and CB, and all authors contributed to the final manuscript.

Funding This work was supported by personal fellowships to LZ from the European
Neurological Society (ENS) and the European Federation of Neurological Societies
(EFNS), and general support from the National Institutes of Health Research (NIHR)
Oxford Biomedical Research Centre to AV.

Competing interests AV and Oxford University hold patents for MuSK-Abs and for
VGKC-complex Abs, and receive royalties and payments for antibody assays.

Provenance and peer review Commissioned; externally peer reviewed.

REFERENCES
1. Vincent A, Lang B, Kleopa KA. Autoimmune channelopathies and related

neurological disorders. Neuron 2006;52:123e38.
2. Graus F, Delattre JY, Antoine JC, et al. Recommended diagnostic criteria for

paraneoplastic neurological syndromes. J Neurol Neurosurg Psychiatry
2004;75:1135e40.

3. Giometto B, Grisold W, Vitaliani R, et al. Paraneoplastic neurologic syndrome in the
PNS Euronetwork database: a European study from 20 centers. Arch Neurol
2010;67:330e5.

4. Dalmau J, Rosenfeld MR. Paraneoplastic syndromes of the CNS. Lancet Neurol
2008;7:327e40.

5. Graus F, Keime-Guibert F, Rene R, et al. Anti-Hu-associated paraneoplastic
encephalomyelitis: analysis of 200 patients. Brain 2001;124:1138e48.

6. Graus F, Saiz A, Dalmau J. Antibodies and neuronal autoimmune disorders of the
CNS. J Neurol 2009;257:509e17.

7. Saiz A, Blanco Y, Sabater L, et al. Spectrum of neurological syndromes associated
with glutamic acid decarboxylase antibodies: diagnostic clues for this association.
Brain 2008;131:2553e63.

8. Vincent A, Bien CG, Irani SR, et al. Autoantibodies associated with diseases
of the CNS: new developments and future challenges. Lancet Neurol
2011;10:759e72.

9. Lancaster E, Martinez-Hernandez E, Dalmau J. Encephalitis and antibodies to
synaptic and neuronal cell surface proteins. Neurology 2011;77:179e89.

9a. Bien CG, Vincent A, Barnet MH, et al. Immunopathology of autoantibody-associated
encephalitides: clues for pathogenesis. Brain 2012 (In press).

10. Dalmau J, Lancaster E, Martinez-Hernandez E, et al. Clinical experience and
laboratory investigations in patients with anti-NMDAR encephalitis. Lancet Neurol
2011;10:63e74.

11. Irani SR, Bera K, Waters P, et al. N-methyl-D-aspartate antibody encephalitis:
temporal progression of clinical and paraclinical observations in a predominantly non-
paraneoplastic disorder of both sexes. Brain 2010;133:1655e67.

12. Irani SR, Michell AW, Lang B, et al. Faciobrachial dystonic seizures precede Lgi1
antibody limbic encephalitis. Ann Neurol 2011;69:892e900.

13. Lennon VA, Kryzer TJ, Pittock SJ, et al. IgG marker of optic-spinal multiple sclerosis
binds to the aquaporin-4 water channel. J Exp Med 2005;202:473e7.

14. Brilot F, Dale RC, Selter RC, et al. Antibodies to native myelin oligodendrocyte
glycoprotein in children with inflammatory demyelinating central nervous system
disease. Ann Neurol 2009;66:833e42.

15. Liguori R, Vincent A, Clover L, et al. Morvan’s syndrome: peripheral and central
nervous system and cardiac involvement with antibodies to voltage-gated potassium
channels. Brain 2001;124:2417e26.

16. Buckley C, Oger J, Clover L, et al. Potassium channel antibodies in two patients
with reversible limbic encephalitis. Ann Neurol 2001;50:73e8.

17. Graus F, Lang B, Pozo-Rosich P, et al. P/Q type calcium-channel antibodies in
paraneoplastic cerebellar degeneration with lung cancer. Neurology 2002;59:764e6.

18. Sillevis Smitt P, Kinoshita A, De Leeuw B, et al. Paraneoplastic cerebellar ataxia
due to autoantibodies against a glutamate receptor. N Engl J Med 2000;342:21e7.

19. Ances BM, Vitaliani R, Taylor RA, et al. Treatment-responsive limbic encephalitis
identified by neuropil antibodies: MRI and PET correlates. Brain 2005;128:1764e77.

20. Dalmau J, Tuzun E, Wu HY, et al. Paraneoplastic anti-N-methyl-D-aspartate receptor
encephalitis associated with ovarian teratoma. Ann Neurol 2007;61:25e36.

21. Lai M, Hughes EG, Peng X, et al. AMPA receptor antibodies in limbic encephalitis
alter synaptic receptor location. Ann Neurol 2009;65:424e34.

22. Lancaster E, Lai M, Peng X, et al. Antibodies to the GABA(B) receptor in limbic
encephalitis with seizures: case series and characterisation of the antigen. Lancet
Neurol 2010;9:67e76.

23. Lancaster E, Martinez-Hernandez E, Titulaer MJ, et al. Antibodies to metabotropic
glutamate receptor 5 in the Ophelia syndrome. Neurology 2011;77:1698e701.

24. Hart IK, Waters C, Vincent A, et al. Autoantibodies detected to expressed
K+ channels are implicated in neuromyotonia. Ann Neurol 1997;41:238e46.

25. Kleopa KA, Elman LB, Lang B, et al. Neuromyotonia and limbic encephalitis sera
target mature Shaker-type K+ channels: subunit specificity correlates with clinical
manifestations. Brain 2006;129:1570e84.

26. Irani SR, Alexander S, Waters P, et al. Antibodies to Kv1 potassium channel-
complex proteins leucine-rich, glioma inactivated 1 protein and contactin-associated
protein-2 in limbic encephalitis, Morvan’s syndrome and acquired neuromyotonia.
Brain 2010;133:2734e48.

Zuliani L, Graus F, Giometto B, et al. J Neurol Neurosurg Psychiatry (2012). doi:10.1136/jnnp-2011-301237 7 of 8

Neuro-inflammation

 group.bmj.com on April 11, 2012 - Published by jnnp.bmj.comDownloaded from 

http://jnnp.bmj.com/
http://group.bmj.com/


27. Lai M, Huijbers MG, Lancaster E, et al. Investigation of LGI1 as the antigen in limbic
encephalitis previously attributed to potassium channels: a case series. Lancet
Neurol 2010;9:776e85.

28. Lancaster E, Huijbers MG, Bar V, et al. Investigations of caspr2, an autoantigen of
encephalitis and neuromyotonia. Ann Neurol 2011;69:303e11.

29. Gultekin SH, Rosenfeld MR, Voltz R, et al. Paraneoplastic limbic encephalitis:
neurological symptoms, immunological findings and tumour association in 50
patients. Brain 2000;123:1481e94.

30. Vincent A, Buckley C, Schott JM, et al. Potassium channel antibody-associated
encephalopathy: a potentially immunotherapy-responsive form of limbic encephalitis.
Brain 2004;127:701e12.

31. Vincent A, Irani SR, Lang B. The growing recognition of immunotherapy-responsive
seizure disorders with autoantibodies to specific neuronal proteins. Curr Opin Neurol
2010;23:144e50.

32. Flanagan EP, McKeon A, Lennon VA, et al. Autoimmune dementia: clinical course
and predictors of immunotherapy response. Mayo Clin Proc 2010;85:881e97.

33. Vernino S, Geschwind M, Boeve B. Autoimmune encephalopathies. Neurologist
2007;13:140e7.

34. Zandi MS, Irani SR, Lang B, et al. Disease-relevant autoantibodies in first episode
schizophrenia. J Neurol 2010;258:686e8.

35. Kayser MS, Kohler CG, Dalmau J. Psychiatric manifestations of paraneoplastic
disorders. Am J Psychiatry 2010;167:1039e50.

36. Thieben MJ, Lennon VA, Boeve BF, et al. Potentially reversible autoimmune limbic
encephalitis with neuronal potassium channel antibody. Neurology
2004;62:1177e82.

37. Josephs KA, Silber MH, Fealey RD, et al. Neurophysiologic studies in Morvan
syndrome. J Clin Neurophysiol 2004;21:440e5.

38. Spinazzi M, Argentiero V, Zuliani L, et al. Immunotherapy-reversed compulsive,
monoaminergic, circadian rhythm disorder in Morvan syndrome. Neurology
2008;71:2008e10.

39. Bataller L, Galiano R, Garcia-Escrig M, et al. Reversible paraneoplastic limbic
encephalitis associated with antibodies to the AMPA receptor. Neurology
2010;74:265e7.

40. Boronat A, Sabater L, Saiz A, et al. GABA(B) receptor antibodies in limbic
encephalitis and anti-GAD-associated neurologic disorders. Neurology
2011;76:795e800.

41. Alamowitch S, Graus F, Uchuya M, et al. Limbic encephalitis and small cell lung
cancer. Clinical and immunological features. Brain 1997;120:923e8.

42. Malter MP, Helmstaedter C, Urbach H, et al. Antibodies to glutamic acid
decarboxylase define a form of limbic encephalitis. Ann Neurol 2010;67:470e8.

43. Florance NR, Davis RL, Lam C, et al. Anti-N-methyl-D-aspartate receptor (NMDAR)
encephalitis in children and adolescents. Ann Neurol 2009;66:11e18.

44. Dale RC, Irani SR, Brilot F, et al. N-methyl-D-aspartate receptor antibodies in
pediatric dyskinetic encephalitis lethargica. Ann Neurol 2009;66:704e9.

45. Meinck HM, Thompson PD. Stiff man syndrome and related conditions. Mov Disord
2002;17:853e66.

46. Hutchinson M, Waters P, McHugh J, et al. Progressive encephalomyelitis,
rigidity, and myoclonus: a novel glycine receptor antibody. Neurology
2008;71:1291e2.

47. Mas N, Saiz A, Leite MI, et al. Antiglycine-receptor encephalomyelitis with rigidity.
J Neurol Neurosurg Psychiatry 2010;82:1399e401.

48. Clerinx K, Breban T, Schrooten M, et al. Progressive encephalomyelitis with rigidity
and myoclonus: resolution after thymectomy. Neurology 2011;76:303e4.

49. Zuliani L, Andrigo C, Leite MI, et al. Immunotherapy-responsive status epilepticus
with anti-glycine receptor antibody. 15th EFNS Congress; 2011. Budapest, Hungary,
2011.

50. Turner MR, Irani SR, Leite MI, et al. Progressive encephalomyelitis with rigidity and
myoclonus: glycine and NMDA receptor antibodies. Neurology 2011;77:439e43.

51. Fukuda T, Motomura M, Nakao Y, et al. Reduction of P/Q-type calcium channels in
the postmortem cerebellum of paraneoplastic cerebellar degeneration with
LamberteEaton myasthenic syndrome. Ann Neurol 2003;53:21e8.

52. Marignier R, Chenevier F, Rogemond V, et al. Metabotropic glutamate receptor type
1 autoantibody-associated cerebellitis: a primary autoimmune disease? Arch Neurol
2010;67:627e30.

53. Becker E, Zuliani L, Pettingill R, et al. Contactin-associated protein-2 antibodies in
non-paraneoplastic cerebellar ataxia. J Neurol Neurosurg Psychiatry (in press).

54. Dalmau J, Gleichman AJ, Hughes EG, et al. Anti-NMDA-receptor encephalitis: case
series and analysis of the effects of antibodies. Lancet Neurol 2008;7:1091e8.

55. Hughes EG, Peng X, Gleichman AJ, et al. Cellular and synaptic mechanisms of
anti-NMDA receptor encephalitis. J Neurosci 2010;30:5866e75.

56. Lalic T, Pettingill P, Vincent A, et al. Human limbic encephalitis serum enhances
hippocampal mossy fiber-CA3 pyramidal cell synaptic transmission. Epilepsia
2011;52:121e31.

57. Geis C, Weishaupt A, Hallermann S, et al. Stiff person syndrome-associated
autoantibodies to amphiphysin mediate reduced GABAergic inhibition. Brain
2010;133:3166e80.

58. Manto MU, Laute MA, Aguera M, et al. Effects of anti-glutamic acid decarboxylase
antibodies associated with neurological diseases. Ann Neurol 2007;61:544e51.

59. Dalakas MC, Fujii M, Li M, et al. High-dose intravenous immune globulin for
stiff-person syndrome. N Engl J Med 2001;345:1870e6.

60. Folli F, Solimena M, Cofiell R, et al. Autoantibodies to a 128-kd synaptic protein in
three women with the stiff-man syndrome and breast cancer. N Engl J Med
1993;328:546e51.

61. Murinson BB, Guarnaccia JB. Stiff-person syndrome with amphiphysin antibodies:
distinctive features of a rare disease. Neurology 2008;71:1955e8.

62. Bataller L, Graus F, Saiz A, et al. Clinical outcome in adult onset idiopathic or
paraneoplastic opsoclonus-myoclonus. Brain 2001;124:437e43.

63. Bataller L, Rosenfeld MR, Graus F, et al. Autoantigen diversity in the
opsoclonus-myoclonus syndrome. Ann Neurol 2003;53:347e53.

64. Blaes F, Fuhlhuber V, Korfei M, et al. Surface-binding autoantibodies to cerebellar
neurons in opsoclonus syndrome. Ann Neurol 2005;58:313e17.

65. Korfei M, Fuhlhuber V, Schmidt-Woll T, et al. Functional characterisation of
autoantibodies from patients with pediatric opsoclonus-myoclonus-syndrome.
J Neuroimmunol 2005;170:150e7.

66. Sabater L, Xifro X, Saiz A, et al. Analysis of antibodies to neuronal surface antigens
in adult opsoclonus-myoclonus. J Neuroimmunol 2008;196:188e91.

67. Blaes F, Pike MG, Lang B. Autoantibodies in childhood opsoclonus-myoclonus
syndrome. J Neuroimmunol 2008;201-202:221e6.

68. Connolly AM, Dodson WE, Prensky AL, et al. Course and outcome of acute
cerebellar ataxia. Ann Neurol 1994;35:673e9.

69. Klockgether T, Doller G, Wullner U, et al. Cerebellar encephalitis in adults. J Neurol
1993;240:17e20.

70. Uchibori A, Sakuta M, Kusunoki S, et al. Autoantibodies in postinfectious acute
cerebellar ataxia. Neurology 2005;65:1114e16.

71. Zuliani L, Sabater L, Saiz A, et al. Homer 3 autoimmunity in subacute idiopathic
cerebellar ataxia. Neurology 2007;68:239e40.

72. Hadjivassiliou M, Boscolo S, Tongiorgi E, et al. Cerebellar ataxia as a possible
organ-specific autoimmune disease. Mov Disord 2008;23:1370e7.

73. Hadjivassiliou M, Grunewald R, Sharrack B, et al. Gluten ataxia in perspective:
epidemiology, genetic susceptibility and clinical characteristics. Brain
2003;126:685e91.

74. Honnorat J, Saiz A, Giometto B, et al. Cerebellar ataxia with anti-glutamic
acid decarboxylase antibodies: study of 14 patients. Arch Neurol 2001;58:225e30.

75. Giometto B, Nicolao P, Macucci M, et al. Temporal-lobe epilepsy associated with
glutamic-acid-decarboxylase autoantibodies. Lancet 1998;352:457.

76. Irani SR, Buckley C, Vincent A, et al. Immunotherapy-responsive seizure-like
episodes with potassium channel antibodies. Neurology 2008;71:1647e8.

77. McKnight K, Jiang Y, Hart Y, et al. Serum antibodies in epilepsy and
seizure-associated disorders. Neurology 2005;65:1730e6.

78. Graus F, Boronat A, Xifro X, et al. The expanding clinical profile of anti-AMPA
receptor encephalitis. Neurology 2010;74:857e9.

79. Antonini G, Nemni R, Giubilei F, et al. Autoantibodies to glutamic acid decarboxylase
in downbeat nystagmus. J Neurol Neurosurg Psychiatry 2003;74:998e9.

80. Nemni R, Braghi S, Natali-Sora MG, et al. Autoantibodies to glutamic acid
decarboxylase in palatal myoclonus and epilepsy. Ann Neurol 1994;36:665e7.

81. Vianello M, Morello F, Scaravilli T, et al. Tremor of the mouth floor and anti-glutamic
acid decarboxylase autoantibodies. Eur J Neurol 2003;10:513e14.

82. Marnane M, Vincent A, Hutchinson M. New-onset focal epilepsy with palatal
tremor and glutamic acid decarboxylase antibodies responding to intravenous
immunoglobulin. J Neurol 2008;255:1603e4.

83. Lang B, Dale RC, Vincent A. New autoantibody mediated disorders of the central
nervous system. Curr Opin Neurol 2003;16:351e7.

84. Chong JY, Rowland LP, Utiger RD. Hashimoto encephalopathy: syndrome or myth?
Arch Neurol 2003;60:164e71.

85. Tuzun E, Erdag E, Durmus H, et al. Autoantibodies to neuronal surface antigens in
thyroid antibody-positive and -negative limbic encephalitis. Neurol India
2011;59:47e50.

86. Suleiman J, Brenner T, Gill D, et al. VGKC antibodies in pediatric encephalitis
presenting with status epilepticus. Neurology 2011;76:1252e5.

87. Haberlandt E, Bast T, Ebner A, et al. Limbic encephalitis in children and adolescents.
Arch Dis Child 2011;96:186e91.

88. Wandinger KP, Saschenbrecker S, Stoecker W, et al. Anti-NMDA-receptor
encephalitis: a severe, multistage, treatable disorder presenting with psychosis.
J Neuroimmunol 2011;231:86e91.

89. Gabilondo I, Saiz A, Galan L, et al. Analysis of relapses in anti-NMDAR encephalitis.
Neurology 2011;77:996e9.

PAGE fraction trail=8

8 of 8 Zuliani L, Graus F, Giometto B, et al. J Neurol Neurosurg Psychiatry (2012). doi:10.1136/jnnp-2011-301237

Neuro-inflammation

 group.bmj.com on April 11, 2012 - Published by jnnp.bmj.comDownloaded from 

http://jnnp.bmj.com/
http://group.bmj.com/


Paraneoplastic Disorders of the Central
Nervous System: Update on Diagnostic
Criteria and Treatment
Luis Bataller, M.D., Ph.D.,1 and Josep O. Dalmau, M.D., Ph.D.2

ABSTRACT

Although the discovery of antineuronal antibodies has facilitated the diagnosis of
paraneoplastic neurological disorders (PNDs), the recognition and treatment of these
disorders remain a challenge. Some antineuronal antibodies have a more syndrome-specific
association than others, and some syndromes evoke a paraneoplastic etiology more
frequently than others. Because antineuronal antibodies may occur in cancer patients
without PND, their detection does not necessarily imply that a neurological disorder is
paraneoplastic. This review analyzes these issues and suggests a diagnostic strategy based
on criteria derived from clinical and immunological findings and the presence or absence of
cancer. We provide an update on the clinical features and treatment of classic PND of the
central nervous system, with the proposal of a general treatment strategy. In addition, we
analyze the evidence of a hypothetically effective antitumor immunity in patients with
PND, which if confirmed would have implications for treatment of the cancer and PND.

KEYWORDS: Paraneoplastic, neurological, syndromes, antineuronal, antitumor

immunity

Objectives: On completion of this article, the reader will be able to review the clinical presentation, diagnosis, treatment, and outcome

of the paraneoplastic neurological disorders.
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The term ‘‘paraneoplastic neurological disor-
ders’’ (PNDs) refers to a group of syndromes mediated
by immune responses triggered by tumors that express
nervous system proteins.1 As a result of these immune
responses, discrete or multifocal areas of the nervous

system degenerate, causing diverse symptoms and defi-
cits. These immune responses are often associated with
specific antineuronal antibodies that can be used as
diagnostic markers of the PND and underlying cancer.
Not all paraneoplastic antibodies have the same clinical
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significance. Some antibodies may associate with one or
a limited number of neurological syndromes or histolo-
gical types of cancer, while others are less specific or may
occur without neurological symptoms. There are PNDs
with cerebrospinal fluid (CSF) and pathological evi-
dence of being associated with inflammatory, likely
immune-mediated mechanisms but no specific antibo-
dies or target antigens have been identified. Beside these
disparities, most paraneoplastic immune responses have
in common the property of being triggered at early stages
of cancer, when the tumor or metastases are limited or
undetectable by conventional diagnostic techniques.
This, along with the detection of cytotoxic T-cell re-
sponses to onconeuronal antigens, has suggested that the
small tumor burden in PND patients is largely due to an
effective anticancer immunity. If correct, the use of
immunosuppressants would favor tumor growth, which
is not supported by clinical data. These findings and
dilemmas are assessed in this review. Because the main
advance in the management of PND has resulted from
refined clinical and immunological diagnostic criteria
and improved diagnostic tests, a major focus of this
review is an update of these criteria, with the proposal
of a treatment strategy.

GENERAL DIAGNOSTIC APPROACH

Recognizing Paraneoplastic Neurological

Syndromes

PNDs may affect any part of the central or peripheral
nervous system, including the retina and muscle. Some
PNDs are more characteristic than others and can be
considered ‘‘classic’’ syndromes, because they usually
associate with cancer or the clinical features readily evoke
a paraneoplastic origin (Table 1).2 Other disorders

(‘‘nonclassic’’) are less characteristic and occur more
frequently without cancer association, requiring a more
extensive differential diagnosis than the classic
syndromes.3

Because PNDs are uncommon conditions, sig-
nificant diagnostic delays are frequent even for the classic
syndromes. In a series of 50 patients with Lambert-
Eaton myasthenic syndrome (LEMS), about half of the
patients were initially misdiagnosed, usually with
myasthenia gravis.4 Another study noted an inverse
correlation between the severity of the neurological
symptoms and the diagnosis of the PND.5

There are several clinical features common to
most PND that suggest a paraneoplastic origin. Symp-
toms usually develop rapidly in days or a few weeks and
then stabilize, leaving the patient severely disabled.
Exceptions do occur, and some patients develop insi-
dious forms of PND that can be misdiagnosed as chronic
degenerative disorders.6 Spontaneous neurological im-
provement, although reported in some syndromes,7,8 is
rare and should lead to the consideration of a nonpar-
aneoplastic etiology.

CSF studies are important to rule out disorders
that may mimic PND, mainly infectious or neoplastic
meningitis. Findings consistent with PND include mild
pleocytosis, elevated proteins, intrathecal synthesis of
immunoglobulins, sometimes with oligoclonal bands.
However, similar CSF abnormalities can be encountered
in any inflammatory or immune-mediated disorders of
the CNS, and some patients with PNDmay have normal
CSF studies.

Although it has been suggested that brain mag-
netic resonance imaging (MRI) has limited diagnostic
utility in the early stages of PND, recent reports indicate
otherwise and support the importance of new MRI
technology in the diagnosis of these disorders.9,10 One

Table 1 Paraneoplastic Syndromes of the Nervous System

Location of the Pathology

Paraneoplastic Neurological Disorders

Classic Nonclassic

Brain, cranial nerves, and retina Cerebellar degeneration

Limbic encephalitis

Opsoclonus-myoclonus

Cancer-associated retinopathy

Melanoma-associated retinopathy

Epilepsia partialis continua (focal

cortical encephalitis)

Hypothalamic encephalitis

Brain stem encephalitis

Chorea

Parkinsonism

Optic neuritis

Spinal cord Necrotizing myelopathy

Subacute motor neuronopathy

Stiff-man syndrome

Dorsal root ganglia Sensory neuronopathy

Neuromuscular junction Lambert-Eaton myasthenic syndrome Myasthenia gravis

Peripheral nerves or muscle Dermatomyositis Several*

Multiple levels Encephalomyelitis

*Reviewed elsewhere.2
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study reported brain T2-weighted abnormalities in 71%
of the patients with paraneoplastic limbic encephalitis
and small-cell lung cancer (SCLC).11 Another series of
24 patients with paraneoplastic limbic encephalitis
demonstrated that all patients had fluid-attenuated in-
version recovery (FLAIR) MRI abnormalities involving
one or both temporal lobes.12 In a series of 29 patients
with anti-Ma2-associated encephalitis, brain MRI
abnormalities were present in 71%; some of these pa-
tients had abnormalities that appeared as nodular en-
hancing lesions, suggesting tumor metastasis.13 All
patients who underwent repeated brain MRI had new
abnormalities in subsequent studies, including patients
whose initial MRI was normal (Dalmau et al, unpub-
lished). There is also increasing evidence that brain
[F18] fluorodeoxyglucose-positron emission tomogra-
phy (FDG-PET) has diagnostic utility in PND.14 In
the early stages of PND, FDG-PET may show hyper-
metabolism in the abnormal brain regions identified by
MRI, but in some patients the MRI is normal.9

Brain biopsy is rarely required for the diagnosis of
PND. Biopsy of an abnormal area identified by MRI or
FDG-PET may be considered if a neoplastic process is
suspected or if the clinical, CSF, and MRI findings are

unusual. Abnormalities supporting but not specific of
PND include infiltrates of mononuclear cells, neurono-
phagic nodules, neuronal degeneration, microglial
proliferation, and gliosis.15

Searching for Antineuronal Antibodies

Patients suspected to have a PND should be examined
for antineuronal antibodies in their serum and CSF.
These antibodies preferentially associate with restricted
histological types of tumors (Table 2). Therefore, in
addition to supporting the diagnosis of PND, the pre-
sence of antineuronal antibodies focuses the search of the
cancer to specific organs. Well-characterized antineur-
onal antibodies are those directed against antigens whose
molecular identity is known or have been identified by
several investigators. Partially characterized antibodies
are those whose target antigens are unknown or require
further analysis in groups of individuals serving as
controls.16–20

There are antibodies that associate with specific
disorders but do not differentiate between paraneoplastic
and nonparaneoplastic cases.21–23Although some of
these disorders (i.e., LEMS, myasthenia gravis) can be

Table 2 Antibodies, Paraneoplastic Syndromes, and Associated Cancers

Well-Characterized Paraneoplastic Antibodies*

Antibody Syndrome Associated Cancers

Anti-Hu (ANNA-1) PEM including cortical, limbic, brain stem encephalitis,

PCD, myelitis; PSN, autonomic dysfunction

SCLC, other

Anti-Yo (PCA-1) PCD Gynecological, breast

Anti-Ri (ANNA-2) PCD, brain stem encephalitis, opsoclonus-myoclonus Breast, gynecological, SCLC

Anti-Tr PCD Hodgkin’s lymphoma

Anti-CV2/CRMP5 PEM, PCD, chorea, peripheral neuropathy SCLC, thymoma, other

Anti-Ma proteins
y

Limbic, hypothalamic, brain stem encephalitis (infrequently PCD) Germ-cell tumors of testis,

other solid tumors

Anti-amphiphysin Stiff-man syndrome, PEM Breast

Anti-recoverin
z

Cancer-associated retinopathy SCLC

Partially Characterized Paraneoplastic Antibodies*

Anti-Zic 4 PCD SCLC

mGluR1 PCD Hodgkin’s lymphoma

ANNA3 Various PND of the CNS SCLC

PCA2 Various PND of the CNS SCLC

Anti-bipolar cells of the retina Melanoma-associated retinopathy Melanoma

Antibodies That Occur with and without Cancer Association

Anti-VGCC LEMS, PCD SCLC

Anti-AChR MG Thymoma

Anti-VGKC PNH (neuromyotonia) Thymoma, others

nAChR Subacute pandysautonomia SCLC, others

*Well-characterized antibodies are those directed against antigens whose molecular identity is known or that have been identified by several
investigators.
yPatients with antibodies to Ma2 are usually men with testicular cancer. Patients with additional antibodies to other Ma proteins are men or
women with a variety of solid tumors.
zOther antibodies reported in a few or isolated cases include antibodies to tubby-like protein and the photoreceptor-specific nuclear receptor.
PEM, paraneoplastic encephalomyelitis; PCD, paraneoplastic cerebellar degeneration; PSN, paraneoplastic sensory neuronopathy; CNS, central
nervous system; LEMS, Lambert-Eaton myasthenic syndrome; MG, myasthenia gravis; PNH, peripheral nerve hyperexcitability; SCLC, small-
cell lung cancer.
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diagnosed on clinical and electrophysiological grounds,
analysis for specific antibodies is useful in several set-
tings. For example, the recognition of overlapping syn-
dromes, such as LEMS and paraneoplastic cerebellar
degeneration (PCD), is improved by antibody analysis.24

For other syndromes such as dysautonomia, the
detection of antibodies to the neuronal acetylcholine
receptor identifies a subset of patients that benefit from
immunosuppression.23 In generalized myasthenia gravis,
antibodies to the acetylcholine receptor at the neuro-
muscular junction are detected in 80 to 90% of the
patients with or without thymoma.25 A subset of pa-
tients without these antibodies harbor antibodies to
muscle specific kinase (MuSK).26 These patients do
not have thymoma and preferentially develop cranial
and bulbar weakness with a higher frequency of respira-
tory crisis. Detection of MuSK antibodies associates
with poor response to anticholinesterase treatments but
good response to plasma exchange and cyclosporine.27

Different immune responses may associate with
a similar neurological disorder suggesting clinical-
immunological heterogeneity (Table 2). For example,
antibodies to glutamic acid decarboxylase (GAD), am-
phiphysin, or gephyrin have all been reported in associa-
tion with the stiff-man syndrome, but the majority
of patients with antibodies to GAD do not have
cancer.28–30 Furthermore, several antineuronal antibo-
dies may co-occur in the same patient, particularly if the
underlying tumor is SCLC. A recent study identified
concurrent Hu, CRMP5, and Zic4 antibodies in the
serum or CSF of 27% of the patients with SCLC and
paraneoplastic encephalomyelitis (PEM).31

The serum of cancer patients without PND may
contain antineuronal antibodies.32 Usually the antibody
titers are lower than those in patients with PND, but
they can overlap. In a recent report, antibodies to Hu,
CRMP5, and Zic4 were encountered in 19, 9, and 16%
of SCLC patients without PND, respectively.31 A prac-
tical implication is that the detection of any of these
antibodies in a patient with neurological symptoms of
unknown cause suggests a PND and predicts an under-
lying cancer, usually SCLC. However, detection of these
antibodies does not preclude ruling out other complica-
tions of cancer, particularly if the syndrome is not a
classic PND.

Searching for an Occult Cancer

The discovery of an occult neoplasm in association with a
particular neurological syndrome remains the gold stan-
dard of diagnosing PND. In addition to the clinical
history, evaluation of risk factors for cancer, and serolo-
gical cancer markers, most patients will need chest and
abdomen computed tomography (CT) as part of the
initial evaluation or restaging of cancer. The need for
other tests will vary with the patient’s gender and type of

syndrome or antineuronal antibody; these may include
pelvic or vaginal ultrasound, mammograms, or testicular
ultrasound. Recent studies have demonstrated that total-
body FDG-PET is useful in identifying tumors not
visible with other studies.14,33 Despite the sensitivity of
FDG-PET scan, there are instances where antineuronal
antibodies can lead to the discovery of neoplasms that
escape PET detection.34 The presence of a second cancer
should be suspected if the tumor identified is different
from the cancer that usually associates with a specific
syndrome or antineuronal antibody or does not express
the neuronal antigen.5

Patients with classic PND or with nonclassic
PND but positive antineuronal antibodies, whose tumor
is not found, need close cancer surveillance. A common
practice is to repeat evaluations every 6 months (i.e.,
body CT or FDG-PET). The cancer usually manifests
within the first 4 years of the PND, but there are rare
instances where the expected type of tumor was demon-
strated 10 years later.35

Patients with Cancer Who Develop

Neurological Symptoms

In patients with cancer the suspicion of a PND is usually
based on the type of neurological syndrome (i.e., classic
PND) and absence of other etiologies including metas-
tasis to the nervous system, vascular and infectious
disorders, metabolic abnormalities, malnutrition, and
side effects of cancer treatment.3 Patients in cancer
remission who develop a PND should be examined for
tumor recurrence. If a specific antineuronal antibody is
identified, the clinical significance varies according to the
type of antibody and neurological disorder (see diagnos-
tic criteria, below).

Diagnostic Criteria of PND

Because antineuronal antibodies are not always present
in patients with PND and the presence of these anti-
bodies can occur in cancer patients without PND, a set
of criteria was recently proposed by a group of investi-
gators.36 These criteria take into account: (1) the type of
neurological syndrome (Table 1); (2) the type of anti-
neuronal antibody (Table 2); and the presence or absence
of cancer. Based on this information two levels of
evidence have been proposed: definite PND or possible
PND (Table 3).

CLASSIC PARANEOPLASTIC
NEUROLOGICAL DISORDERS OF
THE CENTRAL NERVOUS SYSTEM

Paraneoplastic Cerebellar Degeneration

PCD manifests as a pancerebellar, usually symmetrical
syndrome that evolves rapidly in several days or weeks.
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At the early stages of PCD, the brain MRI is normal, or
may rarely show cerebellar cortical enhancement with
gadolinium; as the disease progresses, cerebellar atrophy
develops.3 PCD may occur in isolation or in association
with symptoms of more widespread involvement of the
CNS (encephalomyelitis). The association of a subacute
cerebellar ataxia with LEMS is highly suggestive of a
paraneoplastic origin of both disorders.

Paraneoplastic cerebellar degeneration usually
precedes the diagnosis of the tumor. In these patients
the differential diagnosis should include any of the
disorders shown in Table 4. In patients with known
cancer, the differential diagnosis includes all the
previously indicated neurological complications of can-
cer, specifically including the cerebellar toxicity of

5-fluoruracil and cytosine arabinoside.37,38 Thiamine
deficiency resulting in Wernicke’s encephalopathy and
ataxia has been reported in patients with leukemia or
lymphoma.39

Almost all well-characterized antineuronal antibo-
dies have been reported in association with paraneoplastic
ataxia (Table 2). Serological markers that identify patients
with ‘‘pure’’ PCD include Yo,40 Tr,41 voltage-gated cal-
cium channel (VGCC), and Zic antibodies.31,42 Patients
with VGCC antibodies should be examined for LEMS.
However, despite the detection of these antibodies some
patients do not develop LEMS.24 Between 30 and 40% of
patients with PCD do not harbor antineuronal antibodies,
and the diagnosis relies on the exclusion of other
etiologies and demonstration of the cancer.

Table 3 Diagnostic Criteria of PND of the CNS

Definite PND

1. Classic syndrome with cancer diagnosed within 5 years of neurological symptom development

2. Nonclassic syndrome that resolves or significantly improves after cancer treatment

3. Nonclassic syndrome with cancer diagnosed within 5 years of neurological symptom development and positive antineuronal

antibodies

4. Neurological syndrome (classic or not) without cancer and with well-characterized antineuronal antibodies

Possible PND

1. Classic syndrome with high risk of cancer, without antineuronal antibodies

2. Neurological syndrome (classic or not) without cancer and with partially characterized antineuronal antibodies

3. Nonclassic syndrome with cancer diagnosed within 2 years of neurological symptom development, without antineuronal antibodies

From Graus et al36 (Paraneoplastic Neurological Syndrome Euronetwork).
PND, paraneoplastic neurological disorder; CNS, central nervous system.

Table 4 Differential Diagnosis of Some Classic PND

Paraneoplastic Disorder Differential Diagnosis

Additional Considerations in Patients

Known to Have Cancer

Cerebellar degeneration Alcohol-related Cerebellar metastasis

Vitamin deficiency (thiamine, vitamin E) Chemotherapy toxicity (5-fluoruracil, Ara-C)

Toxins (anticonvulsants, other)

Infectious or postinfectious cerebellitis

Miller-Fisher syndrome

GAD-associated cerebellar ataxia

Gliadin-associated cerebellar ataxia

Idiopathic

Limbic encephalitis Viral encephalitis (HSV) Brain metastasis

Temporal lobe tumor Herpesvirus 6 limbic encephalitis (in particular after bone

Stroke

Toxic-metabolic encephalopathy

marrow transplantation)

Idiopathic

Sensory neuronopathy Sjögren’s syndrome

Toxins (pyridoxine)

Idiopathic

Chemotherapy toxicity (cisplatin, paclitaxel, docetaxel,

vincristine)

Opsoclonus-myoclonus Infectious, postinfectious encephalitis Brain metastasis

Toxins

Metabolic encephalopathy

Idiopathic

PND, paraneoplastic neurological disorder; HSV, herpes simplex virus.

PARANEOPLASTIC DISORDERS OF THE CENTRAL NERVOUS SYSTEM/BATALLER, DALMAU 465



Paraneoplastic Limbic Encephalitis

Patients with paraneoplastic limbic encephalitis may
present with anxiety, depression, confusion, delirium,
hallucinations, seizures, short-term memory loss, and
dementia. MRI usually shows abnormalities in the
medial temporal lobes in T2 or FLAIR sequences.
Some of these abnormalities may be hypermetabolic in
FDG-PET studies.10 The electroencephalogram (EEG)
often demonstrates uni- or bilateral temporal lobe epi-
leptic discharges or slow background activity.8 The
combination of clinical, MRI, EEG, and CSF findings
along with antineuronal antibody testing identifies most
cases of paraneoplastic limbic encephalitis.

The antibodies more frequently associated with
this disorder include anti-Hu,11 anti-Ma2,43 anti-
CRMP5,44 and rarely anti–voltage-gated potassium
channel antibodies.22 The latter occur more frequently
in patients without cancer22; this disorder responds
better to immunotherapy than other types of limbic
encephalitis.22 About 40% of patients with paraneoplas-
tic limbic encephalitis are seronegative or have unchar-
acterized antibodies.8,20

Viral encephalitis should particularly be consid-
ered in the differential diagnosis of paraneoplastic limbic
encephalitis (Table 4). Herpes simplex encephalitis
usually results in hemorrhagic necrosis of the medial
aspect of the temporal and orbital frontal lobes. Human
herpesvirus 6 encephalitis typically affects bone marrow
transplant recipients; the clinical and MRI features of
this disorder can mimic to perfection paraneoplastic
limbic encephalitis.45 Polymerase chain reaction analysis
of the CSF usually establishes the diagnosis of these viral
disorders.

Paraneoplastic Encephalomyelitis

Patients with paraneoplastic encephalomyelitis (PEM)
disorder develop symptoms of multifocal involvement of
the CNS, including limbic system, cerebellum, brain
stem, and spinal cord. Frequent accompanying sensory
and autonomic deficits result from involvement of the
dorsal root ganglia and sympathetic or parasympathetic
peripheral nerves and ganglia.

Symptoms resulting from limbic or cerebellar
encephalitis are similar to those described for the isolated
forms of these disorders. Paraneoplastic brain stem
encephalitis rarely occurs in isolation.46 The pathological
findings predominate in the lower brain stem, usually
medulla and inferior olivary nuclei.47

In the spinal cord the inflammatory process can
result in lower motor neuron dysfunction or a mixed
syndrome in which the corticospinal tracts are also
involved. Because most patients have additional neuro-
logical symptoms (i.e., sensory deficits, ataxia), the
differential diagnosis with motor neuron disease is rarely
an issue.47

Autonomic dysfunction includes gastrointestinal
paresis and pseudo-obstruction, orthostatic hypotension,
cardiac arrhythmias, erectile dysfunction, hyperhidrosis,
urinary retention, and abnormal pupillary reflexes. Para-
neoplastic dysautonomia rarely occurs in isolation; it
usually accompanies PEM or LEMS.47 Antibodies to
the ganglionic acetylcholine receptors have been re-
ported in some patients with cancer as well as in idio-
pathic pandysautonomia.23

The antineuronal antibodies more frequently en-
countered in PEM are anti-Hu, anti-CRMP5, anti-Zic,
and less frequently anti-amphiphysin.31,48,49 All of these
antibodies associate with SCLC and may co-occur in the
same patient. Anti-Ma2 encephalitis predominantly
affects the limbic system, hypothalamus, and upper brain
stem; the tumors more frequently involved are testicular
germ-cell neoplasms and non-SCLC.50

Paraneoplastic Sensory Neuronopathy

Patients with paraneoplastic sensory neuronopathy de-
velop pain, numbness, and sensory deficits that can affect
limbs, trunk, and cranial nerves, including hearing loss.
The diagnosis of radiculopathy or multineuropathy is
often first considered because the sensory deficits can be
asymmetric and non–length-dependent.51 In addition to
the sensory loss, the resulting syndrome includes sensory
ataxia and decreased or absent reflexes. Nerve conduc-
tion studies show decreased or absent sensory nerve
action potentials with normal or near-normal motor
conduction velocities.52 Paraneoplastic sensory neurono-
pathy may occur in isolation, but often precedes or
coincides with the development of PEM, suggesting a
common pathogenic mechanism. In both instances,
detection of anti-Hu antibodies is frequent.53 Sensor-
imotor neuropathies associated with anti-Hu antibodies
often result from mixed involvement of dorsal root
ganglia and peripheral nerves. In the latter, serum anti-
CRMP5 antibodies can also be present.48,49

Up to 18% of patients with paraneoplastic sensory
neuronopathy do not have serum antineuronal antibo-
dies.53 The differential diagnosis is shown in Table 4; in
cancer patients it includes chemotherapy-induced neu-
ropathy (cisplatin, paclitaxel, docetaxel, vincristine). In
patients without cancer, Sjögren’s syndrome should be
considered; some patients with this syndrome can de-
velop dorsal root ganglia dysfunction along with myelo-
pathy and encephalopathy, mimicking PEM.54

Paraneoplastic Opsoclonus-Myoclonus

Opsoclonus is an eye movement disorder characterized
by chaotic, conjugate, arrhythmic, and multidirectional
saccades. These symptoms often associate with myoclo-
nus and truncal ataxia. The tumors more frequently
involved are SCLC, breast and gynecological cancers
in adults, and neuroblastoma in children. The majority
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of patients do not harbor antineuronal antibodies. De-
tection of anti-Ri antibodies usually indicate the pre-
sence of breast or gynecological cancers, or less
frequently SCLC.55 Other antineuronal antibodies
that may occur in a minority of patients include Hu,56

CRMP5/CV2,48 Zic2,57 amphiphysin,49 Yo,40 and
Ma2 antibodies.13 Paraneoplastic opsoclonus may re-
spond to treatment, but improvement depends on tumor
control.7

There is an idiopathic form of opsoclonus-myo-
clonus for which there are no serological markers. Two
patients with this disorder had antibodies to the adeno-
matous polyposis coli protein (APC).57 Compared with
paraneoplastic opsoclonus, patients with idiopathic op-
soclonus are younger and the disorder responds better to
immunotherapy.7

The differential diagnosis of opsoclonus is exten-
sive, particularly if a paraneoplastic origin is suspected
but the presence of a tumor is not known (Table 4).

TREATMENT AND OUTCOME OF
PARANEOPLASTIC NEUROLOGICAL
DISORDERS
Studies have emphasized the importance of early cancer
treatment to achieve the stabilization or improvement of
the PND.58 Chalk and colleagues demonstrated im-
provement of the neuromuscular transmission in 10 of
11 patients with LEMS after treating the tumor.59 In a
study of paraneoplastic opsoclonus, all patients who
received oncological treatment showed complete or par-
tial neurological improvement, while those whose cancer
was not treated showed neurological deterioration, re-
gardless of immunotherapy.7

For other PND of the CNS, the neurological
response to oncological treatment is less satisfactory.
Improvement or stabilization of anti-Hu–associated
PEM was observed in 37% of patients who received
antineoplastic therapy.5 Patients with pure sensory neu-
ronopathy were more likely to improve than those with
PEM. The neurological response to oncological treat-
ment was worse in a series of patients with anti-Yo–
associated PCD in which none of 25 patients with this
disorder improved after cancer therapy. Furthermore,
37% of these patients developed PCD while undergoing
cancer therapy or during tumor remission.60

In contrast, patients with anti-Ma2 encephalitis
may show dramatic improvement of neurological symp-
toms after cancer treatment or immunotherapy. In a
series of 18 patients with anti-Ma2 encephalitis, seven
patients had complete or partial remission of neurologi-
cal symptoms, usually in association with complete
tumor response to therapy.13 A more recent series of
38 patients with anti-Ma2 encephalitis showed that 33%
had neurological improvement, three with complete
recovery; 21% had long-term stabilization (median fol-

low-up 3½; years); and 46% deteriorated. Features asso-
ciated with improvement or stabilization included male
gender, underlying testicular germ-cell tumors with
complete response to treatment, and limited involve-
ment of the nervous system (Dalmau, unpublished data).
The reasons for the better outcome of patients with anti-
Ma2 encephalitis are unclear. However, this disorder
frequently associates with testicular germ-cell tumors,
which in contrast to other cancers can be completely
removed and are very responsive to oncological
treatments.

Although PND of the CNS usually do not
respond to immunotherapy alone, there are several case
reports of patients who stabilized or improved after
immunosuppression or immunomodulatory treatments,
such as plasma exchange or intravenous immunoglobu-
lins (IVIg).58,61 The main disorders that may show
response to immunotherapy or corticosteroids are opso-
clonus-myoclonus and limbic encephalitis.7,22 A recent
series of selected patients (Rankin disability score be-
tween 2 and 4) with diverse PND showed that in pa-
tients without a known tumor, immunotherapy (plasma
exchange and oral cyclophosphamide) at the early stages
of the PND may result in improvement; patients with
multifocal encephalomyelitis were not included.62

Assessment of the Clinical Efficacy

of Antitumor Immunity

It has been suggested that paraneoplastic immunity is
clinically effective in controlling tumor growth, account-
ing for the small size and limited metastatic burden of
tumors associated with PND. However, there are only
two clinical series, both in patients with SCLC, support-
ing this hypothesis. One study was conducted in patients
without PND and showed that those with low titers of
anti-Hu antibodies were more likely to have limited
tumor stage and better response to chemotherapy than
patients without antibodies.63 In this study the strongest
association was between the presence of anti-Hu anti-
bodies and increased response to chemotherapy; the
mechanisms underlying the chemosensitivity were not
examined. The second study compared SCLC patients
with and without LEMS and found that patients with
LEMS had longer survival. Because 14 of the 15 LEMS
patients developed the neurological disorder before the
tumor diagnosis, a lead-time bias could not be ruled out.

In addition to these two series, other data sup-
porting clinically effective antitumor immunity derives
from a small number of patients with spontaneous tumor
regression.64–67 However, the evidence for the tumor
regression is often unclear. Some of the reported patients
received oncological treatment and therefore the tumor
regression was not spontaneous66; others lacked patho-
logical demonstration of a tumor65,66; and others did not
have detectable immune responses.67
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Despite experimental evidence that some patients
with PCD develop cytotoxic T-cell responses against the
paraneoplastic antigen (Yo or CDR2) expressed by the
tumor,68 all series of patients with anti-Yo–associated
PCD raise doubt on the efficacy of the antitumor
immune response.40,60 For example, in a series of 19
patients with PCD, the neurological disorder preceded
or coincided with the diagnosis of the cancer in
15 patients, and in seven the paraneoplastic antibodies
led to exploratory laparotomy. Despite this, 72% of all
patients had stage III ovarian cancer.69 In another series,
34 of 55 patients with anti-Yo–associated PCD devel-
oped neurological symptoms that led to the search for
cancer, usually ovarian or breast cancer.40 Regardless of
this lead-time bias, seven patients had widely metastatic
cancer and 26 regional metastases, a figure closely similar
to that encountered in patients without PND. In another
series of 34 patients with anti-Yo–associated PCD, all
12 patients with breast cancer and 15 of 18 patients with
gynecological cancers had metastatic lymph nodes at the
time of tumor diagnosis.60 The median survival was 100

months for patients with breast cancer and 22 for those
with gynecological cancer.

All large series of patients with PND of the CNS
suggest a lead-time bias of early tumor diagnosis as a
result of increased surveillance.5,35,47,60,69–71 In each of
these studies most patients developed PND before the
tumor diagnosis, and none of the patients had sponta-
neous tumor regression. Furthermore, recent FDG-
PET studies in SCLC patients without PND show
that �60% have limited disease at the time of tumor
diagnosis.72 These studies suggest that with better diag-
nostic techniques the tumor staging of patients without
PND is becoming similar to that of patients with PND
in whom the neurological disorder or detection of anti-
bodies prompt the search for cancer. Furthermore, in two
series of patients with PND the use of immunotherapy
did not favor tumor growth as one would expect if the
antitumor immune response was clinically effective.62,73

Overall, rather than an effective antitumor im-
munity, most clinical series of PND suggest that the
immune response is triggered at early stages of cancer

Figure 1 Recommended approach to treatment of PND of the CNS. AMay include IVIg and/or intravenous or oral steroids and/or
plasma exchange.BMay include cyclophosphamide and/or rituximab, or tacrolimus. Variable efficacy (class 4 to 5 level of evidence) has
been reported for IVIg, steroids, plasma exchange, or protein-A immunoglobulin G absorption, cyclophosphamide, and rituximab.58,75–77

Tacrolimus has been suggested as treatment;78 clinical studies are not available. *Because patients with limbic encephalitis or
opsoclonus/myoclonus may show dramatic improvement to immunosuppression, patients with these two disorders and KPS< 50 may
be considered for immunosuppression. KPS, Karnofsky performance status.
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development and that the neurological symptoms fore-
warn of the presence of a tumor that otherwise would
have clinically manifested months or years later. For
example, carcinoma in situ of the testis (also known as
intratubular germ-cell tumor) takes �5 years to become
invasive, and therefore detectable.74 We reported two
patients whose PND led to the diagnosis of carcinoma in
situ of the testis at the preinvasive stage.13

GENERAL TREATMENT STRATEGY
FOR PND OF THE CNS
In summary, data from the above studies suggest: (1) the
diagnosis and treatment of the tumor is the main factor
associated with stabilization or improvement of PND
and should be the main goal in the management of these
disorders; (2) there is no evidence that immunosuppres-
sion favors tumor growth in PND patients; and (3) some
patients benefit from immunosuppression.

In view of these conclusions, a general treatment
strategy for PND of the CNS is proposed (Fig. 1).75–78

Because the simultaneous use of chemotherapy and some
immunosuppressants may result in significant toxicity,
two levels of immunological intervention are suggested.
Patients with progressive PND who are receiving che-
motherapy should be considered for immunosuppression
or immunomodulation that may include oral or intrave-
nous corticosteroids, IVIg, or plasma exchange. Patients
with progressive PND who are not receiving chemother-
apy should be considered for more aggressive immuno-
suppression that may include oral or intravenous
cyclophosphamide, tacrolimus, cyclosporine, or rituxi-
mab. Although there is no compelling evidence than any
of these immunosuppressants is better than others for
patients with PND, the authors favor the use of corti-
costeroids, IVIg, and cyclophosphamide. Clinical trials
with homogeneous groups of PND patients (same anti-
body, same syndrome) assessing the proposed treatment
design and immunosuppressants should be the focus of
future studies.
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Abstract: Neurofibromatosis 1 is an autosomal dominant disorder char-
acterized by multiple café-au-lait spots, axillary and inguinal freckling,
multiple cutaneous neurofibromas, and iris Lisch nodules. Learning dis-
abilities are present in at least 50% of individuals with neurofibromatosis 1.
Less common but potentially more serious manifestations include plexi-
form neurofibromas, optic nerve and other central nervous system gliomas,
malignant peripheral nerve sheath tumors, scoliosis, tibial dysplasia, and
vasculopathy. The diagnosis of neurofibromatosis 1 is usually based on
clinical findings. Neurofibromatosis 1, one of the most common Mendelian
disorders, is caused by heterozygous mutations of the NF1 gene. Almost
one half of all affected individuals have de novo mutations. Molecular
genetic testing is available clinically but is infrequently needed for diag-
nosis. Disease management includes referral to specialists for treatment of
complications involving the eye, central or peripheral nervous system,
cardiovascular system, spine, or long bones. Surgery to remove both benign
and malignant tumors or to correct skeletal manifestations is sometimes
warranted. Annual physical examination by a physician familiar with the
disorder is recommended. Other recommendations include ophthalmologic
examinations annually in children and less frequently in adults, regular
developmental assessment in children, regular blood pressure monitoring,
and magnetic resonance imaging for follow-up of clinically suspected
intracranial and other internal tumors. Genet Med 2010:12(1):1–11.

Key Words: neurofibromatosis 1, genetics, management, molecular
testing, natural history

CLINICAL DESCRIPTION AND DIAGNOSIS

Neurofibromatosis 1 (NF1) is an autosomal dominant condi-
tion caused by heterozygous mutations of the NF1 gene. The
most frequent clinical manifestations are alterations of skin
pigmentation, iris Lisch nodules, and multiple benign neurofi-
bromas, but people with NF1 also frequently have learning
disabilities and may develop skeletal abnormalities, vascular
disease, central nervous system (CNS) tumors, or malignant
peripheral nerve sheath tumors.

NF1 is characterized by extreme clinical variability, not only
among unrelated individuals and among affected individuals
within a single family but also even within a single person at
different times in life. Many people with NF1 have only milder
manifestations of the disease, such as pigmentary lesions, Lisch
nodules, or learning disabilities, but the frequency of more serious
complications increases with age. Various manifestations of NF1
have different characteristic times of appearance.1–4

The average life expectancy of individuals with NF1 is
reduced by �15 years.5,6 Malignant peripheral nerve sheath
tumors and vasculopathy are the most important causes of early
death in individuals with NF1.

The criteria for diagnosis of NF1 developed by a National
Institutes of Health (NIH) Consensus Conference7 in 1987 are
generally accepted for routine clinical use.4,8 The NIH diagnos-
tic criteria are met in an individual who has two or more of the
following features in the absence of another diagnosis:

● Six or more café-au-lait macules (Fig. 1) �5 mm in
greatest diameter in prepubertal individuals and �15 mm
in greatest diameter in postpubertal individuals;

● Two or more neurofibromas of any type (Figs. 2 and 3) or
one plexiform neurofibroma (Fig. 4);

● Freckling in the axillary or inguinal regions;
● Optic glioma;
● Two or more Lisch nodules (iris hamartomas);
● A distinctive osseous lesion such as sphenoid dysplasia or

tibial pseudarthrosis; or
● A first-degree relative with NF1 as defined by the above

criteria.

These clinical criteria are both highly specific and highly
sensitive in adults with NF1.8 In children, the diagnosis can be
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more problematical. Only approximately one half of the chil-
dren with NF1 and no family history of NF1 meet the criteria
for diagnosis by the age of 1 year, but almost all do by the age
of 8 years9 because many features of NF1 increase in frequency
with age.2,10,11

Children who have inherited NF1 from an affected parent can
usually be identified within the first year of life because diag-
nosis requires just one feature in addition to a positive family
history. This feature is usually multiple café-au-lait spots, which
develop in infancy in �95% of individuals with NF1.2 Young
children with multiple café-au-lait spots and no other NF1
features whose parents do not show signs of NF1 on careful
physical and ophthalmologic examination should be strongly
suspected of having NF1 and followed clinically as though they
do. A definite diagnosis of NF1 can be made in most of these
children by the age of 4 years using the NIH criteria.2

NATURAL HISTORY OF DISEASE
MANIFESTATIONS

Cutaneous and subcutaneous manifestations
Café-au-lait spots are usually the first manifestation of NF1

observed. Café-au-lait spots are often present at birth and in-
crease in number during the first few years of life. Multiple
café-au-lait spots occur in nearly all affected individuals, and
intertriginous freckling develops in almost 90%, usually by the
age of 7 years.2

Neurofibromas are benign tumors arising from the Schwann
cells that surround peripheral nerves of all sizes. Neurofibromas
can occur anywhere in the peripheral nervous system.1 Several
different kinds of neurofibromas exist, but their classification is
controversial.1,11–14 Neurofibroma formation is most common
in the skin but may affect virtually any organ in the body.

Discrete cutaneous and subcutaneous neurofibromas are uncom-
mon in early childhood. They usually begin to develop around the
time of puberty, although small intradermal tumors can be seen
using side lighting in many affected children. In adults with NF1,

Fig. 1. Café-au-lait macules in a patient with NF1.

Fig. 2. Numerous subcutaneous neurofibromas, some of
which are marked with arrows, in a human with NF1.

Fig. 3. Numerous cutaneous neurofibromas of various
sizes in an adult with NF1.

Fig. 4. Large diffuse plexiform neurofibroma of the left
leg in a woman with NF1.
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numerous cutaneous neurofibromas are usually present, but the
total number varies from a few to many thousands. Additional
cutaneous and subcutaneous neurofibromas continue to develop
throughout life, although the rate of appearance may vary greatly
from year to year. Women may experience a burst of neurofibroma
growth in association with pregnancy.

Plexiform neurofibromas
Approximately one half of people with NF1 have plexi-

form neurofibromas, but most are internal and not suspected
clinically.15,16 Most of these tumors grow slowly if at all over
periods of years, but rapid growth can occur in benign lesions,
especially in early childhood.17,18 As a result of their extent and
location, some plexiform neurofibromas cause disfigurement
and may compromise function or even jeopardize life. Diffuse
plexiform neurofibromas of the face and neck rarely appear
after the age of 1 year, and diffuse plexiform neurofibromas of
other parts of the body rarely develop after adolescence. In
contrast, deep nodular plexiform neurofibromas, which often
originate from spinal nerve roots, are infrequently seen in early
childhood and usually remain asymptomatic even in adulthood.

Other neoplasms
In children with NF1, the most common neoplasms apart

from neurofibromas are optic pathway gliomas and brain tu-
mors.19–23 Approximately 15% of patients with NF1 develop
optic pathway gliomas that are apparent on magnetic resonance
imaging (MRI) before 6 years, but most are asymptomatic and
remain so throughout life.20,24 Optic nerve pallor may be an
important sign of optic pathway glioma. Symptomatic optic
pathway gliomas in individuals with NF1 usually present before
the age of 6 years with loss of visual acuity or proptosis, but
these tumors may not become symptomatic until later in child-
hood or even in adulthood. Symptomatic optic pathway gliomas
in NF1 are frequently stable for many years or only very slowly
progressive; some of these tumors spontaneously regress.20,24–26

Brain tumors, which are usually gliomas of the brain stem or
cerebellum, occur much more frequently than expected in peo-
ple with NF1, especially in children and young adults. Second,
CNS tumors occur in at least 20% of individuals with NF1 who
have optic pathway gliomas in childhood27 and are substantially
more frequent in patients with NF1 who previously had optic
gliomas treated with radiotherapy.28 (Radiotherapy is no longer
recommended for optic pathway gliomas in people with NF1—
see “Treatment of Disease Manifestations” later). Brain tumors
usually follow a less aggressive course in people with NF1 than
in other individuals.22,23,29,30

Malignant peripheral nerve sheath tumors are the most fre-
quent malignant neoplasms associated with NF1, occurring
sometime in the life of �10% of affected individuals.6,31–34

These malignancies tend to develop at a much younger age and
have a poorer prognosis for survival in people with NF1 than in
the general population.31,33–35 Malignant peripheral nerve
sheath tumors are rare in children and adolescents with NF1,
tend to be of low grade, and may be difficult to distinguish from
atypical plexiform neurofibromas in this age group. High-grade
malignant peripheral nerve sheath tumors usually arise in pa-
tients with NF1 in their 20s or 30s.31,33,34

Individuals with NF1 who have benign subcutaneous neuro-
fibromas or benign internal plexiform neurofibromas appear to
be at greater risk of developing malignant peripheral nerve
sheath tumors than people with NF1 who lack such benign
tumors.16,36 Two to 3% of people with NF137 develop a diffuse
polyneuropathy that may be associated with multiple nerve root
neurofibromas and a high risk of developing malignant periph-

eral nerve sheath tumors.37,38 Malignant peripheral nerve sheath
tumors also appear to be more frequent than expected in the
therapeutic field in patients with NF1 who have had optic
gliomas treated with radiotherapy.28,31

Leukemia, especially juvenile myelomonocytic leukemia and
myelodysplastic syndromes, is infrequent in children with NF1
but much more common than in children without NF1. In one
population-based study, women with NF1 appeared to have a
5-fold increased risk of developing breast cancer before the age
of 50 years and a 3.5-fold increased risk of developing breast
cancer overall.39 Gastrointestinal stromal tumors are also un-
usually frequent in people with NF1.40–44 NF1-associated and
sporadic gastrointestinal stromal tumors appear to have differ-
ent molecular pathogenesis, which has important implications in
terms of therapy.40

Other ocular manifestations
Lisch nodules, which are innocuous iris hamartomas, aid in

the diagnosis of NF1 but have no other clinical implications.
Lisch nodules increase in frequency with age.45 They are not
present at birth21 but can be found in �90% patients with NF1
aged 16 years or older.45

Vasculopathy
The prevalence of hypertension is more common in people

with NF1 than in the general population and may develop at any
age.1,46–48 In most cases, the hypertension is “essential,” but it
may also occur as a consequence of renal artery stenosis and
coarctation of the aorta or pheochromocytoma. A renovascular
cause is often found in children with NF1 and hypertension.49,50

A characteristic NF1 vasculopathy can cause arterial steno-
sis, occlusion, aneurysm, pseudoaneurysm, rupture, or arterio-
venous fistula formation. NF1 vasculopathy involving the arter-
ies of the heart or brain or other major arteries can have serious
or even fatal consequences.46,51–54 Cerebrovascular abnormali-
ties may present in children with NF1 as stenoses or occlusions
of the internal carotid, middle cerebral, or anterior cerebral
artery. Small telangiectatic vessels form around the stenotic area
and appear as a “puff of smoke” (moyamoya) on cerebral
angiography.54 Moyamoya develops about three times more
often than expected in children with NF1 after cranial irradia-
tion for primary brain tumors.55 Ectatic vessels and intracranial
aneurysms also occur more frequently in individuals with NF1
than in the general population.56,57 Valvular pulmonic stenosis
is more common in individuals with NF1 than in the general
population.58

Skeletal manifestations
Scoliosis has been reported in 10% to 26% of individuals

affected with NF1 in various clinic-based series.59 There are
two different forms—dystrophic and nondystrophic. The dys-
trophic form, which is progressive and associated with vertebral
scalloping and wedging,60,61 almost always develops before 10
years, whereas the milder nondystrophic form of scoliosis typ-
ically occurs during adolescence.60

Long bone dysplasia, most often involving the tibia, occurs
in 1% to 4% of children with NF1 in clinic-based series.59 In
infants with tibial dysplasia, the bone is usually bowed in an
anterolateral direction and is subject to pathologic fracture.
Subsequent healing may not occur normally, producing pseudo-
arthrosis. The ipsilateral fibula is often involved in association
with tibial pseudoarthrosis62 and focal dysplasia of the ulna,
radius, scapula, or vertebra may occur.63

Although focal skeletal abnormalities like dystrophic scoli-
osis or tibial pseudoarthrosis can be severely disabling, they are
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uncommon among people with NF1. Generalized skeletal ab-
normalities are less severe but much more frequent. Individuals
with NF1 tend to be below average in height and above average
in head circumference for age,64–67 although heights �3 stan-
dard deviations below the mean and head circumferences �4
standard deviations above the mean are rarely seen.

Generalized osteopenia and frank osteoporosis are also more
common than expected in people with NF1.68–74 The pathogen-
esis of these bony changes is not understood,75 but patients with
NF1 may have lower than expected serum 25-hydroxyvitamin
D concentrations, elevated serum parathyroid hormone levels,
and evidence of increased bone resorption.72,74,76,77

Neurobehavioral abnormalities
Headaches occur frequently among individuals with NF1,

and hydrocephalus or seizures are seen occasionally. People
with NF1 have larger brains, on an average, than people without
NF1, but gray matter volume is not correlated with intelligence
quotient in NF1.78,79

Most individuals with NF1 have normal intelligence, but
learning disabilities occur in 50% to 75%.80–85 Visual-spatial
performance deficits and attention deficits are most often seen,
although a variety of learning problems has been described.
Children with NF1 often have poorer social skills and other
personality, behavioral, and quality of life differences when
compared with children without NF1.86–93 The learning prob-
lems associated with NF1 persist into adulthood.94,95

Unidentified bright objects (UBOs), which are sometimes called
“T2 hyperintensities” or “focal areas of signal intensity”, can be
visualized on T2-weighted MRI of the brain in at least 60% of
children with NF1, but the clinical significance is uncertain.3,9,96–99

UBOs show no evidence of a mass effect and are not seen on
T1-weighted MRI or on computed tomography scan. They may
disappear with age.98,100,101 Some studies have suggested that the
presence, number, volume, or location of UBOs correlate with
learning disabilities in children with NF1, but the findings have not
been consistent among investigations.97,100–103

Involvement of the endocrine and reproductive
system

Precocious puberty may occur in children with NF1, espe-
cially in association with tumors of the optic chiasm.104 Delayed
puberty is also common, but the reason it occurs is unknown.67

Although most children with NF1 are shorter than average,64–67

few are growth hormone deficient. Those who are may benefit
from appropriate treatment.

Although most pregnancies in women with NF1 are normal,
serious complications may develop. Hypertension may first
become symptomatic or, if preexisting, may be greatly exacer-
bated during pregnancy.105 Many women with NF1 experience
a rapid increase in the number and size of neurofibromas during
pregnancy.106 Large pelvic or genital neurofibromas can com-
plicate delivery, and cesarean section appears to be necessary
more often than usual in pregnant women with NF1. Hormonal
contraception does not appear to stimulate the growth of neu-
rofibromas in women with NF1.76

Genotype-phenotype correlations
Only two clear correlations have been observed between

particular mutant NF1 alleles and consistent clinical pheno-
types. The first is a whole NF1 gene deletion associated with
large numbers and early appearance of cutaneous neurofibro-
mas, more frequent and more severe than average cognitive
abnormalities, and sometimes somatic overgrowth, large hands

and feet, and dysmorphic facial features.107–111 The second is a
3-bp in-frame deletion of Exon 17 (c.2970–2972 delAAT)
associated with typical pigmentary features of NF1, but no
cutaneous or surface plexiform neurofibromas.112

The consistent familial transmission of NF1 variants such as
Watson syndrome (multiple café-au-lait spots, pulmonic stenosis,
and dull intelligence)113,114 and familial spinal neurofibromato-
sis115–117 also indicates that allelic heterogeneity plays a role in the
clinical variability of NF1. In addition, statistical analysis of clin-
ical features in families with NF1 suggests that modifying genes at
other loci influence some aspects of the NF1 phenotype.118–121

Conversely, the extreme clinical variability of NF1 suggests that
random events are also important in determining the phenotype in
affected individuals. Evidence in support of this interpretation is
provided by the occurrence of acquired double inactivation of the
NF1 locus in many different kinds of tumors and other focal
lesions in people with NF1.117,120–139

Other distinctive NF1 phenotypes
Some individuals with NF1 have distinctive phenotypes

composed of unusual combinations of clinical features that
cluster together. Recognition of these distinctive phenotypes
may aid in diagnosis and prognosis.

Segmental NF1
Segmental NF1 is diagnosed in individuals who have typical

features of NF1 restricted to one part of the body and whose
parents are both unaffected.140,141 In some cases, the unusual
distribution of features may just be a chance occurrence in an
individual with NF1. In other individuals, segmental NF1 rep-
resents mosaicism for a somatic NF1 mutation.132,142–144 How-
ever, most individuals who have been reported with mosaicism
for an NF1 mutation have mild, but not segmental, neurofibro-
matosis.145 Individuals with segmental NF1 have been reported
whose children have typical NF1.144,146

NF1-Noonan syndrome
Features of Noonan syndrome such as ocular hypertelorism,

down-slanting palpebral fissures, low-set ears, webbed neck,
and pulmonic stenosis occur in �12% of individuals with
NF1.147 Relatives of such individuals who are affected with
NF1 may or may not have concomitant features of Noonan
syndrome. The NF1-Noonan phenotype appears to have a va-
riety of causes, including the rare occurrence of two different
autosomal dominant mutations in some families and segregation
as an NF1 variant in others.148,149 Most individuals with NF1-
Noonan syndrome have constitutional mutations of the NF1
gene.150–152 Mutations of the PTPN11 gene, which can be found
in approximately one half of all people with Noonan syndrome,
are uncommon but have been reported in people with the NF1-
Noonan syndrome phenotype.150,153 Mutations found in Noonan
syndrome and NF1 encode for different proteins involved in ras
signaling, and it has been hypothesized that the phenotypic overlap
is due to involvement of this shared pathway.154

DIFFERENTIAL DIAGNOSIS

More than 100 genetic conditions and multiple congenital
anomaly syndromes have been described, which include café-
au-lait spots or other individual features of NF1, but few of
these disorders are ever confused with NF1. The conditions that
are most often considered in the differential diagnosis of NF1
are listed in Table 1. In a few instances, an individual who does
not have NF1 may meet the NF1 diagnostic criteria, but NF1
can be excluded because of the presence (or absence) of other

Jett and Friedman Genetics IN Medicine • Volume 12, Number 1, January 2010

4 © 2010 Lippincott Williams & Wilkins



characteristic features. For example, Legius syndrome, an au-
tosomal dominant condition caused by heterozygous mutations
of SPRED1, produces multiple café-au-lait spots, axillary freck-
ling, macrocephaly and, in some individuals, facial features that
resemble Noonan syndrome,155–157 but the absence of Lisch
nodules and neurofibromas in affected adults makes NF1 un-
likely in these families.

Another example is the condition caused by homozygosity
for one of the genes associated with hereditary nonpolyposis
colon cancer (HNPCC).158–160 This results in a cutaneous phe-
notype that is remarkably similar to NF1. However, individuals
homozygous for mutations associated with HNPCC usually
develop tumors that are typical of HNPCC with an even
younger age of onset than seen in HNPCC heterozygotes. The
parents of children who are homozygous for an HNPCC muta-
tion are often consanguineous and may have clinical findings
and/or a family history of HNPCC. Typically, neither parent has
clinical findings of NF1.

Individuals or families have occasionally been described
with pathogenic NF1 mutations who do not have NF1 according
to the NIH Diagnostic Criteria. A few families have been
reported in which affected individuals have NF1 mutations and
multiple spinal neurofibromas but few, if any, cutaneous man-
ifestations of the disease.115–117 Other examples include a hu-
man with an NF1 mutation and an optic pathway glioma but no

other diagnostic features of NF1161 and a child with an NF1
mutation and encephalocraniocutaneous lipomatosis.162 The re-
lationship of the NF1 mutations to the unusual phenotypes in
these individuals is not understood.

MOLECULAR GENETICS

Pathogenesis
The NF1 gene was identified and the protein product char-

acterized by Cawthon et al.163 and Wallace et al.164; the entire
cDNA sequence was described by Gutmann and Collins165 and
Viskochil et al.166 The gene is large (�350 kb and 60 exons)
and codes for at least three alternatively spliced transcripts.167

NF1 is unusual in that one of its introns contains coding se-
quences for at least three other genes.168 NF1 pseudogenes
occur on chromosomes 2q21.1, 14q11.1, 14q11.2, 15q11.2,
18p11.21, 21q11.2-q21.1, and 22q11.1 (NCBI Entrez Gene),
complicating the design of molecular assays for NF1 mutations.

The entire NF1 gene is located in an extended region of high
linkage disequilibrium.169–171 Because recombination occurs
infrequently within this 300-kb region, the haplotype structure
in human populations is unusually simple.

NF1 is presumed to result from loss-of-function mutations
because �80% of germline mutations described cause trunca-

Table 1 Disorders that may resemble NF1 but can be distinguished by their clinical or histopathological features

Condition Clinical features

Legius syndrome Dominantly inherited multiple café-au-lait spots, axillary freckling, and macrocephaly without Lisch nodules,
neurofibromas, or central nervous system tumors

Homozygous HNPCC
mutations

Multiple café-au-lait spots, axillary freckling, and cutaneous neurofibromas associated with the occurrence of
HNPCC-associated malignancy at an unusually young age; often associated with consanguinity and a
family history of HNPCC

NF2 Bilateral vestibular schwannomas, schwannomas of other cranial and peripheral nerves (often
indistinguishable from intraneural plexiform neurofibromas on MRI), cutaneous schwannomas,
meningiomas, juvenile posterior subcapsular cataracts

Schwannomatosis Multiple schwannomas of cranial, spinal or peripheral nerves (often indistinguishable from intraneural
plexiform neurofibromas on MRI), usually without vestibular, ocular or cutaneous features of NF2 or NF1

Noonan syndrome Short stature, congenital heart defect, broad or webbed neck, and characteristic facies

LEOPARD syndrome Multiple lentigines, ocular hypertelorism, deafness, congenital heart disease

McCune-Albright syndrome Large café-au-lait spots with irregular margins, polyostotic fibrous dysplasia

Multiple endocrine neoplasia
type 2B

Mucosal neuromas, conjunctival neuromas, pheochromocytoma, medullary carcinoma of the thyroid,
ganglioneuromatosis of the gastrointestinal tract, distinctive face with enlarged lips, marfanoid habitus

Bannayan-Riley-Ruvalcaba
syndrome

Multiple lipomas and hemangiomas, macrocephaly, pigmented macules of the glans penis

Juvenile hyaline fibromatosis Multiple subcutaneous tumors, gingival fibromatosis

Congenital generalized
fibromatosis

Multiple tumors of the skin, subcutaneous tissues, skeletal muscle, bones, and viscera

Multiple lipomatosis Multiple cutaneous lipomas

Klippel-Trenaunay-Weber
syndrome

Cutaneous hemangiomas, varicose veins, arteriovenous fistulas, and hemihypertrophy

Proteus syndrome Hamartomatous overgrowth of multiple tissues, connective tissue nevi, epidermal nevi, and hyperostosis

Multiple café-au-lait spots Autosomal dominant trait without other features of NF1

Piebald trait Areas of cutaneous pigmentation and depigmentation with hyperpigmented borders of the unpigmented
areas, white forelock
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tion of the gene product.172–174 In addition, deletion of the entire
gene causes typical, although often severe, NF1. More than 500
different mutations of the NF1 gene have been identified; most
are unique to a particular family. Many mutations have been
observed repeatedly, but none has been found in more than a
few percent of families studied.172 Many different kinds of muta-
tions have been observed, including nonsense mutations, amino
acid substitutions, deletions (which may involve only one or a few
base pairs, multiple exons, or the entire gene), insertions, intronic
changes affecting splicing, alterations of the 3� untranslated region
of the gene, and gross chromosomal rearrangements.

The protein product of the NF1 gene, neurofibromin, has a
calculated molecular mass of �327 kDa. The function of
neurofibromin is not fully understood, but it is known to
activate ras GTPase, which promotes the hydrolysis of active
ras-GTP to inactive ras-GDP.175–179 In NF1, reduction (in
haploinsufficient cells) or complete loss (in cells that have
also lost function of the normal NF1 allele) of neurofibromin
leads to activation of ras, which in turn regulates a cascade of
downstream signaling pathways, including those that involve
mitogen-activated protein kinase (MAPK), phosphatidylinositol
3-kinase (PI3K), protein kinase B (PKB), and mammalian target
of rapamycin (mTOR) kinase. Activation of these pathways has
a variety of cellular effects but generally stimulates cellular
proliferation and survival.154

Neurofibromin probably has other functions as well, in-
cluding regulation of adenylyl-cyclase activity and intracel-
lular cyclic-AMP generation.175,176,180,181

Molecular genetic testing
Genetic testing is necessary to provide prenatal diagnosis and

may be used as an adjunct to clinical diagnosis in cases with an
atypical presentation or in which the child is too young to have
developed most characteristic features. A multistep mutation
detection protocol that identifies �95% of pathogenic NF1
mutations in individuals fulfilling the NIH diagnostic criteria is
available.180,181 This protocol, which involves analysis of both
mRNA and genomic DNA, includes real-time polymerase chain
reaction, direct sequencing, microsatellite marker analysis, mul-
tiplex ligation-dependent probe amplification, and interphase
fluorescence in situ hybridization. Because of the frequency of
splicing mutations and the variety and rarity of individual
mutations found in people with NF1, methods based solely on
analysis of genomic DNA have lower detection rates.181,182

Testing by fluorescence in situ hybridization, multiplex ligation-
dependent probe amplification, or analysis of multiple single nu-
cleotide polymorphisms (SNPs) or other polymorphic genetic
markers in the NF1 genomic region181 is sometimes performed to
look just for whole NF1 gene deletions when the “large deletion
phenotype” is suspected clinically.107,108 Whole NF1 gene dele-
tions occur in 4% to 5% of individuals with NF1.183

Linkage studies are available, but they require accurate clinical
diagnosis of NF1 in affected family members, accurate understand-
ing of the genetic relationships in the family, and the availability
and willingness of a sufficient number of family members to be
tested. More than 1700 intragenic SNPs that can be used in linkage
studies are currently listed for the NF1 locus in dbSNP.

MANAGEMENT

Initial evaluation
We recommend the following investigations to establish the

extent of disease in an individual with NF1 at the time of
diagnosis:

● Personal medical history with particular attention to fea-
tures of NF1;

● Physical examination with particular attention to the skin,
skeleton, cardiovascular system, and neurologic systems;

● Ophthalmologic evaluation including slit lamp examina-
tion of the irises;

● Developmental assessment in children;
● Other studies as indicated on the basis of clinically appar-

ent signs or symptoms.

The value of performing routine brain MRI in individuals
with NF1 at the time of diagnosis is controversial. Proponents
state that such studies are useful in helping to establish the
diagnosis in some individuals, in identifying complications be-
fore they become clinically apparent in others, and in evaluating
the context in which extracranial complications occur in still
others.25,99,184 Those who oppose routine head MRI point to the
difficulty in reliably diagnosing UBOs, the cost of such testing,
the risk of sedation (which is necessary in a young child), and
the fact that clinical management is not affected by finding
intracranial lesions such as UBOs or optic nerve thickening in
asymptomatic individuals.2,4,8,20,185,186 In fact, finding such le-
sions often results in regularly repeating the MRI despite the
continued absence of related symptoms, adding further to the
cost as well as to the anxiety of the individual and family,
without any benefit. In addition, normal MRI findings on an
initial scan do not preclude the subsequent development of CNS
lesions.

Subsequent evaluation
Annual surveillance is recommended for people with NF1,

with physical examination by a physician who is familiar with
the individual and with the disease. In children and adolescents,
height, weight, and head circumference should be measured and
recorded on appropriate growth charts during each visit. The
blood pressure should be measured on every visit, regardless of
age. Annual ophthalmologic examination is especially impor-
tant in early childhood, but eye examinations can be less fre-
quent in older children and adults. In addition, children with
NF1 should have regular developmental, speech, and language
assessments, and those who appear to be manifesting develop-
mental problems should have formal evaluation to provide a
basis for appropriate intervention. Other studies should be per-
formed as indicated on the basis of clinically apparent signs or
symptoms. Patients with abnormalities of the CNS, skeletal
system, or cardiovascular system should be referred to appro-
priate specialists for evaluation. Similar recommendations for
the health supervision of individuals with NF1 have recently
been made by others.4,8

No limitations on physical activity are necessary for most
people with NF1. Limitations may be required if certain partic-
ular features, such as tibial dysplasia or dysplastic scoliosis, are
present, but in these instances, the limitation is determined by
the feature, not by the presence of NF1 itself.

Treatment of disease manifestations
Discrete cutaneous or subcutaneous neurofibromas that are

disfiguring or in inconvenient locations (e.g., at belt or collar
lines) can be removed surgically, or, if small, by laser or
electrocautery. This aspect of treatment is important: disfigure-
ment is the most distressing disease manifestation for many
individuals with NF1.10

Plexiform neurofibromas may grow to enormous size and can
cause serious disfigurement, overgrowth, or impingement on
normal structures. The extent of plexiform neurofibromas seen
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on the surface of the body often cannot be determined by
clinical examination alone, and many internal neurofibromas,
even large ones, may be unsuspected on clinical examination.
MRI is the method of choice for demonstrating the size and
extent of plexiform neurofibromas16,187–189 and for monitoring
their growth over time.17,18,190

Surgical treatment of plexiform neurofibromas is often un-
satisfactory because of their intimate involvement with nerves
and their tendency to grow back at the site of removal.175,191–195

In one small series in which surgical removal of superficial
plexiform neurofibromas was undertaken in children while the
tumors were still relatively small, it was possible to resect the
neurofibromas completely without producing any neurological
deficit.196 Completely resected tumors usually do not grow
back, but this is not always the case.197 Various medical treat-
ments for plexiform and spinal neurofibromas are currently
being evaluated in clinical trials.4,175,177,198–200

Radiofrequency therapy has shown some promise for treat-
ment of facial diffuse plexiform neurofibromas and café-au-lait
spots in small clinical series.201,202 Radiotherapy of plexiform
neurofibromas is contraindicated because of the risk of inducing
malignant peripheral nerve sheath tumors in these genetically
predisposed individuals.27,31

Pain, development of a neurologic deficit, or enlargement of
a preexisting quiescent plexiform neurofibroma may signal
transformation to a malignant peripheral nerve sheath tumor and
requires immediate evaluation.203 Examination by MRI and
positron emission tomography187,204–210 is useful in distinguish-
ing benign and malignant peripheral nerve sheath tumors, but
definitive differentiation can only be made by histological ex-
amination of the tumor. Complete surgical excision, when pos-
sible, is the only treatment that offers the possibility of cure of
malignant peripheral nerve sheath tumors. Adjuvant chemother-
apy or radiotherapy is sometimes used as well, although benefit
has not been clearly established.33,175,194 Clinical trials of sev-
eral therapeutic approaches to malignant peripheral nerve
sheath tumors are available to individuals with NF1.175,177

Most children with NF1 who develop optic pathway gliomas
do not require treatment, but chemotherapy is the treatment of
choice for progressive tumors.20,24,26,211,212 Surgical treatment
of optic pathway gliomas is usually reserved for cosmetic
palliation in a blind eye, and radiotherapy is usually avoided
because of the risk of inducing malignancy or moyamoya in the
exposed field.31,56 Several controlled trials for treatment of optic
pathway gliomas are available to individuals with NF1.20,211

The less aggressive course of most brainstem and cerebellar
gliomas in people with NF1 should be taken into consideration
in the management of these tumors.22,23,29,30

Bracing is usually ineffective in children with NF1 and
rapidly progressive dystrophic scoliosis. Treatment requires sur-
gery, which may be complex and difficult.213,214 Nondystrophic
scoliosis in adolescents with NF1 can usually be treated in a
manner similar to idiopathic scoliosis in the general population.

Medications that are useful for treatment of attention-deficit
hyperactive disorder, depression, or anxiety in the general pop-
ulation are also effective for individuals with NF1 and can be
prescribed if indicated.

GENETIC COUNSELING

NF1 is inherited in an autosomal dominant manner. Approx-
imately 50% of individuals with NF1 have been found to have
an affected parent, and �50% have the altered gene as a result
of de novo mutation, at least in North American and European
populations that have been well studied. When NF1 is suspected

in a child, both parents should have medical histories, physical
examinations, and ophthalmological examinations (including
slit lamp examination) performed with particular attention to
features of NF1. Diagnosis of NF1 in a parent may permit
unequivocal diagnosis of NF1 in a child, is essential for genetic
counseling, and has important medical implications for the
affected parent.

The risk to the sibs of a proband depends on whether one of
the proband’s parents has NF1. If a parent is affected, the risk
to the sibs is 50%. If neither parent of an individual with NF1
meets the clinical diagnostic criteria for NF1 after careful med-
ical history, physical examination, and ophthalmologic exami-
nation, the risk to the sibs of the affected individual of having
NF1 is low but greater than that of the general population
because of the possibility of germline mosaicism.144,215

Each child of an individual with NF1 has a 50% chance of
inheriting the mutant gene. Penetrance is 100%, so a child who
inherits an NF1 mutation will develop features of NF1, but the
disease may be considerably more (or less) severe in an affected
children than in their affected parent. The risk to other family
members depends on the status of the proband’s parents. If a
parent is found to be affected, their own parents and other
children are at risk.

The optimal time for determination of genetic risk and ge-
netic counseling regarding prenatal testing is before pregnancy.
It is appropriate to offer genetic counseling (including discus-
sion of potential risks to offspring and reproductive options) to
young adults who are affected or at risk.

Prenatal diagnosis for pregnancies at increased risk for NF1
is available by analysis of DNA extracted from fetal cells
obtained by amniocentesis or chorionic villus sampling. Preim-
plantation diagnosis of NF1 has also been reported.216–218 The
disease-causing allele in the affected parent must be identified
before prenatal or preimplantation testing can be performed.219,220

Prenatal diagnosis can also be performed by linkage,220 but NF1 is
a relatively common autosomal dominant condition and families
have been reported with two or even three different NF1 mutations
segregating in affected relatives.168,221 The occurrence of two or
more different pathogenic mutations in a family could confound
the use of linkage analysis for prenatal diagnosis. Prenatal diagno-
sis of exceptionally severe NF1 by ultrasound examination has
been reported,222 but ultrasound examination is unlikely to be
informative in most cases.

Requests for prenatal testing for NF1 are not common, prob-
ably because of the wide range of severity and age of onset.
Differences in perspective may exist among medical profession-
als and within families regarding the use of prenatal testing,
particularly if the testing is being considered for the purpose of
pregnancy termination rather than early diagnosis. Discussion
of these issues is appropriate during pretest counseling for
prenatal diagnosis of NF1.
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A R T I C L E S

Intracranial Gliomas in Neurofibromatosis Type 1
ROBERT LISTERNICK, JOEL CHARROW, AND DAVID H. GUTMANN*

Optic pathway gliomas and brainstem gliomas are the predominant intracranial neoplasms associated with
neurofibromatosis type 1 (NF1). Before the past 15 years, studies of optic pathway gliomas in NF1 were
hampered by the inaccurate diagnosis of NF1, the unavailability of noninvasive neuroimaging techniques,
and the frequent rendering of what would now be considered unnecessary, overly aggressive therapy.
When studied systematically, these tumors behave in a much more benign fashion than their counterparts
in children who do not have NF1. While they may cause symptoms in as many of 50% of cases, progression
to the point where specific intervention is deemed necessary is unusual. Consequently, screening neuro-
imaging of asymptomatic patients is unwarranted. Because optic pathway tumors universally arise in
children younger than 7 years of age, all such children should undergo yearly ophthalmologic evaluations
and annual assessments of growth to monitor for signs of precocious puberty. Am. J. Med. Genet. (Semin.
Med. Genet.) 89:38–44, 1999. Q 1999 Wiley-Liss, Inc.

KEY WORDS: NF1; brainstem glioma; optic pathway tumor; precocious puberty

INTRODUCTION

Optic pathway tumors and brain-stem
gliomas are the predominant intracrani-
al neoplasms associated with neurofi-
bromatosis type 1 (NF1). They are of-
ten asymptomatic and are seen when
“screening” neuroimaging is per-
formed, but they may lead to substantial
morbidity in childhood.

OPTIC PATHWAY TUMORS

Although optic pathway tumors ac-
count for only 2% to 5% of all brain
tumors in childhood, as many as 70%
are associated with NF1. They gener-
ally behave in a benign fashion, but in
some individuals they may result in vi-
sual loss or precocious puberty. Before
the past 15 years, studies of optic path-
way gliomas in NF1 were hampered by
variability in the diagnosis of NF1, the
unavailability of high-quality noninva-
sive neuroimaging techniques, and the
frequent rendering of what would now
be considered unnecessary, overly ag-
gressive therapy. Establishment of diag-
nostic criteria for NF1 as well as insights
into its pathogenesis have enabled us to
more accurately identify optic pathway
gliomas and elucidate their natural his-
tory.

Pathologic Characteristics

Optic pathway gliomas in NF1 are clas-
sified as World Health Organization
grade I pilocytic astrocytomas. On gross
examination, these tumors are white to
tan in color and rubbery, and they often
contain a great deal of mucus. On his-
tologic examination, they are identical
to pilocytic astrocytomas found else-
where in the central nervous system.
The majority of the tumor cells are
elongated (fusiform or “pilocytic”) as-

trocytes with coarse fibrillary cytoplas-
mic processes that express GFAP. The
tumor cells form densely fibrillary, cel-
lular regions and less cellular, more
loosely textured areas. Fusiform, eosin-
ophilic, club-shaped structures (Rosen-
thal fibers) and eosinophilic intracyto-
plasmic protein granular bodies are
commonly detected, as they are in the
case of other pilocytic tumors [Kleihues
et al., 1995]. Attempts to distinguish the
histologic characteristics of optic path-
way tumors seen in children with NF1
from sporadic tumors not associated
with NF1 have yielded conflicting re-
sults.

Incidence

Estimates of the incidence of optic
pathway gliomas in children with NF1
vary widely, depending upon the
method of case ascertainment. The only
population-based study in southeast
Wales identified just two cases of optic
pathway glioma among 135 people
with NF1, for a prevalence of 1.5%
[Huson et al., 1988]. Patients in this
study were not systematically evaluated
for the presence of asymptomatic tu-
mors. Lewis et al. [1984] identified 33
optic pathway gliomas in 217 NF1 pa-
tients, for an overall prevalence of 15%.
This study was unique in that it in-
cluded patients in whom (a) the diag-
nosis of NF1 was clearly established, (b)
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computerized tomography had been
performed, and (c) strict radiographic
criteria for the identification of tumors
had been applied.

In two studies, Listernick et al.
[1989, 1994] also performed screening
neuroimaging on all children with con-
firmed NF1. Because only a few pa-
tients had overt complications of NF1
that may have precipitated early refer-
ral, these patients were more represen-
tative of the pediatric NF1 population
at large. These researchers also found a
15% incidence of optic pathway glio-
mas, excluding children who were ini-
tially seen for ophthalmologic com-
plaints. However, only 52% of the
children who had radiographically
identifiable optic pathway gliomas ulti-
mately showed any signs or symptoms
of their tumors. Consequently, the true
incidence of symptomatic optic path-
way glioma in NF1 is probably some-
where between 1.5% (Huson’s preva-
lence figure) and 7.5%.

Age at Presentation

Optic pathway gliomas, whether or not
they are associated with NF1, occur
predominantly in young children. Lis-
ternick et al. [1989, 1994] have shown
that the period of greatest risk for the
development of symptomatic optic
pathway glioma in NF1 is during the
first 6 years of life, with a median age at
detection of 4.2 years. In particular, all
patients with symptoms related to their
tumors at the time of diagnosis were
identified before 6 years of age. In ad-
dition, these investigators described the
cases of four children with a mean age
of 3.6 years in whom optic pathway
gliomas developed after they had had
normal neuroimaging findings, arguing
that the development of symptomatic
tumors after the age of 6 years is ex-
tremely unusual [Listernick et al.,
1992].

Signs and Symptoms
at Presentation

Optic pathway gliomas may be identi-
fied when (a) symptoms prompt a pa-
tient to seek medical attention, (b) signs
are found on either physical or ophthal-

mologic examination, or (c) screening
neuroimaging examinations of people
with NF1 are performed. If all patients
with NF1 were to undergo routine
screening neuroimaging, anywhere
from one-half [Listernick et al., 1994]
to two-thirds [Lewis et al., 1984] of all
the discovered optic pathway tumors
would never cause any symptoms or
signs. Said another way, one-third of
patients with NF1 and optic pathway
tumors will experience visual problems.

Perhaps the most dramatic symp-
tom of optic pathway glioma is progres-
sive proptosis over a relatively short pe-
riod of time. Children with this tumor
generally have poor or no vision in
their affected eye. Most studies docu-
ment proptosis in approximately 30% of
the children with symptomatic tumors
[Listernick et al., 1994]. Clearly, these
tumors are biologically distinct from the
quiescent optic nerve tumors seen in
other patients. The majority of children
with symptomatic optic pathway
glioma will have visual abnormalities at
the time of diagnosis. Signs may include
an afferent pupillary defect, optic nerve
atrophy, papilledema, strabismus, or de-
fects in color vision. Most important,
young children may have marked dec-
rements in visual acuity without any
symptoms, underscoring the need for
thorough annual eye examinations in all
young children with NF1.

Children with optic pathway glio-
mas involving the optic chiasm are at
risk of precocious puberty, which was
the initial complaint in 30% of the pa-
tients with tumors in one series [Lister-
nick et al., 1994]. Because the first sign
of precocious puberty will often be ac-
celerated linear growth, all young chil-
dren with NF1 should have annual as-
sessments of growth using standard
growth charts and should be monitored
for signs of premature sexual develop-
ment.

Tumor Location

Optic pathway gliomas in NF1 almost
always involve the anterior visual path-
way (the intraorbital optic nerve, the
intracranial optic nerve, and the optic
chiasm). These tumors rarely extend
into the optic tracts.

Natural History

Wright et al. [1989] were the first to
point out that the natural history of op-
tic pathway gliomas in children with
NF1 might be more benign than that of
sporadic tumors. Eleven of 16 children
whose tumors exhibited no growth
over a 16-year period had NF1, where-
as only four of 15 children who had
actively growing tumors had NF1.
These were specifically optic nerve tu-
mors, as opposed to chiasmal tumors,
with proptosis as the primary initial
symptom. Wright noted that after a
seemingly short period of rapid growth
leading to proptosis, the majority of
NF1 tumors remained quiescent for
long periods of time.

Listernick et al. [1994] also found
that optic pathway gliomas in children
with NF1 infrequently progress once
the tumors have come to medical atten-
tion. They observed 33 children with
NF1 and optic pathway gliomas; the
mean length of the follow-up period
has now extended for more than 8
years. Sixteen (48%) of the tumors have
never caused any clinical symptoms or
signs; they were all discovered by
screening neuroimaging in asymptom-
atic children. Most important, of the 17
children who had symptomatic tumors,
there was demonstrable growth of the
tumor on neuroimaging or progression
of visual disturbances in only three chil-
dren. Even tumors that had undergone
rapid growth with proptosis before di-
agnosis failed to progress during the fol-
low-up period. The three children who
had progressive disease all had chiasmal
involvement; two of these children ex-
perienced only minimal progression.

The accumulated data suggest that
optic pathway gliomas in NF1 behave
in a fairly predictable manner and fall
into one of two groups. About half of
the tumors never cause any symptoms

Said another way, one third
of patients with NF1 and
optic pathway tumors will
develop visual problems.
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or signs; only screening neuroimaging
would discover them. The second
group of tumors undergoes a period of
growth culminating in visual symptoms

or physical signs (e.g., proptosis, de-
creased visual acuity, and precocious
puberty). Once these tumors are de-
tected, they rarely progress or cause any
subsequent problems. In addition, the
period of greatest risk for the develop-
ment of symptomatic tumors is during
the first 6 years of life, and significant
tumor growth after this age is unusual.

Precocious Puberty

Children with optic pathway gliomas
are at risk of precocious puberty. The
currently accepted theory is that lesions
located near the hypothalamus interfere
with tonic central nervous system inhi-
bition of the hypothalamic-pituitary-
gonadal axis, resulting in the premature
onset of puberty. In a comprehensive
study of children with NF1 cared for in
a large multidisciplinary clinic, preco-
cious puberty was diagnosed in seven of
219 children (3%). All of these children
had optic pathway gliomas involving
the optic chiasm. Precocious puberty
occurred in 39% of these children
[Habiby et al., 1995]. In as many as 30%
of all NF1 children with gliomas, pre-
cocious puberty was the presenting sign
of a chiasmal glioma [Listernick et al.,
1994]. Clinical presentation was that of
accelerated linear growth, underscoring
the need for all children with NF1 to
have annual assessments of growth us-
ing standard growth charts, particularly
those children with optic pathway glio-
mas. Early detection is important, since
both the accelerated linear growth and
the development of secondary sexual

characteristics can be managed well
with a long-acting luteinizing hormo-
ne–releasing hormone agonist. It is
therefore recommended that all chil-
dren with NF1 and precocious puberty
undergo magnetic resonance imaging
(MRI) evaluation for the presence of an
optic pathway glioma.

Imaging Methods

MRI with gadolinium contrast en-
hancement is the method of choice at
present for diagnostic imaging of the
central nervous system in people with
NF1. MRI permits the use of serial ex-
aminations without exposing the pa-
tient to repeated doses of ionizing ra-
diation. Equally important, MRI pro-
vides superior contrast resolution
around the edges of a tumor, allowing
for sharper evaluation of tumor borders.
The characteristic T2-weighted MRI
appearance of an optic nerve glioma is a
fusiform tumor of high signal intensity
surrounding a core of lower signal in-
tensity [Imes and Hoyt, 1991]. Often,
the intraorbital tumors will appear tor-
tuous or “kinked.” MRI will generally
show a diffusely thickened optic chiasm
when imaging chiasmal tumors in chil-
dren with NF1; globular tumors or
exophytic masses are less common in
NF1 than in sporadic tumors. MRI is
superior to computerized tomography
in delineating the extent of tumor
spread within the chiasm and posteri-
orly along the optic tracts and optic ra-
diation. Although visual evoked poten-
tials have been proposed as a screening
tool for asymptomatic children with
NF1, such screening is not recom-
mended (see later discussion), because
the data regarding its usefulness in chil-
dren with known tumors is lacking.

Screening Neuroimaging for
Asymptomatic Children With NF1

There has been considerable debate re-
garding the role of screening tests (neu-
roimaging and visual evoked potentials)
in the care of asymptomatic children
with NF1. Routine screening would be
important if it led to early detection of
optic pathway gliomas and if early ini-
tiation of therapy prevented complica-

tions. Although many asymptomatic
tumors might be identified through
such an approach, the vast majority
would not progress to the point of re-
quiring treatment. A longitudinal study
of children with NF1 in which screen-
ing neuroimaging was performed failed
to identify any tumors in which early
detection altered the patient’s clinical
course [Listernick et al., 1994]. More
than half of the detected tumors never
grew or caused any symptoms, and the
vast majority of symptomatic optic
pathway gliomas never required treat-
ment. Overall, only three of 26 chil-
dren showed any evidence of tumor
progression after diagnosis and only two
required treatment. Both of these chil-
dren had abnormal eye examinations
and would have been identified even if
screening neuroimaging had not been
performed. Thus, the preponderance of
evidence suggests that screening of
asymptomatic children with NF1 in or-
der to detect optic pathway gliomas fails
to improve clinical outcome and should
not be performed. Emphasis should be
placed on the clinical examination. This
recommendation was endorsed by the
NF1 Optic Pathway Glioma Task
Force of the National Neurofibromato-
sis Foundation [Listernick et al., 1997].

Management of the
Asymptomatic Child With NF1

Although screening neuroimaging is
not recommended, the Task Force
highlighted the need for serial ophthal-
mologic examinations, particularly in
young children with NF1. Either a pe-
diatric ophthalmologist or an ophthal-
mologist familiar with NF1 should per-
form these examinations. All children
who are found to have unexplained
ophthalmologic abnormalities should
then undergo MRI examination of the
head and orbits, with contrast enhance-
ment. An ophthalmologic screening
protocol has been proposed [Listernick
et al., 1997].

A complete ophthalmologic ex-
amination of a child with NF1 should
include assessment of visual acuity,
color vision, and visual fields; ophthal-
moscopy; and slit-lamp examination.
Visual acuity assessments include fixa-

In addition, the period of
greatest risk for the

development of symptomatic
tumors is during the first 6
years of life, and significant
tumor growth after this age

is unusual.
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tion patterns (infants and toddlers),
Allen picture cards or the Lippman
“HOTV” matching game (cooperative
preschool children), and a linear Snellen
test equivalent (school-age children)
with optical correction where appro-
priate. It is also recommended that ocu-
lar alignment and rotations, pupillary
light responses, and refractive status
with cycloplegia be assessed. Ophthal-
moscopy should include indirect and,
when possible, direct examinations. Fi-
nally, all children with NF1 should un-
dergo longitudinal assessment of
growth using standardized growth
charts. Since precocious puberty may

be the first manifestation of a chiasmal
glioma, even in the context of a normal
ophthalmologic examination, the phy-
sician should be alert to the finding of
accelerated linear growth.

Management of Symptomatic
Optic Pathway Glioma

In the past, many children with NF1
and optic pathway gliomas have been
treated with unnecessary, overly aggres-
sive therapy, in large part due to a lack
of understanding of the natural history
of these tumors. Since we now know
that the large majority of these tumors
in children with NF1 will not progress,
many children can be watched closely
without any specific intervention [Lis-
ternick et al., 1997]. MRI with contrast
enhancement is the preferred method
for observing these tumors.

INTRAORBITAL GLIOMAS

A small group of NF1 patients will ex-
perience rapidly progressive proptosis,

with little or no vision in the affected
eye (Fig. 1). They will have large intra-
orbital tumors, perhaps with involve-
ment of the intracranial optic nerve but
without evidence of chiasmal symp-
toms. The main concern in these pa-
tients is retrograde spread of the tumor
to the optic chiasm, with associated de-
creased vision in the contralateral eye.
However, there is no evidence that sur-
gical removal of tumor is effective in
preventing spread. Treatment may be
considered for those few patients who
have intraorbital gliomas with either re-
sidual useful vision and/or evidence of
radiologic or ophthalmologic progres-
sion. There is evidence to support ra-
diotherapy as a method to stop further
tumor progression, at least transiently
[Flickenger et al., 1988]. In general, ra-
diation therapy should not be used in
such young patients, owing to the well-

described cognitive and endocrinologic
side effects.

CHIASMAL GLIOMAS

Approximately two-thirds of optic
pathway gliomas in children with NF1
affect the optic chiasm (Fig. 2). Al-
though symptomatic chiasmal gliomas
in children with NF1 are more likely to
progress after identification than are in-
traorbital tumors, a substantial majority
of such tumors remain quiescent. Once
the decision to treat has been made,
several options are available. Surgery
has a limited role in treating chiasmal
tumors, since it may increase visual and
neurologic morbidity. Radiation thera-
py has long been the mainstay in the
treatment of chiasmal gliomas. It should
be noted, however, that 20-year dis-
ease-free survival rates are essentially

Figure 1. Magnetic resonance imaging scan, axial inversion recovery sequence of head
and orbits, demonstrates a large left-sided intraorbital optic nerve glioma and proptosis of
the globe.

In the past, many children
with NF1 and optic

pathway gliomas have been
treated with unnecessary,
overly aggressive therapy,
in large part due to a lack

of understanding of the
natural history of these

tumors.
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equivalent for patients who have re-
ceived radiation therapy and for those
who have not. Both endocrinologic
and neurocognitive side effects are
well-known complications of radiation
therapy. Grill et al. [1999] have noted
the development of occlusive cerebral
vasculopathy in 19% of patients with
NF1 who had received radiation thera-
py for treatment of optic pathway glio-
mas, a significantly higher percentage
than seen in similar patients who did
not have NF1. Owing to these con-

cerns, there has been growing interest
in the use of chemotherapy in the treat-
ment of these tumors.

Although a number of single-agent
and multiple-agent chemotherapeutic
regimens have been used, most recent
attention has focused on the use of
carboplatinum alone or in combina-
tion with vincristine. Carboplatinum-
induced tumor shrinkage frequently re-
sults in clinical improvement or pro-
gression-free survival [Charrow et al.,
1993; Packer et al., 1997]. Although

these data are highly encouraging, che-
motherapy should still be considered an
investigational means of therapy. Che-
motherapy should not be regarded as
curative but rather as a means by which

tumor growth may be delayed until
children are older, when radiation
therapy can be employed with fewer
potential side effects. Alternatively, it is
possible that chemotherapy applied
during the period of rapid tumor
growth (under the age of 6 years) may
be sufficient treatment in children with
NF1 and may obviate the need for ad-
ditional treatment later. Further study
and long-term follow-up is required to
answer these questions.

BRAIN-STEM GLIOMAS

The clinical characteristics and natural
history of brain-stem gliomas in patients
with NF1 have only recently begun to
be systematically addressed (Fig. 3).
Perhaps the thorniest obstacle in the
characterization of these tumors has
been their confusion with “unidentified
bright objects” (UBO) lesions of high
signal intensity on T2-weighted images
in as many as 60% of children with NF1
[Castillo et al., 1995]. Although the
pathologic characteristics of these UBO
lesions are not clear, they have an ab-
solutely benign clinical course and usu-
ally disappear with age. Most impor-
tant, they are easily distinguished from
gliomas because the UBOs do not en-
hance with intravenous contrast and do
not exhibit mass effect or cause brain-
stem enlargement [Molloy et al., 1995].

Two recent studies of patients with
NF1 and brain-stem gliomas reached
remarkably similar conclusions. Molloy
et al. [1995] identified 17 patients with
brain-stem gliomas who had a median
age of 8.4 years. Fifteen of the 17 pa-

Figure 2. T1- weighted magnetic resonance imaging scan of the head demonstrates a
chiasmal glioma (asterisks).

Although the pathology of
these UBO lesions is not

clear, they have an
absolutely benign clinical

course and usually
disappear with age.
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tients had initial symptoms of headaches
or evidence of neurologic dysfunction,
such as cranial neuropathies (35%) or
dysarthria (29%). Moderate or severe
hydrocephalus was found in 41% of the
patients, all requiring ventriculoperito-
neal shunting. The medulla was the
most common tumor site (82%), in
contrast to the non-NF1 population, in
whom tumors of the pons predominate.
Most important, radiographic tumor
progression was seen in only six of the
17 patients, and only three of these pa-
tients had concomitant clinical progres-
sion requiring therapy. In other words,
14 of the 17 patients did not require
adjuvant therapy over a mean follow-
up of 63 months.

Pollack et al. [1996] reported the
cases of 21 patients with NF1 and
brain-stem gliomas and a mean age of
9.5 years. Eleven (55%) of the patients
had symptoms leading to discovery of
the tumor; five patients had hydroceph-
alus. Although 10 patients experienced
either clinical or radiologic symptoms
of progressive disease, only four patients
received specific therapy for their tu-
mors over a median follow-up of 3.7
years. Only one asymptomatic patient,
whose tumor was discovered by screen-
ing neuroimaging, required treatment.

The parallels to children with optic
pathway tumors are quite clear. While
the numbers of patients are small and
the follow-up period is relatively short,

gliomas of both the brain stem and the
optic pathway in children with NF1 ap-
pear to behave in a much more benign
fashion than sporadic tumors in chil-
dren who do not have NF1. Asymp-
tomatic tumors discovered by screening
neuroimaging rarely progress to the
point where they require specific inter-
vention. As such, it appears that the
practice of performing MRI scans of
the head on all children with NF1 once
the diagnosis is made is not warranted.
Furthermore, even symptomatic brain-
stem tumors generally do not progress.
Physicians who care for these children
need to exercise therapeutic restraint; a
large majority of these tumors will
never require treatment, except, per-
haps, for placement of a ventriculoperi-
toneal shunt for hydrocephalus. Only
through the systematic evaluation and
follow-up of large numbers of children
with NF1 can the preliminary findings
be verified.

MOLECULAR BIOLOGY OF
NF1-ASSOCIATED
ASTROCYTOMAS

Since astrocytomoas commonly de-
velop in children and adults affected
with NF1, the NF1 tumor suppressor
gene has been hypothesized to function
as a negative growth regulator for astro-
cytes. Neurofibromin is expressed at
low levels in resting mature astrocytes
both in vitro and in vivo [Nordlund et
al., 1993; Hewett et al.,1995]. During
astrocyte activation in vitro and in vivo,
however, there is a dramatic upregula-
tion of NF1 mRNA and neurofibro-
min expression [Hewett et al., 1995;
Giordano et al., 1996]. The time course
of increased neurofibromin expression
correlates with periods of astrocyte
growth arrest in vivo and actually pre-
cedes astrocyte growth arrest in vitro
[Gutmann et al., 1999].

The NF1 tumor suppressor gene
product, neurofibromin, has been
shown to function in part as a negative
regulator of the p21-ras protein. Ras
provides a mitogenic signal for many
cell types, including astrocytes. In this
regard, neurofibromin might function
as a negative growth regulator (tumor
suppressor) by inactivating p21-ras and

Figure 3. Magnetic resonance imaging scan of the head, fluid attenuated inversion
recovery sequence (FLAIR), demonstrates a glioma involving the pons, with extension
into the left brachium pontis and mass effect on the fourth ventricle (arrows).
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interrupting the growth-promoting sig-
nal imparted by ras. Several observa-
tions lend credibility to this hypothesis.
First, increased expression of a wild-
type or mutated epidermal growth fac-
tor receptor is found in sporadic astro-
cytomas, where it leads to increased ac-
tivation of p21-ras and cell proliferation
[Guha et al., 1997]. Second, inhibition
of p21-ras pathway activation in spo-
radic astrocytoma cell lines is associated
with decreased cell proliferation in vitro
and in vivo [Guha et al., 1997]. Third,
recent studies have employed mice
with a targeted disruption of only one
copy of the Nf1 gene (Nf1± mice).
These mice are genetically similar to
patients affected with NF1 in that they
harbor one wild-type and one mutated
NF1 allele in every cell of the body.
Autopsy studies have found increased
GFAP-immunoreactive astrocytes in
the brains from NF1 patients [Nord-
lund et al., 1995]. Similarly, Nf1± mice
also have increased numbers of GFAP-
immunoreactive astrocytes in their
brains [Gutmann et al., 1999; Rizvi et
al., 1999]. No changes in the numbers
of oligodendrocytes or microglia were
observed in these Nf1± brains. This in-
crease in the number of astrocytes re-
flects increased astrocyte proliferation,
which is inhibited in part by blockade
of the p21-ras signaling pathway [Gut-
mann et al., 1999]. Collectively, these
data support the hypothesis that neuro-
fibromin is a critical growth regulator
for astrocytes and likely functions as a
tumor suppressor by modulating the
p21-ras signaling pathway.

The majority of NF1 optic path-
way gliomas behave like benign
growths and do not progress to result in
visual impairment or blindness. In con-
trast, a smaller number of NF1-associ-
ated astrocytomas grow rapidly and lead
to visual problems or neurologic com-
promise as a result of tumor extension.
In agreement with the two-hit hypoth-
esis for inherited cancer syndromes, it is
possible that loss of neurofibromin
function leads to the development of
the “benign,” nonprogressive tumors.

The development of a clinically aggres-
sive optic pathway glioma in NF1
might require mutations in other tumor
suppressor genes, as has been suggested
for Schwann cell transformation [Rid-
ley et al., 1988]. Further work on the
molecular pathogenesis of NF1-associ-
ated astrocytomas holds the promise of
improved targeted therapies for these
tumors.
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Optic Pathway Gliomas in
Neurofibromatosis-1: Controversies and

Recommendations
Robert Listernick, MD,1 Rosalie E. Ferner, MD,2 Grant T. Liu, MD,3,4 and David H. Gutmann, MD, PhD5

Optic pathway glioma (OPG), seen in 15% to 20% of individuals with neurofibromatosis type 1 (NF1), account for significant
morbidity in young children with NF1. Overwhelmingly a tumor of children younger than 7 years, OPG may present in
individuals with NF1 at any age. Although many OPG may remain indolent and never cause signs or symptoms, others lead to
vision loss, proptosis, or precocious puberty. Because the natural history and treatment of NF1-associated OPG is different from
that of sporadic OPG in individuals without NF1, a task force composed of basic scientists and clinical researchers was assem-
bled in 1997 to propose a set of guidelines for the diagnosis and management of NF1-associated OPG. This new review
highlights advances in our understanding of the pathophysiology and clinical behavior of these tumors made over the last 10
years. Controversies in both the diagnosis and management of these tumors are examined. Finally, specific evidence-based
recommendations are proposed for clinicians caring for children with NF1.

Ann Neurol 2007;61:189–198

Neurofibromatosis type 1 (NF1) is a common autoso-
mal dominant disorder that affects 1 in 3,500 people
worldwide.1 Individuals with NF1 are prone to the de-
velopment of both benign and malignant nervous sys-
tem tumors, including Schwann cell tumors (eg, neu-
rofibromas) and glial cell tumors (eg, astrocytomas).
The most common tumor in children with NF1 is the
optic pathway glioma (OPG), which is seen in 15% to
20% of patients.2,3 Although the tumors of many pa-
tients with NF1-associated OPGs exhibit indolent be-
havior, approximately one-third to half of these tumors
will cause clinical symptoms, including vision loss and
precocious puberty.3–5

In 1997, based on a task force composed of basic
scientists and clinical researchers, guidelines for the
management and diagnosis of NF1-associated OPG
were proposed.6 Since that time, there have been sig-
nificant advances in both basic science and clinical re-
search on these tumors, which has prompted us to re-
examine those original recommendations. This new
review integrates the progress made over the past de-
cade and extends our initial recommendations for the
screening, follow-up, and treatment of optic glioma in
children with NF1. Equally important, unanswered

questions are raised, which should provide the founda-
tion for future NF1-associated OPG research.

Pathogenesis of NF1 Associated OPG
OPGs arising in children with NF1 are classified by
the World Health Organization as grade I astrocytomas
(pilocytic astrocytomas [PAs])7 and are histologically
identical to PAs arising elsewhere in the brain in chil-
dren without NF1. Some NF1-associated OPGs lack
classic features of PA and may be classified as World
Health Organization grade II fibrillary astrocytoma;
however, the clinical significance of this pathological
distinction is unknown.8 The NF1 protein, neurofibro-
min, functions as a negative growth regulator for astro-
cytes by inhibiting RAS activity (Fig 1). In this regard,
NF1-associated PAs exhibit loss of neurofibromin ex-
pression and increased RAS activation.9 Studies using
genetically engineered mouse astrocytes have confirmed
that neurofibromin loss results in increased astrocyte
proliferation in vitro and in vivo and high levels of
RAS activation,10 suggesting that RAS blockade by far-
nesyltransferase inhibitors might be a logical therapeu-
tic strategy for NF1-associated glioma. Unfortunately,
mouse Nf1-deficient astrocytes exhibit preferential acti-
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vation of a form of RAS (KRAS) that is relatively in-
sensitive to farnesyltransferase inhibitors.11 However,
further examination of Nf1-deficient astrocytes demon-
strated hyperactivation of the mammalian target of
rapamycin protein (mTOR), such that mTOR inhibi-
tion with rapamycin reduced Nf1-deficient astrocyte
growth in vitro to wild-type levels.12 Human NF1-
associated optic gliomas also have high levels of mam-
malian target of rapamycin pathway activation, provid-
ing the scientific rationale for future clinical studies
using rapamycin and rapamycin analogs to treat NF1-

associated tumors. Similarly, neurofibromin has also
been shown to positively regulate intracellular cyclic
adenosine monophosphate levels in mammalian
cells,13,14 such that loss of Nf1 expression in astrocytes
is associated with reduced cyclic adenosine monophos-
phate generation,15 suggesting another potential “tar-
geted” therapy for NF1-associated OPG.

In genetically engineered mice, Nf1 inactivation in
astrocytes does not result in glioma formation despite
an increase in astrocyte proliferation.10 However,
Nf1�/� mice that lack neurofibromin expression in as-
trocytes develop low-grade gliomas involving the pre-
chiasmatic optic nerve and optic chiasm.16,17 These tu-
mors can be monitored in vivo using small-animal
magnetic resonance imaging (MRI), forming the foun-
dation for preclinical studies aimed at evaluating po-
tential therapies for NF1-associated OPG and identify-
ing biomarkers of tumor activity.18,19 Preclinical
models of low-grade glioma provide unique opportuni-
ties to rapidly screen candidate drugs in an intact ani-
mal genetically engineered to resemble the human dis-
ease; however, it is important to recognize that drug
metabolism and bioavailability may differ between ro-
dents and humans. Lastly, studies are ongoing using
these mice and others to define the contribution of
specific cell types in the tumor microenvironment to
glioma formation, which could represent additional
targets for antitumor drug design.18,20

Clinical Characteristics
Over the past decade, several salient observations have
been made about the clinical characteristics and natural
history of NF1-associated OPG, including the recogni-
tion that these tumors may arise de novo or progress
later in childhood or adulthood,21 and that visual loss
is more likely in children whose tumors involve the
posterior optic pathway.5

Incidence
Previous studies have shown that if all children with
NF1 underwent screening neuroimaging at the time of
diagnosis, OPG would be detected in 15% of chil-
dren.3,6 Recent studies using international clinical da-
tabases similarly have estimated the prevalence rate of
OPG at between 5 and 25%.22–24

Age at Presentation
Children 6 years and younger with NF1 are at greatest
risk for the development of OPG.2,3,6 However, over
the last 10 years, it has become increasingly clear that
new symptomatic OPGs may arise in older children
and adults with NF1. Eight NF1 patients ranging in
age from 8 to 22 years had OPGs that appeared for the
first time or progressed after the patient’s 7th birth-
day.21 Seven had evidence of deteriorating ophthalmo-
logical examinations; four of the tumors exhibited ra-

Fig 1. Neurofibromin growth control pathways. The neurofibro-
matosis type 1 (NF1) gene product, neurofibromin, has been
shown to control cell growth by regulating two major intracellu-
lar signaling pathways. First, neurofibromin has been shown to
positively regulate intracellular levels of cyclic adenosine mono-
phosphate (cAMP), such that NF1-deficient cells have lower
baseline levels of cAMP. In some cell types, including astrocytes,
cAMP inhibits cell growth. Modulating cAMP levels can be
achieved by either increasing cAMP production (adenylyl cyclase
activators) or decreasing its degradation (phosphodiesterase in-
hibitors). Second, neurofibromin also negatively regulates RAS
pathway signaling. RAS is an important intracellular protoonco-
protein that functions in many cell types to increase cell growth
and survival. Loss of neurofibromin leads to increased RAS ac-
tivity, which, in turns, promotes cell growth. Farnesyltransferase
inhibitors block the activation of RAS. In NF1-deficient cells,
RAS hyperactivation leads to increased activation of downstream
signaling intermediates, including RAF, Akt, and the mamma-
lian target of rapamycin (mTOR). Recent studies have suggested
that inhibiting mTOR activity with the macrolide rapamycin
may have utility in treating tumors in patients with NF1.

190 Annals of Neurology Vol 61 No 3 March 2007



diographic growth, representing much greater rates of
progression compared with OPGs presenting in
younger children.

Presenting Signs and Symptoms
Children with symptomatic OPG generally have oph-
thalmological abnormalities at the time of diagnosis,
including decreased visual acuity, abnormal pupillary
function, decreased color vision, optic nerve atrophy,
or proptosis.3,6 However, young children rarely com-
plain of vision loss, necessitating the use of reliable,
reproducible measures to detect visual changes. A re-
cent retrospective analysis of OPG patients in a NF1
referral center demonstrated that 32 of 54 patients
(59%) had visual signs at the time of OPG diagnosis.25

Of the symptomatic patients, 72% presented with de-
creased visual acuity, 31% had proptosis, and one pa-
tient presented with nystagmus. Proptosis was most
commonly seen in patients 6 years or younger, whereas
precocious puberty was found exclusively in patients
older than 6 years. Similar findings were reported in
two separate retrospective studies.26,27

Symptomatic orbital OPGs represent a unique sub-
set of NF1-associated OPG. One study recently de-
scribed 12 NF1 patients with orbital OPG, all of
whom presented with proptosis at a mean age of 26
months.28 At the time of tumor diagnosis, 83% of
these patients had decreased visual acuity in the af-
fected eye. Although eight of these children received
chemotherapy, significant changes in the ophthalmo-
logical examination before treatment could be docu-
mented in only three patients. Five patients had a de-
crease in the amount of proptosis or a decrease in the
tumor size by MRI, but none had a significant im-
provement in vision. Notably, there were no docu-
mented cases of tumor “spread” from an isolated op-
tic nerve glioma into the optic chiasm. These data
confirm previous recommendations that NF1-
associated OPG should be treated only if there is
clear evidence of radiographic or ophthalmological
progression.

Between 12 and 40% of children with chiasmal
OPG develop precocious puberty either as a presenting
manifestation of the OPG or after diagnosis.29,30 Be-
cause the first sign is generally accelerated linear
growth, it is essential that accurate growth charts be
kept on all young children with NF1.

Natural History and Prognostic Factors
In recent studies, progressive disease after OPG diag-
nosis that led to treatment occurred in 3526 to 52%25

of cases. However, predicting the natural history of an
individual NF1-associated OPG is impossible. Asymp-
tomatic tumors found on “screening neuroimaging”
may never grow or cause symptoms. Rapidly progres-
sive intraorbital tumors may cause proptosis and signif-

icant unilateral vision loss, yet never grow after initial
presentation. Multiple well-documented instances of
spontaneous regression of OPG without treatment
have been reported.31,32 In one of the largest studies to
date, no single specific epidemiological factor was asso-
ciated with symptomatic OPG, which could serve as a
predictor of the need for future treatment.26 Despite
this, certain generalities can be gleaned from existing
data.

The anatomic location of the tumor has clear prog-
nostic significance. One study reported that 62% of
NF1-associated OPG patients with postchiasmal in-
volvement, including the hypothalamus and optic
tracts, had visual loss compared with 32% of patients
whose tumors were limited to the optic nerves and chi-
asm.5 In a separate report, seven patients with unusual
optic radiation involvement were described, all of
whom had visual loss, whereas three had 20/200 vision
or worse.33 Patients who present at 10 years of age or
older may be more likely to have progressive disease
requiring treatment.21

NF1–Associated OPG versus Sporadic OPG
Patients with sporadic OPG are much more likely to
present with signs and symptoms of increased intra-
cranial pressure and hydrocephalus, whereas preco-
cious puberty is more commonly seen as a presenting
manifestation of NF1-associated OPG.4 In one study,
sporadic cases were twice as likely to have associated
vision loss, whereas increased intracranial pressure oc-
curred equally in the two groups.22 Although progres-
sive disease was more common in the sporadic group,
second CNS tumors were more common in the NF1
group, perhaps, in part, because of the use of radio-
therapy.

Optic nerve involvement is more common in NF1-
associated OPG, whereas chiasmal and postchiasmal
tumors are more frequently seen in sporadic OPG.34,35

Moreover, bilateral optic nerve involvement is seen al-
most exclusively in NF1 patients. There has been at
least one report of a sporadic OPG that exhibited the
clinical and radiographic appearance of NF1-associated
OPG, suggesting the presence of segmental or mosaic
NF1 involving the brain.36

Controversies in the Diagnosis and
Management of NF1–Associated OPG
Although considerable progress has been made, a num-
ber of unresolved clinical issues remain regarding the
optimal screening and clinical care of children with
NF1-associated OPG that warrant further discussion.

Is Routine “Screening” Neuroimaging Appropriate for
All Asymptomatic Children with NF1?
The 1997 OPG Task Force determined that there was
no conclusive evidence that early detection of tumors
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would reduce the rate of vision loss.6 Asymptomatic
OPG would be identified that would never progress,
escalating costs and parental anxiety, and exposing the
young child to the risks of repeated sedation. More-
over, studies have found that NF1-associated OPG
may emerge after normal neuroimaging despite a rig-
orous screening program.37,38

Subsequently, one institution described their experi-
ence using a systematic neuroimaging screening proto-
col for young children with NF1.24 Their screening
protocol mandated MRI scans and complete ophthal-
mological examinations yearly between 1 and 3 years of
age, and at the time of diagnosis for children first seen
between 3 and 6 years of age. OPGs were found in 11
of 54 children with NF1 who had baseline neuroimag-
ing studies; 9 were found in asymptomatic children
with normal eye examinations, whereas 2 tumors were
discovered in children with abnormal eye examinations
at initial presentation. Of the eight asymptomatic, in-
cidentally identified OPGs followed by serial MRI and
ophthalmological examinations, only one child experi-
enced visual deterioration requiring chemotherapy.
Two other children received chemotherapy for radio-
graphic tumor growth despite a stable ophthalmologi-
cal examination. Thus, no compelling evidence advo-
cating the efficacy of routine screening neuroimaging
remains. However, in the uncommon situation where
reliable eye examinations cannot be obtained, there
may be a role for neuroimaging.

What Is the Appropriate Ophthalmological Assessment
of Asymptomatic Children with NF1?
Visual symptoms are unreliable indicators of the pres-
ence of OPG in young children who do not complain
of vision loss. Various methods for assessing visual
function have been used as primary outcome measures
in published studies of children with OPGs, and they
include visual acuity,5 visual fields,39 and visual-evoked
potentials (VEPs).40–43

VISUAL ACUITY. Loss of visual acuity is the most reli-
able and clinically most important indicator of visually
symptomatic OPGs, and serial visual acuity measure-
ments are the best way to follow patients with OPGs.

Clinically important visual field loss almost never oc-
curs in NF1-associated OPG without concomitant vi-
sual acuity loss.44 Visual acuities can be readily ob-
tained using preferential looking tests in infants (eg,
Teller acuity test), Lea figure or HOTV matching in
preliterate children and Snellen charts in literate chil-
dren (see Table 1 and Fig 2). Each visual acuity test
has been shown to exhibit high test-retest reliability in
young children.45,46

Recognizing that visual acuity improves as young
children get older, acceptable normal visual acuities for
age are 20/40 or better (age 3 years), 20/30 or better
(age 4 years), 20/25 or better (age 5 years), and 20/20
or better (age 6 years and older).5 Pragmatically, symp-
tomatic children can be defined as those with visual
acuity two lines worse than normal in either eye. If a
definite reduction in acuity is found and changes in
refractive error, ocular causes, or the presence of am-
blyopia have been excluded, MRI is recommended.

VISUAL FIELDS. Some studies have suggested that
computerized visual field testing, usually requiring ap-
proximately 6.5 minutes per eye, can be performed re-
liably in young children.47 However, most children
have difficulty with the monotony and length of for-
mal visual field testing, leading to high numbers of fix-
ation errors, false-positives, and false-negatives.47 Ki-
netic (Goldmann) visual field testing is easier for
young, less cooperative children, but there is still great
test-retest variability in this age group, and the results
are hard to quantify. Therefore, clinical decision-
making based on unreliable visual fields and small
changes during serial visual field testing is problematic.
Nevertheless, basic bedside confrontation visual field
testing with finger counting or toys should be per-
formed during each eye examination.

COLOR VISION AND OTHER NEURO-OPHTHALMOLOGICAL

FINDINGS. In children with NF1-associated OPG,
color vision loss usually accompanies visual acuity def-
icits. In this setting, visual acuity loss without color
vision loss would suggest refractive error, amblyopia, a
functional disorder, or lack of cooperation. Strabismus
and nystagmus, when due to an OPG, are also usually

Table 1. Recommended Testing Modality for Visual Acuity Based on Age

Age (yr) Recommended Testing Modality Acceptable Normal Visual Acuity

0.5-2 Preferential looking test (eg, Teller acuity test) Age-based norms
3 Figure matching (eg, Lea figure) 20/40
4 HOTV matching 20/30
5 Snellen 20/25
�6 Snellen 20/20

The actual testing modality used for any given child depends on that child’s level of cooperation and literacy. Normal visual acuities improve
with age in young children, thereby necessitating different age-based norms.62
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associated with visual acuity loss. In contrast, optic disc
swelling or atrophy may be associated with, but does
not predict, visual acuity loss.

What Is the Role of Visual-Evoked Potentials in the
Detection of Optic Pathway Glioma in Asymptomatic
NF1 Children?
VEPs have been suggested as a sensitive method of de-
tecting OPGs, but many studies are retrospective or
have been performed on patients with known tu-
mors.40,43 Many asymptomatic patients were identified
unnecessarily by VEP screening.40 Furthermore, VEP
is an electrophysiological measure of the integrity of
the visual pathway, whereas psychophysical measures
such as visual acuity, visual field, and color vision are
more representative of true visual function. Serial VEPs
would be hard to interpret because small changes in
amplitude and delay without changes in vision are of
uncertain clinical significance.48 On the other hand,
abnormalities in visual acuity are critical for screening
symptomatic patients and for serial follow-up to mon-
itor for clinical progression. Thus, at this juncture,
there is no evidence to warrant the use of VEPs as a
screening tool.

Until What Age Should Routine Ophthalmological
Evaluations Be Performed and at What Intervals?
No consensus has been reached on the appropriate du-
ration of ophthalmological screening in asymptomatic
children. Although rare, OPGs may develop in older
children and adults.21 The current UK clinical guide-
lines suggest that screening should continue until 7
years of age in asymptomatic children with NF1, be-
cause the first 6 years of life constitute the time of
maximal risk for OPG development.49 However, other
centers have advocated for continued surveillance for
10 to 25 years after initial diagnosis.6,25,26 Moreover,
minor variation exists in the recommendations for in-
tervals between screening tests. Most ophthalmologists
perform yearly assessments, whereas others have pro-
posed a gradual increase in the intervals between exam-
inations from the age of 8 to 25 years.6,50

If the Clinician Suspects the Presence of an OPG,
What Is the Appropriate Imaging Procedure?
MRI of the brain and orbits should be used to confirm
the diagnosis of OPG once an abnormal eye examina-
tion has been documented. Magnetic imaging spectros-
copy, diffusion tensor imaging, and positron emission
tomography have not been studied for their utility in
guiding the management of NF1 patients with OPG.

How Should Children Younger Than 1 Year Be
Evaluated Once the Diagnosis of NF1 Has Been
Established?
Visual examinations in children younger than 1 year
may not yield reliable, reproducible results. Illustrating

the diversity of opinions, at least one NF1 center rec-
ommends neuroimaging in children with NF1 younger
than 1 year once the diagnosis has been confirmed,
particularly if the patient is uncooperative for measure-
ment of visual function (G. Liu, personal communica-
tion). Examining all the studies cited in this report in
which the age range at presentation of NF1-associated
OPG was reported, we found that only two children
under the age 1 were identified, at least one of whom
was asymptomatic at the time of diagnosis. Thus, it is
difficult to make a recommendation for universal
screening neuroimaging in this age group.

Once NF1–Associated Optic Pathway Gliomas Have
Been Identified, at What Intervals Should They Be
Followed and with What Modalities?
Little consensus exists on the frequency of visual exam-
inations and neuroimaging, and proposed intervals be-
tween examinations vary between 3 and 24 months,
partly depending on the site of the tumor, the degree
of visual impairment, and the evidence of progres-
sion.5,6,25,50 VEP is a poor modality for following chil-
dren with OPG and is not recommended.

What Constitutes Radiographic and Clinical
Progression Significant Enough to Warrant
Treatment?
There is scant information in the literature as to what
constitutes radiological and clinical progression. Some
experts advocate treatment when there is radiological
progression, whereas others rely on clinical deteriora-
tion or a combination of clinical and radiological pro-
gression.6,25,50,51 Radiological progression has been
variably defined in the literature as an increase in tu-
mor size, optic pathway extension or hypothalamic in-
volvement, or a change in the pattern of enhancement.
Similarly, clinical progression has been defined as the
onset of new neurological symptoms or endocrinologi-
cal abnormality,25,26,50 a change in visual acuity
alone,5,50 or visual field loss combined with impaired
visual acuity.25 A simple working definition of oph-
thalmological progression would be either a (1) two-
line change in Snellen, HOTV, or Lea visual acuity
compared with the previous examination; or (2) two-
octave decline in Teller visual acuity. Because optic
disc swelling or atrophy may be associated with, but
does not predict, visual acuity loss, the de novo appear-
ance of either finding without acuity loss should not
constitute evidence of clinical progression.

What Are the Treatment Options for Symptomatic
NF1–Associated OPG?
Treatment protocols vary in different centers, and de-
bate exists as to what constitutes optimal therapy.
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SURGERY. Surgical decompression limited to partial
removal of the intraorbital optic nerve should be per-
formed on NF1-associated optic nerve gliomas only for
cosmetic purposes or to treat corneal exposure. In those
cases, there should be a large degree of proptosis and a
blind or near-blind eye.50 Because optic nerve gliomas
without chiasmal involvement at initial presentation do
not “grow backward” and extend into the chiasm, sur-
gical removal of an optic nerve glioma, particularly the
intracranial portion, to prevent “spread” to the chiasm
is unnecessary. Hypothalamic or chiasmal gliomas oc-
casionally may require surgical decompression, espe-
cially when hydrocephalus occurs due to third ventric-
ular compression. Although surgical biopsy is not
generally useful for typical OPG in children with NF1,
it may have some utility for NF1-associated OPGs
with an unusual location or presentation.8

RADIOTHERAPY. Recent studies have advocated radio-
therapy for children older than 5 years and for progres-
sive chiasmatic tumors.25,51,52 However, current data
suggest that radiotherapy causes unacceptable neurovas-
cular, endocrinological, and neuropsychological se-
quelae and poses a risk for second tumors. In a multi-
center study, 9 of 18 NF1 patients treated with
radiotherapy for progressive OPG were diagnosed sub-

Fig 2. Visual acuity testing in preliterate children. (A) Teller
acuity testing. In very young children, preferential looking tests
may be used. These tests are based on the principle that a
child would rather look at objects with a pattern stimulus
(alternating black and white lines of specific widths) than at a
homogeneous field. The smallest pattern that the child appears
to prefer is an indicator of best visual acuity (“grating acu-
ity”). The stimuli are presented on one side of a series of rect-
angular handheld cards with gray backgrounds. The frequency
difference between the stimuli on each card is approximately
0.5 octave. Visual acuity is determined by decreasing the
thicknesses of the black and white stripes and presenting them
to the left or right until the child no longer preferentially looks
at them against the gray background on the rectangular card.
Results are compared with age-based normal control subjects.
The grating acuity can be converted to Snellen equivalents. In
(B) Lea figure testing and (C) HOTV acuity testing, the child
points to one of four choices to match the figure or letter he
sees on the computer monitor or chart in the distance. The
figure and letter sizes on the computer monitor are varied
until the best visual acuity is determined.

Table 2. Infectious Disease Society of America – US Public
Health Service Grading System for Rating Recommendations
in Clinical Guidelines61

Category, Grade Definition

Strength of Recommendation
A Good evidence to support a rec-

ommendation for use
B Moderate evidence to support a

recommendation for use
C Poor evidence to support a rec-

ommendation
D Moderate evidence to support a

recommendation against use
E Good evidence to support a rec-

ommendation against use
Quality of Evidence
I Evidence from �1 properly ran-

domized, controlled trial
II Evidence from �1 well-designed

clinical trial, without random-
ization; from cohort or case-
controlled analytic studies
(preferably from �1 center);
from multiple time series; or
from dramatic results of un-
controlled experiments

III Evidence from opinions of re-
spected authorities, based on
clinical experience, descriptive
studies, or reports of expert
committees
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sequently with 12 secondary brain tumors for a relative
risk of 3.04; the greatest risk was in patients treated in
childhood.53 Moreover, the presence of NF1 appears
to convey a significant risk for development of cerebral
occlusive vasculopathy in children previously treated
with radiotherapy.54

Fractionated stereotactic radiotherapy has been used
in an attempt to combat the side effects of conven-
tional radiotherapy.55 Fifteen patients were treated
with a median target dose of 52.2Gy with a median
follow-up period of 97 months. There was a 90% five-
year survival rate after fractionated stereotactic radio-

therapy, and no endocrine abnormalities or second tu-
mors were observed. However, additional studies will
be necessary to evaluate this form of treatment because
only 3 of the 15 patients had NF1.

CHEMOTHERAPY. Chemotherapy has been shown to
delay the need for radiotherapy in young children and
is emerging as the treatment of choice for OPG.56

Combined chemotherapy with carboplatin and vincris-
tine has been shown to be effective in controlling pro-
gressive low-grade gliomas in children younger than 5
years.57 This chemotherapy was well tolerated with

Table 3. Evidence-Based Recommendations for the Diagnosis and Management of Children with NF1 and OPG

Screening of asymptomatic children with NF1 for OPG
1. Baseline “screening” neuroimaging or visual-evoked potentials of asymptomatic children with normal visual examina-

tions is not warranted. (A-III)
2. All children with NF1 younger than 8 years should undergo an annual ophthalmological examination that should

include measurement of visual acuity, confrontation visual field evaluation, color vision testing, and assessment of
pupils, eyelids, ocular motility, irises, and fundi. Formal computerized or kinetic testing of visual fields may be ad-
junctive if the patient is reliable, but is not necessary. It is recommended that these evaluations be performed by an
ophthalmologist or neuro–ophthalmologist skilled in testing young children with NF1 whenever possible. (A-II)

3. Children �8 years of age are at a significantly lower risk for the development of OPG. The interval at which oph-
thalmological examinations should be performed and at what age they may be discontinued is unknown. Until new
evidence is presented, it is recommended that children in this age group should receive complete eye examinations
every 2 years until 18 years of age. (B-III)

4. No specialized ophthalmological follow-up is necessary for adults with NF1 except for routine eye care. (A-III)
5. All children with NF1 should undergo yearly measurements of weight and height plotted on standard growth charts,

looking for the first sign of precocious puberty. (A-III)
6. There is insufficient information available to make an evidenced-based recommendation on the evaluation of children

younger than 1 year.
7. In those uncommon situations where reliable eye examinations cannot be obtained, there may be a role for neuroim-

aging. Further study of neuroimaging in this context is warranted. (B-III)
Evaluation of children with suspected OPG
8. Once an ophthalmological abnormality is detected and confirmed, MRI of the brain with dedicated views of the or-

bits is the appropriate imaging modality. There is no role for the use of VEP in the diagnosis or follow-up of chil-
dren with OPG. (A-II)

Longitudinal follow-up of children with known NF1-associated OPG
9. Because the follow-up and management of children with NF1-asociated OPG is complex, they all should be cared

for in centers that have significant experience in the treatment of NF1 and childhood cancer, as well as by pediat-
ric ophthalmologists or neuro–ophthalmologists who have significant experience with children who have NF1. (A-
III)

10. The previously recommended intervals between MRI and ophthalmological examinations have varied. Typically, once
the diagnosis has been established, children should have eye examinations every 3 months for the first year after diag-
nosis and at increasing intervals thereafter. MRI examinations may be performed at similar or less frequent intervals
depending on institutional preference. (A-III)

Treatment of children with NF1-associated OPG
11. No universal agreement has been reached as to what constitutes “progressive disease” (eg, radiographic evidence of tu-

mor growth, decreasing visual acuity, or a combination of the two). Except in those rare cases in which the reliability
of serial ophthalmological examinations is limited (eg, children �1 year of age), treatment of symptomatic NF1-
associated OPG should be instituted only when there is clear evidence of progressive disease. A change in the pattern
of contrast enhancement on MRI is not an indication for treatment. (A-II)

12. Chemotherapy should be the first-line therapy for children with progressive NF1-associated OPG. Currently, the rec-
ommended initial therapy includes a combination of carboplatin and vincristine. (A-II)

13. Radiation therapy is not recommended for NF1-associated OPG, because of the risk for secondary malignancies and
radiation-induced vasculopathy, unless all chemotherapeutic treatment options have been exhausted. (A-II)

14. Surgical removal of part of the intraorbital optic nerve can be performed in NF1-associated optic nerve glioma for
cosmetic purposes or to treat corneal exposure. In those cases, indications include a large degree of proptosis and a
blind or near-blind eye. (B-III)

Ratings are in parentheses following recommendations.

NF1 � neurofibromatosis type 1; OPG � optic pathway glioma; MRI � magnetic resonance imaging; VEP � visual-evoked potential.
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minimal toxicity. In a retrospective study, 9 children
with NF1 received 560mg/mm2 carboplatin at 4-week
intervals for 15 cycles.58 Improved vision was detected
in four children, and radiological regression occurred
in four patients. Because a small but significant per-
centage of children will develop allergic reactions to
carboplatin, alternate regimens have been advocated.
Although the use of temozolomide alone59 or the com-
bination of procarbazine, vincristine, 6-thioguanine,
and chloroethylcyclohexylnitrosourea (CCNU; lomus-
tine) has been shown to have activity against these tu-
mors,60 the use of alkylating agents and multidrug reg-
imens in children with NF1 runs the theoretical risk
for the development of secondary malignancies. Cur-
rently, the first-line therapy for children with symp-
tomatic NF1-associated OPG is the combination of
carboplatin and vincristine. No consistent second-line
therapy is used routinely. Finally, therapies that target
the biochemical or cellular abnormalities in NF1-
associated OPG are currently being evaluated in early
clinical trials. Drugs that inhibit the RAS pathway, as
well as antiangiogenic therapies (vascular endothelial
growth factor inhibitors or vinblastine), may find their
way into clinical practice alone or in combination with
conventional therapies.

Recommendations
Although much work needs to be performed to ad-
dress the many unanswered questions, clear recom-
mendations can be made based on the above infor-
mation. Each recommendation has been graded using
the US Public Health Service criteria, which assess
both the quality of the evidence in the literature and
the strength of the recommendation (Table 2).61

These recommendations are presented in Table 3,
with the rating for each recommendation presented in
parentheses.

Future Directions
Over the past decade, there has been rapid progress in
the development of small-animal models of NF1-
associated optic glioma and the identification of new
candidate drugs for OPG treatment. Based on these
advances, we are uniquely positioned as a community
to translate fundamental basic science discoveries to
the clinical workplace. Unfortunately, a number of
critical clinical issues exist that preclude our ability to
make similar advances in the treatment of children
with NF1. There is a pressing need to evaluate the
available ophthalmological screening tools for NF1-
associated OPG in an effort to define clinical progres-
sion and decide which children require treatment.
Moreover, we require similar outcome measures to
determine whether our therapies are effective. In ad-
dition, we will need to carefully consider the use of
targeted therapies in the pediatric population, where

these drugs may have undesirable effects on the de-
veloping brain. Future multicenter cooperative studies
addressing these issues, especially in very young chil-
dren, represent the next logical step in our march to-
ward improved care of children with NF1-associated
OPG.

We thank Drs J. Rubin, A. Perry, P. Phillips, J. Belasco, M. Fisher,
D. Morrison, J. Charrow, J. Lasky Zeid, and H. Willshaw for their
insightful comments and suggestions.
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Purpose of review

Recent clinical and molecular research on neurofibromatosis 2

(NF2) is reviewed, and the implications for clinical practice and

research are discussed.

Recent findings

NF2 patients who are treated in specialty centers have a

significantly lower risk of mortality than those who are treated in

non-specialty centers. Vestibular schwannoma growth rates in

NF2 are generally higher in younger people but are highly

variable, even among multiple NF2 patients of similar ages in the

same family. Radiation therapy is best reserved for NF2 patients

who have particularly aggressive tumors, those who are poor

surgical risks, those who refuse surgery, or those who are

elderly. In-vivo studies have demonstrated that leptomeningeal

cell activation of Nf2 in mice results in leptomeningeal

hyperplasia and meningioma formation. In-vitro studies have

identified molecules that interact with the NF2 product (merlin or

schwannomin), some of which (e.g., CD44 and paxillin) may

play critical roles in merlin growth regulation.

Summary

NF2 patients should be referred to specialty treatment centers

for optimal care. Clinical management of multiple patients in

NF2 families cannot be based on the expectation of similar

vestibular schwannoma growth rates, even when other clinical

aspects of disease severity are similar. The availability of

accurate mouse models of human NF2-associated tumors and

the identification of molecules involved in merlin growth

regulation now provide an opportunity to design targeted

treatments for schwannomas and meningiomas.
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Introduction
Neurofibromatosis 2 (NF2) is an autosomal dominant

disease caused by inactivating mutations of the NF2
gene [1,2], and is characterized by the development of

nervous system tumors, ocular abnormalities, and skin

tumors. In 1992, the population-based birth incidence of

NF2 was estimated as 1 in 33 000–40 000, and the

population-based symptomatic prevalence as 1 in

210 000 [3]. It is likely that the prevalence is higher

due to asymptomatic NF2 mutation carriers and in-

creased patient survival from improvements in early

diagnosis and treatment. Previous cross-sectional studies

described the clinical spectrum of NF2 [4–6], but it is

only recently that longitudinal studies have characterized

the natural history of the disease. In-vitro and in-vivo

approaches are ongoing to clarify the function of the NF2
product (merlin or schwannomin). These approaches

include the identification of merlin binding partners, the

generation of mouse models of NF2, and investigations

of the role of merlin in Schwann and meningeal cell

biology and tumorigenesis.

Natural history
Vestibular schwannomas (usually bilateral) occur in

about 95% of adult patients with NF2, and adult-onset

disease usually manifests with vestibular symptoms [4–

6]. In contrast, children with NF2 often present with

non-8th-nerve tumors and non-vestibular symptoms

[7,8]. Recent studies have highlighted the occurrence

of mononeuropathy in NF2 [9,10]. Peripheral neuro-

pathy is common in NF2 patients with severe disease; in

these patients, axonopathy can be caused not only by

tumor growth, but also by multiple tumorlets and

proliferation of Schwann and perineurial cells [11.,12.].

Vestibular schwannoma growth rates in NF2 are

generally higher in younger patients but are extremely

variable, both between patients and over time in the

same patient [13 .,14.]. Growth rates are highly variable

even among multiple NF2 patients of similar ages in the

same family [13 .]. This suggests that stochastic pro-

cesses (random processes operating over time) or as-yet-

unknown factors influence vestibular schwannoma

growth rates in NF2. For this reason, clinical manage-

ment of multiple patients in NF2 families cannot be

based on the expectation of similar vestibular schwan-

noma growth rates, even when other clinical aspects of

disease severity are similar.

Age at diagnosis of NF2, intracranial meningiomas, type

of treatment center, and type of constitutional NF2

DOI: 10.1097/01.wco.0000053583.70044.ab 27



mutation are informative predictors of the risk of

mortality [15 .]. Age at diagnosis is, by far, the strongest

single predictor of the risk of mortality, and therefore is a

useful index for patient counseling and clinical manage-

ment. It is encouraging to note that NF2 patients who

are treated in specialty centers have a significantly lower

risk of mortality than those who are treated in non-

specialty centers.

Genotype – phenotype correlations
Since the mid-1990s, many studies have found genotype–

phenotype correlations in NF2, most recently for intradur-

al extramedullary spinal tumors [16]. In general, people

with constitutional nonsense or frameshift NF2 mutations

have severe disease, those with missense mutations, in-

frame deletions, or large deletions have mild disease, and

those with splice-site mutations have variable disease

severity. The variable disease severity in people with

splice-site mutations may be associated with the location

of the mutation [17]. Most genotype-phenotype correla-

tion studies have been cross-sectional, but NF2 patients

with missense mutations have a lower risk of mortality than

those with other types of mutations [15.].

In longitudinal studies, the type of constitutional NF2
mutation has not been found to be a significant predictor

of vestibular schwannoma growth rates, although these

studies have had relatively few patients [13.,14.]. Since

cross-sectional genotype–phenotype correlation studies

have found strong associations between mutation type

and age at onset or diagnosis, and age at onset or

diagnosis predicts vestibular schwannoma growth rates, a

logical question is why mutation type is not a stronger

predictor of vestibular schwannoma growth rates. A

possible explanation is that age at onset or diagnosis and

vestibular schwannoma growth rates each reflect a

composite of disease-influencing factors, while mutation

type is only one of these factors.

Multiple NF2 patients in the same family often have

similar disease severity, but specific disease features and

disease progression differ even between monozygotic

twins with NF2, probably due to processes such as the

stochastic inactivation of the second NF2 allele [18].

There are significant intrafamilial correlations in clinical

indices of disease severity (age at onset of symptoms,

age at onset of hearing loss, and number of intracranial

meningiomas), both in NF2 families as a whole and in

NF2 families with specific types of NF2 mutations [19].

This is consistent with the effects of both allelic and

non-allelic familial factors (such as modifying genes) on

clinical variability in NF2.

Diagnosis
Four sets of clinical diagnostic criteria have been

proposed for NF2. To establish the diagnosis, the 1987

and 1991 US National Institutes of Health (NIH) criteria

each require bilateral vestibular schwannomas or a family

history of the disease plus other characteristic disease

features. Yet, half of all patients with NF2 do not have a

family history of the disease [4], and patients can present

with intracranial meningiomas, spinal tumors, peripheral

nerve tumors, or ocular abnormalities long before the

appearance of a vestibular schwannoma [4–6,7,8]. The

Manchester criteria (Table 1) [4] and criteria proposed

by a group organized by the National Neurofibromatosis

Foundation [20] each expanded the NIH criteria to

permit the diagnosis of NF2 in people who do not have a

family history of NF2 or bilateral vestibular schwanno-

mas, but who do have multiple schwannomas or

meningiomas. This change increases sensitivity while

maintaining high specificity [21,22]. The Manchester

criteria are the most sensitive of the four sets of criteria

[23].

For about a decade, linkage analysis using tightly-linked

genetic markers has been available to determine NF2
mutation carrier status in at-risk individuals in families

with living NF2 patients from two or more generations.

At-risk children of parents with new mutations (people

who are the first in their family to have the NF2
mutation) can be tested for constitutional NF2 mutations

if an identical mutation is found in two tumors from the

affected parent [22,24]. Using standard mutation identi-

fication techniques, the efficiency of constitutional NF2
mutation detection is lower for new mutations than for

inherited cases. This reflects the fact that approximately

20% of new mutations are somatic mosaics; other causes

are large deletions and chromosomal rearrangements at

the NF2 locus. The implications of mosaicism in NF2

have been recently reviewed [25].

Management
Patients with NF2 should be referred to specialty

treatment centers, where they can be managed by

multidisciplinary teams of neurosurgeons, otolaryngolo-

gists, neuroradiologists, ophthalmologists, geneticists,

and audiologists. NF2 patients who are managed at

specialty treatment centers have a significantly lower risk

Table 1. Manchester clinical diagnostic criteria for NF2

(A) Bilateral vestibular schwannomas
(B) First-degree family relative with NF2 and unilateral vestibular
schwannoma or any two of the following: meningioma, schwannoma,
glioma, neurofibroma, posterior subcapsular lenticular opacities
(C) Unilateral vestibular schwannoma and any two of the following:
meningioma, schwannoma, glioma, neurofibroma, posterior subcapsular
lenticular opacities
(D) Multiple meningiomas (two or more) and unilateral vestibular
schwannoma or any two of the following: schwannoma, glioma,
neurofibroma, cataract

Note: ‘any two’ means two individual tumors or cataracts. Reproduced
from [4] with permission.
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of mortality than those who are treated at non-specialty

centers [15 .]. Studies of operative outcomes in vestibular

schwannoma surgery have found that the rate of

favorable outcomes increases, and the rate of serious

complications decreases, with increasing surgical experi-

ence [26,27].

It is important to balance the use of microsurgery and

radiation treatment, which can have a role for NF2

patients who have particularly aggressive tumors, those

who are poor surgical risks, those who refuse surgery, or

those who are elderly. Radiation treatment can provide

good short-term ‘tumor control’ [28], but in patients

with NF2, this must be balanced against longer-term

risks such as a significantly elevated prevalence of

malignancy [29,30] and the knowledge that vestibular

schwannomas usually grow slowly or episodically

[13 .,14.]. Somatic NF2 mutations are common in

sporadic malignant mesotheliomas, and asbestos-ex-

posed people with an inactivated constitutional NF2
allele may be particularly susceptible to mesothelioma

because only a single hit is needed to functionally

inactivate the NF2 gene [31].

The NF2 gene
The NF2 gene on chromosome 22q codes for merlin, a

595-amino-acid protein that contains three predicted

structural domains [1,2]. Structurally, merlin is most

closely related to a family of proteins that link the actin

cytoskeleton to cell-surface molecules important for

cellular remodeling and growth regulation. This family

of structurally similar molecules includes ezrin, radixin

and moesin (ERM proteins) [32]. Merlin, like the

ERM proteins, contains an amino-terminal Protein

4.1 cell-surface glycoprotein-binding domain (FERM

domain; residues 1–313) followed by a predicted

alpha-helical region and a non-conserved carboxy-

terminal domain. Unlike ERM proteins, the merlin

carboxy-terminal domain lacks conventional actin-bind-

ing sequences (Fig. 1a). Recent studies on the FERM

domain of merlin have demonstrated that it is

composed of three subdomains that may mediate

specific interactions with critical protein binding

partners [33.,34.].

Merlin is expressed in a variety of tissues relevant to the

clinical features of NF2. High levels of merlin expres-

sion are detected in a large number of tissues during

embryonic development. In adult tissues, significant

merlin expression is detected in Schwann cells, menin-

geal cells, lens, and nerve, accounting for the develop-

ment of schwannomas, meningiomas, and lenticular

opacities seen in individuals affected by NF2. Within

cells, merlin appears to be localized in the cell

membrane at regions involved in cell–cell contact and

motility.

With the identification of the NF2 gene, intense study

has focused on determining how this putative tumor

suppressor functions in normal cells, and how its loss

predisposes to tumor formation. Several complementary

approaches have been taken in recent years to clarify

how merlin operates: these have included (1) the

identification of merlin binding partners, (2) the genera-

tion of mouse models of NF2, and (3) investigation of

the role of merlin in Schwann and meningeal cell biology

and tumorigenesis.

Identification of merlin binding partners

Despite the structural similarity to ERM proteins, the

predicted NF2 protein sequence, when analyzed,

provides minimal clues as to how merlin functions as

a negative growth regulator. One approach for dedu-

cing the function of merlin is to identify proteins that

associate with merlin. A large number of merlin-

interacting proteins have been identified in recent

years. One class of merlin-interactors includes cell-

surface proteins that bind FERM-containing proteins

such as CD44 and b1-integrin [35 .,36]. Another class

of merlin-binding proteins is represented by molecules

involved in cell-cytoskeleton dynamics (bII-spectrin,

paxillin, actin, and syntenin) [37–40]. Lastly, several

molecules have been identified that may be important

for regulating ion transport (sodium hydrogen ex-

change regulatory factor; NHE-RF) [41] and endocy-

tosis (hepatocyte growth factor-regulated tyrosine

kinase substrate; HRS) [42]. While some of these

molecules may hold the key to deciphering merlin’s

function as a tumor suppressor, it is not yet clear

which of these proteins is required for merlin to

operate in vivo.

Recent studies on several of these interactors have

suggested a possible role for selected binding partners

in merlin growth regulation. The cell-surface glycopro-

tein CD44 has been implicated in cell proliferation and

cell motility. The cytoplasmic tail of CD44 binds to

merlin at the cell membrane, and appears to be

important for providing a growth-arrest signal [35 .,43].

This CD44–merlin association is tightly regulated by

protein phosphorylation [35 .,44.–46.]. In addition, the

association between merlin and the actin cytoskeleton

is important for localizing merlin to the proper

subcellular location. The merlin–actin cytoskeleton

interaction may be mediated by several merlin-binding

molecules, including actin, bII-spectrin, syntenin, and

paxillin. Recent results have suggested that the

association between merlin and paxillin is critical for

the proper subcellular localization of merlin [47 .].

Lastly, merlin binds to HRS, a molecule implicated

in endocytosis and growth factor receptor recycling. It is

intriguing that the consequence of regulated over-

expression of HRS in rat schwannoma cells is
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Figure 1. Structure and potential function of the NF2 gene product, merlin
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(a) Merlin is structurally related to the ezrin, radixin and moesin (ERM) family of molecules. It contains three distinct predicted domains, including a
FERM domain (an amino-terminal Protein 4.1 cell-surface glycoprotein-binding domain), an alpha-helical domain, and a unique carboxy-terminal
domain. The alignment between merlin and other ERM proteins is depicted. The regions of greatest sequence similarity are found in the FERM and
alpha-helical regions. The shaded carboxy-terminal domains shown for ezrin, radixin and moesin denote the conventional actin-binding domains. (b) On
the basis of evidence from a number of studies, it is likely that merlin functions as a growth and motility regulator by inhibiting the transduction of
mitogenic and motogenic signals from the extracellular milieu. In this putative model, merlin acts to suppress cell growth and motility only under growth-
inhibitory conditions when it is ‘active’ and able to associate with cell-surface proteins, such as CD44. Under growth-permissive conditions, merlin may
be phosphorylated (‘P’) by receptor tyrosine kinase (RTK) activation and rendered ‘inactive’. CTD, carboxy-terminal domain; RTK, receptor tyrosine
kinase.
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remarkably similar to that of merlin [42]. Further

studies are required to determine how these merlin-

interactors facilitate merlin function.

Mouse models for NF2
Since individuals affected with NF2 develop tumors at

an increased frequency, the NF2 gene has been

hypothesized to function as a tumor-suppressor gene.

In support of this notion, inactivation of the NF2 gene

and loss of merlin expression have been demonstrated in

NF2-related tumors. Surprisingly, a large proportion of

sporadic schwannomas and meningiomas also have NF2
inactivation and merlin loss, suggesting that the NF2
gene is an important growth regulator for Schwann cells

and leptomeningeal cells relevant to the development of

schwannomas and meningiomas, respectively [48–50]. In

contrast, no alterations in ERM protein expression have

been reported in schwannomas or meningiomas.

To directly address the role of the NF2 gene as a tumor

suppressor, several research groups have generated mice

with targeted defects in the mouse Nf2 gene. Mice in

which both copies of Nf2 are inactivated die during early

embryonic development [51], while those with only one

mutated Nf2 gene (Nf2+/7 mice) are prone to cancer

[52]. Unfortunately, the cancers that arise in these mice

are not schwannomas or meningiomas. In an effort to

generate improved models of NF2-related tumors,

Giovannini et al. have developed mice in which the

Nf2 gene is conditionally inactivated in either Schwann

cells or leptomeningeal cells. Schwann cell-restricted

inactivation of Nf2 results initially in Schwann-cell

hyperplasia and then schwannoma formation [53].

Similarly, leptomeningeal loss of merlin is associated

with leptomeningeal hyperplasia and meningioma for-

mation [54 .]. Collectively, these results argue that loss of

Nf2 in the appropriate tissues is sufficient for tumorigen-

esis.

Role of merlin in Schwann and meningeal cell
biology and tumorigenesis
As a member of the ERM family, merlin would be

predicted to have a role in actin cytoskeleton-associated

processes. Several independent observations support this

prediction. First, the cancers that arise in Nf2+/7 mice

are highly motile and metastatic [52]. Second, loss of

merlin in primary cultures of schwannomas is associated

with abnormal actin-cytoskeleton organization that can

be reversed upon the re-expression of merlin [55].

Lastly, regulated overexpression of merlin in rat

schwannoma cells results in disorganization of the actin

cytoskeleton, abnormalities in the initial phases of cell

spreading, and reduced cell motility [56]. In contrast,

regulated overexpression of NF2 containing missense

patient mutations has no effect on actin-cytoskeleton

function.

This effect of merlin on cell motility should not be

surprising in the light of clinical observations. While it is

accepted that schwannomas, as opposed to neurofibro-

mas, grow as discrete masses separable from the

associated nerve, there is often tumor infiltration into

the nerve. Similarly, meningiomas can migrate along the

leptomeninges forming multiple discrete tumors as well

as invading brain parenchyma. Loss of merlin in

Schwann cells and leptomeningeal cells may promote

this motile and invasive behavior.

The role of merlin in actin-cytoskeleton-associated

processes also suggests that merlin may regulate cell

growth in response to specific cues from the environ-

ment. Studies from a number of laboratories have

demonstrated that merlin probably has a specific role

in growth suppression mediated by activation of

transmembrane proteins (e.g. CD44) or cell contact

(Fig. 1b). These results suggest that merlin growth

regulation occurs in the context of extracellular interac-

tions provided by normal brain or nerve. Loss of merlin

might result in an impaired ability to respond to these

environmental growth-regulatory cues and culminate in

increased cell growth, tumor formation, and tumor-cell

infiltration.

Conclusions and future research
Recent natural history studies have provided informa-

tion that is useful for the care of patients with NF2.

Such patients should be referred to specialty treatment

centers for optimal care, and age at diagnosis is a useful

index for patient counseling and clinical management.

Clinical management of multiple patients in families

with NF2 cannot be based on the expectation of

similar vestibular schwannoma growth rates, even when

other clinical aspects of disease severity are similar.

Radiation therapy is best reserved for NF2 patients

who have particularly aggressive tumors, those with

poor surgical risks, those who refuse surgery, or those

who are elderly. The sensitivity of the diagnostic

criteria for NF2 can be increased by adding mono-

neuropathy as a clinical diagnostic criterion and the

results of genetic testing; such changes should be

empirically evaluated before the revised set of criteria

is adopted for use.

The development of mouse models of NF2-associated

tumors is the first step towards preclinical evaluation of

targeted therapies for schwannomas and meningiomas.

In addition, more detailed studies of the mechanism by

which merlin regulates cell growth and proliferation may

identify specific targets for therapeutic design giving

particular efficacy for NF2-associated tumors. The

combination of these two approaches will undoubtedly

result in improved therapeutic options for individuals

affected with NF2.
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Neurofibromatosis type 2 (NF2) is a tumor suppressor syndrome

characterized by bilateral vestibular schwannomas (VS) which

often result in deafness despite aggressive management. Men-

ingiomas, ependymomas, and other cranial nerve and peripheral

schwannomas are also commonly found in NF2 and collectively

lead tomajor neurologicmorbidity andmortality. Traditionally,

the overall survival rate in patients with NF2 is estimated to be

38% at 20 years from diagnosis. Hence, there is a desperate need

for new, effective therapies. Recent progress in understanding

the molecular basis of NF2 related tumors has aided in the

identification of potential therapeutic targets and emerging

clinical therapies. In June 2010, representatives of the interna-

tional NF2 research and clinical community convened under the

leadership of Drs. D. Gareth Evans (University of Manchester)

and Marco Giovannini (House Research Institute) to review the

state of NF2 treatment and clinical trials. This manuscript
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summarizes the expert opinions about current treatments for

NF2 associated tumors and recommendations for advancing

therapies emerging from that meeting. The development of

effective therapies for NF2 associated tumors has the potential

for significant clinical advancement not only for patients with

NF2 but for thousands of neuro-oncology patients afflicted with

these tumors. � 2011 Wiley Periodicals, Inc.

Key words: neurofibromatosis type 2; meningioma; schwan-

noma; vestibular schwannoma; ependymoma; radiotherapy;

molecular therapy; surgery

INTRODUCTION

Neurofibromatosis type 2 (NF2) is an autosomal dominant tumor

suppressor disorder that causes multiple tumor types to form at

every level of the nervous system. Although a rare disorder

(estimated 1 in 25–33,000 births) [Evans et al., 2005, 2010], the

tumor types seen in NF2 are among the most common in neuro-

oncology (Fig. 1). The hallmark of NF2 is bilateral vestibular

schwannomas (VS) which progressively enlarge leading to sensor-

ineural hearing loss and deafness [Evans, 2009b]. VSmay also cause

brainstem compression resulting in severe neurologic morbidity

and mortality. Half of all individuals with NF2 will also develop

intracranial meningiomas and 75% will develop spinal tumors

including schwannomas, meningiomas and ependymomas

[Evans, 2009b]. The vast majority of individuals with NF2 require

surgery, and most will have multiple procedures during their

lifetime. The progression ofNF2 and requisite surgical intervention

can result in deafness, facial palsy, blindness, seizures, and

hemiparesis.

Until recently there were few therapeutic options for individuals

with NF2. Thankfully things have progressed with increasing

understanding of the genetic basis of NF2, as well as, emerging

molecular parallels within various cancers for which drug therapies

are in development or already clinically available. Nevertheless

challenges lie ahead for the NF2 community, including prioritizing

candidate drugs, managing patient recruitment to clinical trials,

and integrating new therapies into clinical care across multiple

surgical and medical disciplines. This article summarizes the latest

recommendations for NF2 clinical management; advances in

understanding the molecular underpinnings of this disorder;

and progress made to date in implementing NF2 clinical trials.

FIG. 1. The tumors that are found in NF2 (schwannomas, meningiomas, and ependymomas) are some of the most common seen in neuro-oncology

overall.
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CURRENT CLINICAL CARE STANDARDS FOR NF2

Surgical Management of NF2 Vestibular
Schwannoma
Idiopathic VS are fairly common, with roughly 3,000 new cases per

year in the United States, and growing incidence in recent years

[Evans et al., 2005]. These tumors cause unilateral hearing loss,

tinnitus, and imbalance. The primary treatment modality for these

tumors is surgical resection or increasingly, radiosurgery, especially

for tumors<3 cm[Rowe et al., 2003].NF2VSdonot behave exactly

like sporadic VS and require special consideration [Samii et al.,

1997]. Care team experience is important in the formulation of a

treatment plan for NF2 associated VS which commonly includes

observation, surgery, stereotactic radiation or increasingly, drug

therapy.

Thefirst important therapeutic consideration forNF2 associated

VS is the presence of brainstem compression. Large bilateral VS

with obstructive hydrocephalus may cause rapid loss of conscious-

ness, herniation, and death. In such cases urgent surgical removal of

at least one VS is the first life-preserving priority along with

diverting cerebrospinal fluid via shunt to address the hydrocepha-

lus. For tumors greater than or equal to 3 cm in diameter but no

evidence of hydrocephalus or brainstem compression, surgical

resection should be considered as first line therapy, giving consid-

eration to brainstem protection and facial nerve preservation

[Wiegand et al., 1996; Anderson et al., 2005; Myrseth et al., 2009].

Thevarious available approaches forVS surgery (translabyrinthine,

middle cranial fossa, and suboccipital) each has advantages and

disadvantages; but ultimately surgical outcome is highly dependent

on the team’s experience overall and with the particular approach

[Thomsen et al., 1994; Welling et al., 1999; Bennett and Haynes,

2007]. The primary advantage of the translabyrinthine approach is

direct access to the tumorwhere it comes into contactwith the facial

nerve, allowing development of a clean dissection plane between

facial nerve and the VS [Day et al., 2004; Brackmann et al., 2007;

BrackmannandGreen, 2008].Necessary cerebellar retraction is also

minimized with this approach [Day et al., 2004]. The advantage of

the suboccipital approach is a more rapid means to get access to

larger VS, but the facial nerve is hidden from early access as it is on

the anterior surface of the tumor [Samii and Matthies, 1997; Chen

et al., 2010]. This approach may be desirable when the tumor

extends out of the internal auditory canal into the cerebellopontine

angle. Finally, the middle cranial fossa approach is utilized primar-

ily for smaller (<1.5 cm) tumors limited to the internal auditory

canal where hearing preservation is amajor goal of surgery [Slattery

et al., 2011].

Amajor concernof surgical intervention forVSgreater than3 cm

in diameter is the risk of losing facial nerve function [Anderson

et al., 2005; Brackmann et al., 2007]. An intact facial nerve is of

critical importance topatients’ quality of life (QOL); being required

for corneal protection, facial mimetic function, and speech. Facial

nervemonitoring during surgery has greatly improved the ability to

spare this nerve. However, with tumors greater than 2.5 cm in

diameter there is increased risk of facial nerve injury with 17% of

patients having facial injury after resection compared to tumors less

than 2.5 cm where 100% of patients had satisfactory facial nerve

function after resection in a large series [Grey et al., 1996]. Although

size is an important factor, the consensus is that facial nerve

outcome is not as good overall in NF2 patients versus patients

with idiopathicVS even in themost experiencedhands [Evans et al.,

2005; Samii et al., 2008].

VS tumors less than 3 cm in diameter may be monitored for

growth and hearing loss, or may be surgically excised [Thomsen

et al., 1994; Bennett andHaynes, 2007]. There is no consensus about

when to pursue surgery for smaller tumors in patients with NF2

(e.g., following hearing loss only; following tumor growth only; or

both). A detailed discussion of the risks and benefits is required to

help the patient choose the optimal approach for each situation.

Observation of VS without surgical intervention is often the

approach taken for a period of time. The natural history of NF2

associated VS was assessed via a consortium of VS expert centers

[Slattery et al., 2004; Fisher et al., 2009]. They evaluated 540patients

with NF2 and showed a roughly 7-year delay from the time of

symptom onset to diagnosis and that roughly 1/3 of patients had

surgery within 2 years of their diagnosis. In this study, the average

age at diagnosis was 27 years and there was an average of 1mm/year

rate of tumor growthwith ahigh rate of variability. Importantly, the

growth rates of the right and left VS were independent, and rate of

growth was not correlated with rate of hearing loss. This variability

suggests that a tailored approachmustbe taken for eachpatientwith

multidisciplinary assessment from otolaryngology/neuro-otology,

neurosurgery, genetics, and neurology in planning the timing of

surgical interventions.

When surgery is planned forNF2VS less than 1.5 cm indiameter, a

common strategy is removal of the VS where hearing is most likely to

be preserved post-operatively [Samii and Matthies, 1995]. If useful

hearing (greater than 70% speech discrimination) is preserved, the

second tumor may also be removed via a hearing preservation

approach (either the suboccipital or middle cranial fossa approach)

(Fig. 2). If hearing is not successfully preserved in the first ear, but the

cochlear division of the eighth nerve is preserved anatomically, the

second ear is monitored for tumor growth or hearing loss, allowing

preservation of hearing as long as possible before a second surgery

[Samii et al., 1997; Friedman et al., 2003; Slattery et al., 2007, 2011].

When hearing is declining in the only hearing ear, internal auditory

canal decompression is a surgical approach thatmay preserve hearing

in the affected ear for a period of time [Slattery et al., 2011]. If the

remaining hearing becomes non-functional or absent, hearing resto-

ration approaches such as cochlear nerve implant (CNI) or auditory

brainstem implant (ABI) can be considered. To assess the utility of

CNI, the patient is referred for promontory stimulation [TranBaHuy

et al., 2009]. Promontory stimulation is a means of electrically

stimulating any remaining cochlear nerve fibers. If the patient senses

an auditory stimulus with the stimulation, CNI is recommended

[Lustig et al., 2006;Neff et al., 2007;Vincenti et al., 2008]. If during the

first surgery the cochlear nerve cannot be not anatomically preserved,

ABI can be considered on the side where the first tumor is removed

[Grayeli et al., 2008]. If the cochlear nerve is anatomically preserved,

but has lost hearing and does not detect auditory signals with the

promontory electrical stimulation test, then an ABI should be con-

sidered at the time of the second VS removal [Lesinski-Schiedat et al.,

2000; Schwartz et al., 2008].

Tinnitus is a common complaint of NF2 patients with bilateral

VS. It can be severe and in some cases disabling. Hence, it is another
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important consideration in the discussion of surgical expectations.

In some cases tinnitus can be improved after surgery, but in asmany

as 20% of NF2 patients’ tinnitus worsens post-operatively [David

Moffat, unpublished data, personal communication to D.G.E.]. Of

121 patients with unilateral VS who had tinnitus at baseline, 19 had

resolution post-operatively, 28 had reduction in severity, 45 had

unchanged severity and 29 had worsening tinnitus. Importantly, of

21/55 patients (38%) developed new tinnitus post-operatively

[Inoue et al., 2001]. For some patients, new or worsening tinnitus

combined with loss of functional hearing is an unacceptable

complication.This issuedeserves detailedpre-operative discussion.

In summary, the range of surgical options for NF2 associated VS

is vast in terms of approach, timing, and goals. However, NF2 VS

tend to involvemore complicated surgeries than idiopathic VS and

require expert multidisciplinary management for optimal surgical

outcome.

Radiosurgery for NF2 Vestibular Schwannoma
Stereotactic radiosurgery (SRS), consisting of a single or limited

number of highly accurate and conformal sessions of therapeutic

radiation, is increasingly popular among patients with idiopathic

VS. Although there is no consensus about which VS patients are the

best candidates for SRS, it is widely felt that idiopathic VS tumors

that are<3 cm, especially when the patient is older, or poor surgical

candidates, are optimal SRS candidates [International RadioSur-

gery Association, 2004]. Tumors over 3 cm are not usually recom-

mended for SRS due to concerns about radiation injury to normal

neural structures or post radiation swelling which may further

compromise a compressed brainstem.

The role of any form of external beam radiation therapy for NF2

associated VS remains controversial. Radiotherapy (either SRS or

intensity modulated radiation therapy, IMRT) has been used in a

subset of NF2 tumors that progress despite surgical treatment or in

individuals who are at high risk for operative complications.

However, many clinicians are hesitant to recommend radiation

for NF2 patients with tumors of any size. Radiation should be used

with caution in a setting of NF2 since—though the prevalence

of nervous system malignancy is very rare in NF2 population

studies—secondary malignancies after radiotherapy treatment

have been reported [Baser et al., 2000]. In a North American and

European study,only9of1,242patientswithNF2were found tohave

a spontaneous nervous system malignancy, and all cases were

malignant peripheral nerve sheath tumors (MPNST) [Baser et al.,

2000]. In contrast, after radiotherapy for benign tumors such as VS

the prevalence of nervous systemmalignancies in patients with NF2

was 4,717 per 105 (95% CI: 681–8,753 per 105). This represented a

substantial increase in the incidence of nervous systemmalignancies

that may be related to the loss of the tumor suppressor gene in

patients with NF2 allowing greater susceptibility to the ionizing

effects of radiotherapy [Baser et al., 2000]. To date, more than 20

cases of malignancies (i.e., glioblastoma, rhabdomyosarcomas, or

malignant meningiomas) have been reported in patients with NF2

after radiation therapy [Balasubramaniam et al., 2007]. Because of

the focality and size of the radiation dose, it is possible that SRS has

different biologic effects than IMRT or other forms of external beam

radiotherapy. However, it is unknown to what extent this alters the

risk of secondary malignancy in patients with NF2.

Compared with the treatment of sporadic VS where SRS plays a

central role in management, SRS may result in only moderate rates

FIG. 2. Decision points in the clinical management of patients with NF2 associated vestibular schwannomas.
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of tumor control and poorer long-term hearing preservation in the

settingofNF2.The current best long-termdata are estimated froma

center in Sheffield, England. Rowe et al. [2008] reported on 122VSs

in 92 patients with NF2 treated with radiotherapy and estimated

tumor control at 8 years to be 50%.At 3 years they estimated 40%of

patients to have preserved hearing, 40% of patients to have pro-

gressive hearing loss, and 20% to have progressed to deafness. The

long-term risk of facial palsywas 5%. In another study of 62patients

with NF2-related VS treated with SRS, hearing preservation was

reported to be 73%at 1 year, 59%at 2 years, and 48%at 5 years after

SRS. Facial neuropathy occurred in 5% of patients [Mathieu et al.,

2007]. Overall, these data suggest that there is often short-term

tumor control and hearing preservation after SRS in patients with

NF2. However, the longer term efficacy (>5 years) of SRS for NF2-
related VS is less robust than with sporadic lesions with <50% of

patients retaining hearing.

Current Clinical Care Standards for Meningioma
Meningioma is themost commonprimary brain tumor seenworld-

wide. It arises fromthemeninges covering thebrain and spinal cord,

and can involve any portion of the central nervous system. Most

commonly, meningiomas are benign and noted incidentally. How-

ever, in some casesmeningiomas involve critical brain areas causing

focal neurologic deficits or brain irritation leading to seizures

[Louis et al., 2000]. Standard treatment of idiopathic meningiomas

includes observation if asymptomatic and slowly growing; surgery

or radiation therapy is required for rapidly growingor symptomatic

tumors [Nakamura et al., 2003]. Most commonly symptomatic

meningiomas are resected and further intervention is not required.

In some cases of atypical or malignant meningioma additional

radiation therapy is requireddue to the invasivenature of the tumor

[Durand et al., 2009]. Overall, these tumors account for 25% of all

sporadic meningiomas [Willis et al., 2005].

Meningiomas occur in 38–58% of individuals with NF2 and are

most oftenmultiple (median¼ 3/patient) occurring both in cranial

and spinal locations [Mautner et al., 1996; Goutagny and Kala-

marides, 2010]. Although meningiomas in NF2 may become

symptomatic independently, or combine with VS to create

‘‘collision tumors’’ near the brainstem, a recent series in France

showed that most meningiomas did not require intervention

[Goutagny and Kalamarides, 2010]. Although these tumors may

not require surgery in all patients, the presence of meningiomas

may portend a worse prognosis. In one series, the risk of mortality

was 2.5-fold greater inNF2patientswithmeningiomas versus those

without meningiomas [Baser et al., 2002]. In children with NF2,

meningiomas aremore likely to become symptomatic and aremore

likely than VS to be responsible for the presenting symptom [Evans

et al., 1999; Ruggieri et al., 2005]. Hence, although VS are the

hallmark tumor of NF2, meningiomas are responsible for a great

deal of morbidity in NF2 and therefore require specific attention.

Most meningiomas occur in surgically accessible locations and

hence, surgery is generally considered first line therapy if an

intervention is needed for a symptomatic meningioma

[Asthagiri et al., 2009]. Further considerations on the role of

radiosurgery are presented below. An additional consideration is

the occurrence of parafalcinemeningiomas that encroach upon the

sagittal sinus. In idiopathic meningiomas, some experts advocate

for tumor resection prior to sinus invasion [Sindou and Alvernia,

2006; Raza et al., 2010]. In NF2, given the multiple meningiomas

that often involve the falx and the diffuse nature of the tumor, it is

not recommended to pursue resection in order to prevent sagittal

sinus invasion [Goutagny and Kalamarides, 2010]. However, it is

important to recognize the chronic venous hypertension that can

occur and contribute to chronic headaches, vision changes, or other

neurologic deficits in patients with NF2 and parafalcine meningi-

omas [Acebes et al., 2009; Szitkar, 2010].

Radiosurgery for NF2 Meningioma
A number of studies have investigated radiosurgery as the primary

treatmentmodality for idiopathicmeningiomas [Kondziolka et al.,

1998; Bria et al., 2011], but there is very little data about the impact

of such treatment inNF2 associatedmeningiomas. In less surgically

favorable locations involving the skull base and cavernous sinuses,

SRS may have a role for treating meningiomas [Lee et al., 2002]. In

addition, in the uncommon case where the meningioma is atypical

or frankly malignant, radiation therapy, or SRS after surgical

resection is often considered despite concerns about inducing a

secondmalignancy in the setting of NF2. Small series have reported

successful SRS treatment of NF2 meningiomas [Kondziolka et al.,

2009; Wentworth et al., 2009]. However, these retrospective, single

center series included only small numbers of patients. Hence, there

is currently no definitive data for or against the use of SRS as a

primary treatment modality for NF2 associated meningiomas. For

most NF2 associated meningiomas the optimal approaches are

observation or surgery.

PLANNING NF2 CLINICAL TRIALS: WHICH PATIENTS
TO RECRUIT?

Responding to the need for additional treatment options for

patients with NF2 associated tumors, new potential therapies are

entering the clinical setting via clinical trials. As this optionbecomes

available for a greater number of patients with NF2, investigators

will need to clearly define the potential risks and benefits of each

proposed intervention in the context of other available therapies so

thatpatients and their careprovidersmaymake informeddecisions.

Initiation of trials will also require close collaboration between the

patients’ care providers and clinical trialists in order to design trials

to allow patients the maximal number of treatment options while

preserving the scientific integrity of the study. A key consideration

in this area is determining which patients should be recruited to

which clinical trials.

NF2 Vestibular Schwannoma Trials—Which
Patients to Recruit?
Clinical trials provide access to new treatments and are required for

treatment advances. However, they are intensive for both patients

and investigators, expensive, and inherently involve patient risk.

Choosing a population for investigation of a new therapy requires

consideration of the safety of the intervention, the clinical demands

and the question to be answered. For example, for NF2 associated
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VS, the meeting consensus is that patients whom are >3 years old
and with progressive, symptomatic disease (with or without prior

treatment) should be considered for enrollment at this time. These

recommendations are based on the fact that someof themost severe

forms of NF2 present in childhood. However, compliance with the

demands of a clinical trial and the risks of agents to be studied may

be unacceptable for children<3 years old or in patients who do not
have symptomatic disease. Age considerations are also determined

by the pediatric-specific risks of the investigational agent or inter-

vention to be studied.

Strictly defining the clinical question the study seeks to answer

helps delineate the required characteristics of patients to be con-

sidered for enrollment. For example, if MRI measurements will be

the endpoint in a study of VS, patients enrolled on trial should have

target VS that are �1 cm in diameter and without implants that

would influence interpretation using current MRI techniques. The

perceived risks of the intervention to be tested also influence the

population for enrollment, as in general higher risk is more accept-

able to patients with progressive tumors.

There are essentially twomain categories to consider when using

progressive disease as the inclusion criteria: radiographic progres-

sion and symptom progression. Radiographic progression of a

given tumor is a familiar criterion to clinical researchers and

regulatory agencies as it is commonly used in oncology trials.

Radiographic progression must be specifically defined (i.e., at least

2mm linear growth in 2 years onMRI or a specified percent change

in volume over time). The advantages of using radiographic pro-

gression as a criteria is that the measures are generally reproducible

across a wide number of centers and provide a baseline measure by

which either response or stabilization can be determined.However,

this may not always be the optimal choice given that there is no

definitive correlation between tumor size and function in the

tumors that afflict patients with NF2. To address this limitation,

symptomatic progression may be used as the enrollment criteria.

For example, progressive hearing loss or facial palsy may be

considered as an enrollment criteria. Again, very clear definitions

of progression are required (i.e., change in word recognition score

over 12 months).

The Workshop consensus was that for NF2 associated VS,

patients deemed particularly appropriate for current clinical trials

are those with progressive hearing loss in their only hearing ear

where the outcomes and risks of the currently available treatment

options (deafness from surgery, risks of radiation therapy) are

suboptimal. Patients with brainstem compression leading to radio-

graphic evidence of obstructive hydrocephalus due to enlarging VS

are also considered high priority candidates for clinical trials with

agents that have the potential to halt tumor progression or shrink

tumor given the risks associated with surgery for such tumors

(when surgical decompression is not needed urgently to reverse

hydrocephalus or brainstem compression).

Patientswhowouldnot currently be recommended for inclusion

in VS drug trials are patients with non-progressive disease and

patients with small (less than or equal to 1.5 cm diameter), asymp-

tomatic tumors where functional preservation of hearing is likely

without intervention or with specialized surgical tumor removal

(Fig. 2). Radiation therapy should also be considered as a ther-

apeutic optionprior to clinical trial enrollment in tumors<3 cm, or

in symptomatic tumors onother cranial nerves. Indeed, one avenue

for future clinical studies is to incorporate radiosensitizing agents

with radiation to improve the long-term tumor control rates in

NF2. However, currently it is rare that radiation therapy is

an attractive option for tumors >3 cm, in children, or in non-

progressive tumors. In these cases, observation, surgery, or a clinical

trial specific to the clinical situation is preferred.

Finally, the inclusion of patients with unilateral sporadic VS in

clinical drug trials designed primarily for patients with NF2 has

several potentially important benefits. NF2-associated VS and

unilateral sporadic VS have many similarities both histopatholog-

ically and in their underlying genetics. For example, the protein

Merlin is absent in all VS studied to date whether related to NF2 or

not [Hadfield et al., 2010]. Importantly, idiopathic VS have a

lifetime risk of close to 1/1,000 [Evans et al., 2005] and hence

are a commonbrain tumor in the general population. Identification

of effective systemic therapies for these tumors through NF2-

focused research may ultimately benefit a much larger population

of patients.

Cranial Meningioma Trials—Which Patients to
Recruit?
Asdiscussedabove, the standard forNF2associatedmeningiomas is

observation unless these tumors become symptomatic. In symp-

tomatic tumors, the standard therapy is surgery, which is frequently

feasible and effective. Currently, the consensus opinion is that

patients recommended to be considered for NF2 associated men-

ingioma clinical trials should have recurrent World Health Organ-

ization (WHO) grade I or II tumors. Patients with WHO grade III

(malignant meningioma) meningiomas have a different natural

history and should have dedicated clinical trials. Given that about

70% of sporadic meningiomas carry the NF2 mutation [Goutagny

and Kalamarides, 2010], therapeutic trials assessing both NF2

associated and sporadicmeningiomas harboring theNF2mutation

may be indicated. These inclusion criteria would require surgical

intervention for tissue sampling first, however, in most cases initial

surgical management prior to an experimental agent is desirable.

Meningioma is the most common primary brain tumor in adults

and there are no known effective systemic therapies for this tumor,

hence, development of clinical trials for residual or progressive

meningiomas after surgery, and radiation therapy is a need for both

patients with NF2 and for the tens of thousands of patients with

idiopathic meningiomas.

Clinical Trials for Spinal Meningioma, Spinal
Schwannoma, and Spinal Ependymoma
The unclear history and diversity of NF2-associated spinal cord

tumors, along with their relative infrequency compared to VS and

cranial meningiomas, makes for a difficult tumor population to

develop clinical trials for at this time.Whole body imaging (such as

MRI) should be incorporated into NF2 clinical trials whenever

possible as a secondary endpoint to add to the cumulative knowl-

edge of the natural history of NF2 spinal cord tumors, and to allow

monitoring of any serendipitous response to therapies principally

targeted to VS or meningioma. When it is determined that
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therapeutic intervention is required, it is reasonable to refer NF2

patients to available general population clinical trials designed for

the particular spinal cord tumor types.

The Pediatric NF2 Population—Role in NF2
Clinical Trials
Although NF2 is traditionally thought to present in young adults,

registry data have shown that 18%of newly diagnosedNF2 patients

are younger than 15 years of age [Evans et al., 1999]. NF2 man-

ifestations in children generally involve skin and ophthalmologic

findings as well as meningiomas causing focal neurologic deficits;

and there is an association between early development of symptoms

and poor prognosis [Baser et al., 2002]. Hence, recognition and

treatment of NF2 associated symptoms in children may allow

administration of therapies that could delay the development of

neurologic morbidity and potentially mortality.

There are rare caseswith fulminant disease progression very early

in life for which the currently available treatments of surgery and

radiation therapy are insufficient [Mautner et al., 1993; Nunes and

MacCollin, 2003; Ruggieri et al., 2005; Evans et al., 2009]. In one

series of 12 patients diagnosed with NF2 before 18 years old, there

was a high tumor burden with >75% of patients having VS, other

cranial nerve schwannomas, meningiomas or spinal cord tumors

[Nunes and MacCollin, 2003]. At least 75% of the children had

hearing loss and in the 58% of patients who underwent surgery for

VS, none had preserved hearing post-operatively. Hence, the

limited literature regarding NF2 in children suggests that there is

a subpopulation that presents with early and severe disease and for

whom the currently available treatment options are quickly

exhausted.

As diagnostic criteria are applied more uniformly and more

families with NF2 are registered, the frequency of identification of

children with both asymptomatic and symptomatic tumors is

increasing. For example, a United Kingdom series found that

9% of patients (33/343) were diagnosed before age 10 years

[Evans et al., 1999]. When considering enrolling children in NF2

clinical trials it is important to recognize that although hearing loss

may be one manifestation, presenting symptoms more commonly

include unilateral congenital amblyopia that may lead to blindness

and focal neurologic deficits due to neuropathy or meningioma.

Finally, an important consideration is that children may have

unique toxicities to consider including the potential impact on

growth and normal development that are not as concerning in

adults. The duration of therapy and the long-term impact of

experimental therapies have to be considered. Overall, these con-

siderations require a solid understanding of the disposition of the

investigational agent in children and a relatively high risk popu-

lation to offset the unknown potential long-term risks of the

experimental agent.

Incorporating Patients Who Have Received
Radiotherapy in NF2 Clinical Trials
Tumors that haveundergone radiation therapymayhave adifferent

natural history than non-radiated tumors as radiotherapy may

either improve outcome via effective tumor control or worsen the

disease course due to malignant transformation. In the short term

following radiation, there can be acute or sub-acute inflammatory

changes that can alter MRI interpretation. Careful consideration

must be given to these factors as clinical trials for NF2 patients are

likely to be small in number and therefore not allow stratification

for such variables. However, patients previously treated with radi-

ation therapy should be considered for NF2 trials with these factors

inmind. In addition, trials to assess the short- and long-term impact

of radiation therapy are needed to better define the risks and

benefits of radiation for patients with NF2.

DESIGN OF CLINICAL TRIALS FOR PATIENTS
WITH NF2

The common progression of clinical trials is from dose finding,

tolerability studies (Phase I) to efficacy studies designed to explore

clinical activity (Phase II) and then to confirmatory efficacy studies

to demonstrate that the new therapy is better than either existing

therapies or placebo (Phase III). The success or failure of phase II

studies is predicated onmany factors over and abovewhether or not

the treatment drug has the desired effect, including the endpoints

chosen to demonstrate efficacy, the appropriate dose and dosing

schedule taken from phase I studies, and the power of the study to

detect a statistically significant difference. In order to increase the

efficiency of efficacy studies, there has been increasing interest in

incorporating translational studies or ‘‘Phase zero’’ studies early in

new drug investigations.

Phase Zero or Translational Studies in NF2
Phase zero is a term popularly applied to translational clinical

studies in which a study drug is administered to a small number of

patients (often less than 10) over a short period of time to assess

pharmacokinetics (PK) andpharmacodynamics (PD). Such studies

are designed to accelerate the development of promising drugs by

assessing whether the agent of interest behaves in human subjects

and tissues as expected from preclinical studies.

Recently, the United States Food and Drug Administration

(FDA)publishedPhase zero guidelines as part of the 2006Guidance

onExploratory InvestigationalNewDrug (IND) Studies. The FDA-

specific definition of Phase zero trials under the exploratory IND

includes first-in-human testing of new agents at sub-therapeutic

doses and provides for the assessment of drug-target effects and

PK–PD relationships in humans [FDA 2006]. In the setting of NF2,

Phase zero studies may consist of novel, biomarker-driven early

clinical trial concepts that assess drug-target effects in humanNF2-

specific tumors in vivo, using drugs already approved for other

tumors or disease indications. A Phase zero study would prescribe

the drug of interest at the FDA approved dosing for other indica-

tions and assess if the agent reaches NF2-related tumors in active

concentrations and shows the expected biological effects such as

molecular target and signaling pathway inhibition. This assessment

can be done via tissue sampling at the time of a planned surgical

procedure, with imaging biomarkers or via other approaches such

as microdialysis to assess the intratumoral extracellular drug con-

centrations [Blakeley et al., 2009]. If the predefined PK or PD

endpoints are met, this is an early sign of biologic activity at the site
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of disease and provides rationale for advancing to clinical efficacy

testing. Since no direct benefit is expected for study participants

given the short duration of drug exposure, Phase zero trials are

limited to drugs that have a well-known safety profiles, minimal

expected side-effects, do not interfere with surgery and wound

healing, and do not pose any known long-term risks. Based on

encouraging preclinical data [Doherty et al., 2008; Ammoun et al.,

2010], a Phase zero trial using lapatinib, a dual EGFR/ErB2 small-

molecule inhibitor for patients with NF2-related, and sporadic VSs

is currently ongoing. (ClinicalTrials.gov identifier NCT00863122).

Additional Phase zero trials with other molecular targeted agents

including sorafenib for NF2 are expected to open within the next

year. Patients with NF2 who have chosen a surgical therapy as their

best treatment are optimal candidates for translational studies. In

combined translational/efficacy trial designs, the experimental

agent can be restarted post-operatively and assessed for its ability

to impact the residual tumors.

Phase I Studies in NF2
Agents that are new to human studies or that have specific side

effects ormechanisms thatmay affectNF2patients inunpredictable

ways may require a study to specifically address safety and toler-

ability in patientswithNF2.Theneed for safety assessments prior to

efficacy testing is dependent on the treatment to be assessed and the

amount of information about the safety of that agent. When it is

determined that tolerability and toxicity studies are needed, these

can be done simultaneously with phase zero investigations to

maximize the information available about the drug prior to efficacy

testing.

Phase 2 Efficacy Studies in NF2
Careful selection of agents for efficacy testing and thoughtful trial

design is particularly important in NF2 given the relative rarity of

the disease and therefore, limited patient numbers for enrollment.

Defining endpoints with precision requires detailed understanding

of the natural history of the tumor of interest and themechanism of

the agent under investigation. The trial can then be structured with

strict ‘‘go/no go’’ evaluation points based on the pre-determined

primary endpoint. For example, VS with progressive growth over

months have a less than 1% chance of spontaneous regression

[Slattery et al., 2004; Harris et al., 2008]. Rather, 99% will continue

to grow in volume. Therefore, a drug that is designed to reduce

volume will have to show reduction in only 4 of 10 patients to

demonstrate efficacy for that endpoint. Hence, small, single group

trialsmay be sufficient to demonstrate efficacy in the right scenario.

For more exploratory phase II studies, small multi-arm trials using

novel designs such as adaptive randomization, ‘‘pick-the-winner’’

design, sequential accrual, and randomizeddiscontinuationmaybe

considered. For example, in an adaptive randomization study,

patients initially would be randomized equally to one of three

agents. As the efficacy of the arms become evident, more patients

will be randomized to the arms with promising results, and the less

promising arms will be dropped. These novel designs potentially

allow more agents to be screened rapidly, and reduce the overall

number of patients that will be required. However, these studies

also require strictly defined endpoints and the close collaborationof

committed centers with strong, real-time statistical support. The

slow growth of VS also allows patients to potentially cross over

between study arms after a washout period if the predetermined

endpoint is not achieved.

Given the scarcity of resources for NF2 clinical trials, it is

important to forge collaborations with others doing clinical trials

in similar tumor types. For example, ongoing meningioma efficacy

studies may include NF2 associated meningioma patients.

Although differences between sporadic and NF2 associated men-

ingiomasmust be accounted for to allow accurate interpretation of

the results, collaborationwith other tumor trials is feasible andmay

allow greater opportunity for trial development in NF2. Finally, as

drugs develop along the clinical pipeline, consideration will have to

be given to how to perform confirmatory studies for clinical efficacy.

Patients with NF2 requiring treatment for progressive tumors are

unlikely toaccept aplacebo,however, asmentionedabove, there isno

clear consensus as to the optimal treatment strategies for many NF2

associated tumors. Overall, it is not clear that a traditional phase III

(large, double-blind, placebo-controlled) trialwill be appropriate for

NF2 patients [Neary et al., 2010a].

NF2 Prevention Trials
Current clinical trials are focused on patients with progressive or

symptomatic tumors. However, as the clinical and pre-clinical

repertoire grows and as new natural history data become available,

it will be desirable to identify therapies that can halt tumor pro-

gression before patients are symptomatic. The drugs in develop-

ment currently are predominantly agents that halt cell growth or

communication and hence may not be safe for long-term use,

particularly in young patients. Moreover, common endpoints in

prevention studies (i.e., time to symptom onset) require better

understanding of the natural history of each tumor type and ideally,

the development of biomarkers to accurately report tumor change.

The consensus opinion is that state of science is not yet mature

enough to support prevention studies, but may be in the near

future.

Quality of Life/Disease Severity Considerations in
NF2 Clinical Trials
The major threats to QOL in patients with NF2 include: loss of

hearing, mobility, and balance; facial disfigurement; pain; and

social and emotional problems [Hornigold et al., 2010; Neary

et al., 2010a]. Studies assessing QOL in patients with late onset

hearing loss without NF2 suggest that there is an association

between degree of hearing impairment, social isolation, perceived

disability and depression [Nachtegaal et al., 2009].Moreover, there

is some indication that although patients with late-onset hearing

loss have decreased reportedQOLat baseline, there is the possibility

for improvement with effective therapies. Studies in patients

receiving CNI for adult onset hearing loss suggest that specific

improvement in function such as communication abilities directly

influenced perceived QOL [Zhao et al., 2008].

In order to better assess the specific factors effecting QOL in

patientswithNF2,Neary et al. 2010a,bproduceda32 itemclosed set
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postal questionnaire to identify the extent and severity of QOL

issues in 62 NF2 patients and compared responses to the Short

Form-36 questionnaire (SF36). Subsequently, Hornigold et al.

[2010] developed an independent eight item scoring system vali-

dated against the EuroQOL and SF-36 questionnaires expressly for

patients with NF2 named The Guy’s NF2 Impact Severity Score

(NFTI-SS). Both of these measures remain in validation stages

currently. As reliable tools to assess QOL are developed, QOL may

serve as an important endpoint for future studies in NF2.

SELECTING APPROPRIATE NF2 CLINICAL TRIAL
ENDPOINTS

Hearing Endpoints for NF2 Clinical Trials
There are two forms of hearing loss in patients with NF2. The first,

and most common, is gradual hearing loss. Importantly, the

correlation between tumor size and hearing is not strong, hearing

loss can occur with tumors of any size and the exact mechanism of

hearing loss is unknown. Hearing aids cannot reliably address VS-

related hearing loss because amplifying sound levels does not

address the issueof poorqualityword information that is character-

istic of hearing loss related to VS. Eventually, most patients with

NF2 suffer complete hearing loss either from tumor growth or from

themorbidity of surgical or radiation treatment. AlthoughCNI and

ABI devices provide benefit for some patients, there is no widely

effective treatment for the gradual hearing loss experienced by NF2

patients.

The second form of hearing loss is sudden hearing loss (defined

as hearing loss with onset over a period of less than 72 hr) [Rauch,

2008]. The generally accepted treatment for sudden hearing loss is a

tapered course of oral corticosteroids (usually prednisone or

methylprednisolone). Although sudden hearing loss is concerning

for patients and clinicians, gradual hearing loss is themain cause of

deafness in NF2 patients. Most NF2 patients lose hearing after

acquisition of language; thus, the effect of hearing loss on theirQOL

is typically severe.

Common tests of hearing include detection of sound (measured

as pure tone thresholds at individual stimulus frequencies or the

average of several frequencies [pure tone average, PTA]) and speech

discrimination (measured as word recognition score based on

standardized word lists and presentation conditions). Other hear-

ing tests such as oto-acoustic emissions (OAEs) or auditory brain-

stem response (ABR) monitor auditory function that is not

clinically significant for patients. The American Academy of

Otolaryngology-Head and Neck Surgery (AAO-HNS) scale, a

composite hearing endpoint, is in wide clinical use for reporting

hearing preservation results after VS surgery [American Academy

of Otolaryngology-Head and Neck Surgery Foundation, 1995].

This scale uses PTA and word recognition scores to classify hearing

into four grades (A–D). Because the AAO-HNS scale uses one

category to score all hearing ears with word recognition less than

50% (Class D), it is insensitive to changes in hearing within the

category that may have clinical relevance for NF2 patients with a

single hearing ear.

Speech discrimination (word recognition score) is a good pri-

mary hearing endpoint in VS trials because it directly measures a

patient’s ability to communicate through speech. An improvement

in word recognition would be of special value in NF2 patients, who

often have only one hearing ear and whose hearing cannot be

significantly improved with amplification. In clinical trials, a

hearing response would be defined as the smallest improvement

in word recognition score over baseline that meets criteria for

statistical significance at the P¼ 0.05 level [Halpin and Rauch,

2006]. Values are defined for detecting a statistically significant

change in word recognition at the P¼ 0.05 level for different

baseline scores using 50- and 100-word lists [Thornton and Raffin,

1978]. The table of values can be used to compare any two scores

from the same patient, such as before and after treatment. Cur-

rently, 50-word lists are used in word recognition score testing.

However, the confidence interval be reduced (and accuracy

increased) by using 100 word lists. A simple ‘‘hearing response

criteria table’’ could be widely implemented to standardize clinical

trials of chemotherapy, radiation, and surgery for VS.

Lesion Volume Endpoints for NF2 Clinical Trials
Imagingof tumors is nowawell-accepted endpoint formany cancer

trials. Imaging is advantageous as it is non-invasive and given

careful acquisition and analysis, shrinkage of tumor provides

unequivocal evidence of biologic activity. However, imaging can

encompass a wide variety of techniques and challenges that have to

be carefully considered based on the tumor of interest and the

experimental agent. There are two principle issues to consider for

managing imaging metrics in NF2 clinical trials: what image

acquisition andmeasurement criteria to use; andhow to coordinate

the workflow and reporting of metrics for a clinical trial. Options

formeasurement criteria to track change in lesion size include linear

measures, such as RECIST criteria [Therasse et al., 2000] or three-

dimensional measures of lesion volume [Harris et al., 2008].

Magnetic resonance imaging (MRI) is the most common diag-

nostic imaging modality used in patients with NF2 for tracking

growth of lesions, including VS or other lesions such as meningi-

oma or spinal schwannoma. In general, linear measures of VS

underestimated volumetric growth by an average of 50% on MRI

[Harris et al., 2008]. Although not routinely clinically available due

to resource constraints, increasingly software is available for mak-

ing semi-automated lesion volumetric measurements [Sorensen

et al., 2001], which can be applied to NF2 lesions [Harris et al.,

2008].

Standardization of image acquisition protocol used across sites,

patients, and timepoints for a clinical trial are as important as image

analysis. This is true of all body regions to be imaged. Table I

summarizes the guidelines of a standardized imaging protocol for

VS. Reliable acquisition and measurements are one step in a

complex workflow involving organization of measurement

requests, image transfers from multiple sites to a central analysis

facility, image archiving, reproducible measurement techniques,

quality assurance by trained staff, adherence to the clinical trial

prescribed metrics, and longitudinal results reporting. To stream-

line the clinical trials process and to create a reliable and uniform

workflow, infrastructure for collecting scans to support clinical

trials has been developed. For example, the Tumor ImagingMetrics

Core (TIMC; http://www.tumormetrics.org), is an integrated
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system that currently manages imaging metrics for over 300 imag-

ing clinical trials [Urban et al., 2010]. A parallel site was developed

specifically for NF tumor metrics and NF clinical trials (http://

www.nftumormetrics.org).

Molecular endpoints and Paradigms for NF2
Clinical Trials
Traditionally, clinical trials in oncology have employed clinical

response criteria, such as overall survival (OS) and progression-free

survival (PFS) to assess treatment efficacy, ideally compared to a

placebo arm. Using such endpoints, however, is typically not

feasible for a rare disease with multiple, slow-growing tumors

and a variable clinical course, such as NF2. In theory, substituting

molecular for clinical endpoints may help identify active drugs for

NF2 patients in vivo in a much shorter period of time with fewer

patients and at a lower cost, and potentially help eliminate drugs

that do not reach the target and/or show insufficient evidence of

biological activity in the tumor tissueof interest [Tanet al., 2009]. In

addition, this approach provides a unique opportunity to gain

valuable insights into the effects of drug on molecular signaling in

vivo and help confirm or reject observations gleaned from pre-

clinical model systems. For example, positive or negative signaling

feedback loops identified in response to treatment in preclinical

models may or may not be operational in humans in vivo. In

addition, unexpected escape or resistance mechanisms may be

uncovered by studying drug-treated human tumor tissue and

such data may help drive the future development of molecular

targeted therapies. Defining the specific molecular endpoints for a

given drug can be challenging, in particular if the drug has several

targets or significant off-target effects. Phase zero studies are one

approach to investigate these questions and are optimal for drugs

with well-described mechanisms of action and PD endpoints

[Murgo et al., 2008, Tan et al., 2009].

The optimal investigation of molecular drug effects is to inves-

tigate tumor tissue before and after treatment. Repeat sampling of

brain and spinal tumors is not feasible requiring the comparison of

treated patient samples to non-treated samples from a control

group. This limits analysis to biomarkers with a low inter-patient

variability and a robust response to treatment. An ongoing study of

sorafenib in NF2 patients is assessing drug effect in cutaneous

schwannomas since these can be accessed pre- and post-treatment.

An inherent limitation of surrogate tissue is that it may or may not

truly reflect the primary tissue of interest (i.e., VS), however, it does

allow pre- and post-treatment assessments of a in vivo biologic

effect.

In summary, carefully designed exploratory clinical trials with

molecular endpoints rather than traditional endpoints may help

prioritize drugs emerging from the NF2 preclinical pipeline [Evans

et al., 2009] for further study in efficacy trials with traditional or

NF2-specific clinical endpoints [Plotkin et al., 2009a].

MOLECULAR MECHANISMS OF NF2 TUMOR
SUPPRESSION AND CANDIDATE DRUG TARGETS

Located on chromosome 22q 11.2, the NF2 gene is biallelically

inactivated in NF2 tumors. The NF2 gene encodes a tumor sup-

pressor protein called Merlin/Schwannomin (commonly known

as Merlin) [Rouleau et al., 1993; Trofatter et al., 1993]. In normal

cells, Merlin, a regulator of cell growth and cell–cell interactions, is
expresseddiffusely across several cell types including Schwann cells,

meningeal cells, mesothelial cells, and lens cells [McClatchey and

Giovannini, 2005; Curto and McClatchey, 2008].

The roles ofMerlin protein are wide-reaching. It impacts several

tumorigenic pathways and acts within several intracellular sites.

Questions that are now emerging in an effort to fully understand

Merlin’s function include: howmany complexes canMerlin form in

TABLE I. Brain Magnetic Resonance Imaging Sequences for Optimal Assessment of Vestibular Schwannomas in Patients With NF2

Series no. MRI series name
Type of pulse
sequence

Slice thickness
(mm)

1 Localizer GradientEcho 5
2 Calibration_Scan GradientEcho 6
3 Sag_T1 SpinEcho 5
4 Ax_DIFF SpinEcho 5
5 Ax_FLAIR_T2 Inversion Recovery 5
6 Ax_T2 Fast Spin Echo 5
7 Ax_T1_IAC_pre-contrast SpinEcho 3
8 Ax_3D_FIESTA_Hi_Res Fiesta 0.8
9 Ax_T1_IAC_FS_-_Post-contrast SpinEcho 3
10 Cor_T1_IAC_FS_-_Post-contrast SpinEcho 3
11 O-Ax_post_FS_T1_SPGR SPGR 2.5
12 O-Ax_T1_post_Whole_Brain SpinEcho 5

Sag, sagittal orientation; Ax, axial orientation; Cor, coronal orientation; T1, T1 weighted; T2, T2 weighted; DIFF, diffusion weighted sequence; FLAIR, fluid inversion recovery sequence; IAC,
internal auditory canal; FIESTA, fast imaging employing steady-state acquisition; IAC_FS, internal auditory canal with fat saturation; SPGR, spoiled gradient recalled.
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a given cell? OfMerlin’s various cellular roles, which are pathogenic

when abrogated, and therefore important for drug targeting?

Conversely, is Merlin a universal regulator, such that inhibiting

a single cellular pathway will have a low likelihood of success in

controlling growth of NF2-associated tumors? Ongoing research is

addressing these questions to further elucidate the molecular

interactions at large in the setting of a NF2 gene mutation.

Recent evidence suggests that Merlin may also be a negative

regulator of growth and progression of several non-NF2 associated

cancer types [Stamenkovic and Yu, 2010]. Indeed, many of the

pathways that appear important in NF2 tumorigenesis contribute

to the growth of a diverse number of cancers such as breast, colon,

liver, and renal cell carcinoma as well as many hematologic malig-

nancies. This supports the idea that therapies developed for NF2-

associated tumors couldwell havemuchbroader clinical applications.

Aswe learn about the pro-tumorigenic pathways inwhich loss of

Merlin function is implicated, cellular targets are identified that

may respond to therapeutics (druggable targets). As noted above,

some of these drug targets are common to other cancer conditions,

and as a result there are several drugs currently in development and

clinical use that may inhibit NF2 target pathways. Figure 3 high-

lights the up- and downstream candidate drug targets currently of

most significant interest in NF2.

In the last fewyears, therehasbeena concerted effort to accelerate

the identificationofNF2 therapies by bridging basic discoveries and

translational science. The NF Preclinical Consortium (NFPC)

sponsored by the Children’s Tumor Foundation offers a unique

approach to facilitating preclinical trials. Candidate NF drugs are

assessed in parallel in a series of validated NF1 and NF2 genetically

modified mouse models and xenograft mouse tumor models.

NFPC has employed standardization of PK/PD analysis across

models and sites with collaborative interpretation of data. Estab-

lished in 2008, NFPC has been successful in collaborating with

biotechnology and pharmaceutical companies and offered valuable

lessons about how to overcome the challenges in NF2 preclinical

drug testing. Though promising results in a mouse do not neces-

sarily predict human efficacy, NFPC should inform future selection

of drug candidates to be advanced to the clinic, and shed light on

relevant drug pathways.

As a general note, it is likely that multiple target inhibition—
using combination therapies or by using single agents designed to

impact multiple targets—may be a more potent therapeutic

approach than single target inhibition. However, in designing

combined therapy trials, attention to PK interactions, combined

toxicities, and cost is required particularly given that NF2 tumors

are largely not malignant. Preclinical investigations are critical for

defining the PK relationships and toxicities before committing to

clinical investigation. Some of the key drug targets currently under

investigation for NF2 are described below.

Epidermal Growth Factor Family
In NF2, the loss of Merlin protein leads to abnormal activation of

the epidermal growth factor family (EGFR) receptor tyrosine

kinases (RTKs) namely EGFR, ErbB2, and ErbB3 which span the

cell membrane. In the normal cell these EGFR family RTKs activate

cell division, contribute to feedback loops, and regulate cell death.

In the absence of Merlin, RTKs remain constitutively active allow-

ing increased cell proliferation and resistance to cell death

[McClatchey and Fehon, 2009].

Drugs that target the EGFR family of RTK include lapatinib (a

dual EGFR/ErbB2 inhibitor), erlotinib, and gefitinib. All are oral

agents already approved by the FDA for various cancers. These

drugs have been investigated as NF2 therapies, principally for VS

and ependymoma. In vitro, merlin deficient cells showed aberrant

EGFR activation and inhibition of EGFR signaling decreased

cellular proliferation [Curto et al., 2007]. However, in a clinical

study, erlotinib (which inhibits EGFR alone) failed to show tumor

response in NF2 patients with progressive VS [Plotkin et al., 2010].

Long-acting inhibitors that target multiple EGFR/ErbB family

members have recently been developed. These are being tested in

clinical trials for various other cancers and are of great interest as

potential NF2 therapies.

The RAS-GTP Pathway
RAS was one of the first oncogenes identified, and is one of the

most common, having a role inmultiple tumor types. Normal RAS

is bound to the internal cell membrane and can assume two

formations: active, promoting cell growth and proliferation

(RAS-GTP state), or inactive (RAS-GDP state) [Blum and Kloog,

2005]. In normal cells, Merlin forms complexes with Ezrin at

the membrane, and silences RAS-GAP [Morrison et al., 2007].

However, in Merlin’s absence, RAS can remain active, drive cell

proliferation and contribute to tumor growth.

It is difficult to design a drug specifically to target activated RAS.

However, there are several agents such as farnesyl transferase

inhibitors that indirectly inhibit RAS activation [Blum and Kloog,

2005]. RAS can also be targeted by inhibiting downstream cell

signaling pathway pro-survival and pro-proliferation elements

FIG. 3. The primary therapeutic targets in the Ras downstream

signaling pathway.
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including Raf-MEK1/2-ERK1/2 and PI3-K-Akt (Fig. 3). A number

of agents targeting these have been assessed in NF2. For example,

AR-12 is a derivative of the anti-inflammatory celecoxib that

inhibits PI3K/Akt via phosphoinositide-dependent kinase 1

(PDK-1) inhibition, inhibiting growth of VS and malignant

schwannoma cells [Lee et al., 2009].Honokiol, a natural compound

found in the bark and leaves of Magnolia trees that has pro-

apoptotic effects in several cancers, has recently been shown to

inhibit the growth of VS cells [Lee, 2010], also appears to act via Akt

inhibition.

Rac is another Ras downstream element (Fig. 3) and a member

of the Rho-like GTPases that contributes to cell migration and

invasion in malignancy. In the absence of functional Merlin, Rac

becomes activated and allows integrin-RTK signaling resulting

in tumor proliferation [Okada et al., 2007]. Rac may represent

another target of interest for NF2.

Raf/MEK/ERK is in a parallel signaling pathway downstream of

Raswith roles in cell proliferation and cell cycle arrest depending on

the signal [Peyssonnaux andEych�ene, 2001].This pathwaymay also

be dysregulated in the absence of Merlin. Sorafenib is a multiple

RTK inhibitor that targets Raf/Mek/Erk pathway in addition to

PDGF, VEGF, and c-kit, while nilotinib is a new generation RTK

inhibitor of BCR-ABL that also targets PDGFR and c-kit. Both

sorafenib and nilotinib are entering clinical trials for VS and are

discussed in more detail below.

mTOR
Another downstream element in Merlin’s tumor suppressor

activity is mammalian target of Rapamycin complex 1 (mTORC1)

[James et al., 2009]. mTORC1 is constitutively activated in both

schwannomas and meningiomas with Merlin deficiency [James

et al., 2009; L�opez-Lago et al., 2009]. SeveralmTOR inhibitors are in

clinical use for other conditions including NF1 associated plexi-

form neurofibromas, andmay also be of potential interest for NF2.

These include rapamycin, everolimus, and temsirolimus.

VEGF and PDGF
Angiogenesis is a requirement for malignant tumor growth, and

more recently has been implicated in the benign tumors found in

NF2.VS express vascular endothelial growth factor (VEGF)onboth

tumor cells and associated endothelial cells, suggesting a role for

angiogenesis in the growth of these benign tumors [Plotkin et al.,

2009b; Wong et al., 2010]. The VEGF-targeted agent bevacizumab

has shown promise in some NF2 patients and is now in a clinical

trial for progressive VS.

Heat Shock Proteins
Heat shock protein 90 (Hsp90) is one of the chaperone proteins

that are responsible for ensuring the target proteins are correctly

folded and transported throughout the cell. It is one of the proteins

in the microenvironment that indirectly contributes to cancer

cell proliferation. Hsp90 is increasingly investigated as a target

for inhibition in CNS malignancies. For example, the agent,

NXD30001, induces regression of glioblastoma (GBM) in a mouse

model [Zhu et al., 2010].

DCAF1: Ubiquitin Ligase Inhibitor
It was recently reported that Merlin in its closed formation

can accumulate in the nucleus and interact with the E3 ubiquitin

ligase CRL4 (DCAF1) [Li, 2010]. Depleting DCAF1 with an

inhibitor reduced proliferation of Schwann cells cultured

from NF2 patients [Li et al., 2010]. DCAF1 has not previously

been investigated widely in cancer research, but is known to be one

of the target proteins of a HIV-1 accessory gene that induces cell-

cycle arrest [Nonaka et al., 2009]. Modifiers of DCAF1 or related

proteins may provide a new NF2 therapeutic avenue for

exploration.

Traditional Cytotoxic Therapies and NF2
Though recent focus has principally been on targeted biologic

drugs, there may still be a role in NF2 for traditional chemo-

therapies. The major concern about using such agents is the

potential for unacceptably high toxicities, especially given the likely

need in NF2 for prolonged use. Importantly, since VS are largely

benign tumors, the tumor cells may be proliferating at such low

rates as to render cytotoxic therapies ineffective. Nonetheless, in

select cases screening of traditional cytotoxic agents, for example,

following VS malignant progression or in meningioma, may be

warranted and should be considered.

ONGOING CLINICAL TRIALS FOR NF2

Bevacizumab
Bevacizumab is a humanized IgG1 monoclonal antibody (MAb)

that binds all biologically active isoforms of human VGEF (or

VEGF-A) with high affinity (kd¼ 1.1 nM). VEGF is one of themost

potent and specific angiogenic factors and is a critical regulator of

both normal and pathological angiogenesis. To date, over 7,000

adult patients have been treated in clinical trials with bevacizumab

as monotherapy or in combination regimens for a variety of

cancers. Bevacizumab has been studied in the pediatric population

in three clinical trials and two retrospective reports. Across all of

these studies, with evaluation periods ranging from 1 month to

2 years, there have not been any dose limiting or major toxicities

seen in children treated with bevacizumab [Benesch et al., 2008;

Glade Bender et al., 2008; Liu et al., 2009; Packer et al., 2009;Modak

and Cheung, 2010].

Although initially developed for cancers, VEGF is overexpressed

compared to normal tissue in sporadic VS by expression analysis

[Evans, 2009a], though notwhenmeasured by immunohistochem-

istry [Plotkin et al., 2009a]. It was recently shown that bevacizumab

treatment results in clinical improvement in individuals with NF2

and progressive symptoms related to VS [Plotkin et al., 2009b;

Mautner et al., 2010a]. In 10 NF2 patients at risk for complete

hearing loss, bevacizumab at 5mg/kg IV every 2 weeks resulted in 4

of 7 evaluable patients having significantly improved word recog-

nition scores and 6 of 10 patients experiencing�20% reduction in

tumor volume [Plotkin et al., 2009b].Anongoingprospective study

is confirming and expanding these findings in which individuals

with NF2 and symptomatic VS (progressive hearing loss over the

preceding 24 months) who are not candidates for surgery or
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radiotherapy are treated with bevacizumab 7.5mg/kg IV every

3 weeks (ClinicalTrials.gov identifier NCT01207687). The primary

endpoint is hearing improvement. Secondary endpoints are tumor

volume, exploratory advanced MRI studies, whole body MRI,

plasma biomarkers, and QOL measures. The study is designed to

confirm a reliable improvement in hearing with bevacizumab and

to explore in detail itsmechanismof action and duration of effect in

the setting of NF2 associated VS.

Despite promising initial results, many important questions

about the role of bevacizumab in NF2 remain. Most importantly,

bevacizumab can impair wound healing, and surgery must be

scheduled only after the drug has cleared from the system. This

can be limiting for NF2 patients whom have multiple tumor types

that may need to be addressed concurrently. Also, recent case

reports suggest that the bevacizumab effect is temporary and

when drug is stopped, radiographic or clinical benefit was reversed

[Mautner et al., 2010b].

One possibility is that there is a unique interaction between anti-

angiogenic mechanisms and Merlin deficiency that will benefit

from combining bevacizumab with another drug therapy. For

example, elevated levels of platelet derived growth factor

(PDGF) have been observed in NF2 VS and meningiomas

[Ammoun and Hanemann, 2011]. PDGF has been suggested to

be activated in the setting ofVEGF inhibition in somemalignancies,

allowing angiogenic escape [Pietras et al., 2008]. However, in a

Phase II study of recurrent meningiomas treated with the PDGFR

inhibitor imatinibmesylate, there was no significant clinical benefit

[Wen et al., 2009].Ultimately, theremaybe rationale for combining

VEGF inhibition with other targeted therapies such as imatinib,

nilotinib, or sorafenib.

Lapatinib
Lapatinib is a small molecule RTK inhibitor that is orally active and

reversibly inhibits both EGFR and ErbB2, blocking phosphoryla-

tion and activationof Erk1/2 (phospho-Erk1/2) andAkt (phospho-

Akt) in EGFR and/or ErbB2-expressing tumor cell lines and animal

xenografts [Rusnack et al., 2001]. It is commercially available and

FDA approved for metastatic breast cancer in combination with

cytotoxic therapies. Lapatinib iswell toleratedwithmanageable side

effects in adults and pediatric patients [Fouladi et al., 2010]. For

these reasons it is of great interest forNF2.However, a pre-requisite

for efficacy of any anti-tumor therapy is that the drug can cross the

blood–brain barrier, access the tumor and affect the drug target. To

examine this, in an ongoing phase zero trial discussed above,

individuals with either idiopathic or NF2 associated VS take

lapatinib for 10 days prior to tumor resection. At the time of

resection blood and tissue samples are collected to assess the plasma

to tumor PK ratio and to assess molecularmarkers of activity in the

tumor. The information gained from this study will inform about

the mechanism of action of lapatinib at the level of the tumor and

assist in the interpretation and planning of future studies with

similar agents.

Concurrently, a phase II clinical trial of lapatinib in children

and adults with progressive VS is ongoing. In a two-stage

design, NF2 patients older than 3 years of age with progressive

VS are eligible (ClinicalTrials.gov identifier NCT00973739).

Lapatinib is administered continuously for 28-day courses. The

primary endpoint is defined as a decrease of at least 15% in

tumor volume. Enrollment of the first trial stage has been

completed with nine eligible patients. Two of the nine patients

discontinued protocol therapy after three treatment cycles

due to radiological progression. One patient had a 16.6%

reduction in the VS tumor volume after three cycles, and

two patients remain on treatment for >12 months with stable

disease.

Sorafenib and Nilotinib
Sorafenib is a multiple RTK inhibitor that targets Raf/Mek/Erk

pathway in addition to PDGF, VEGF, and c-kit. Sorafenib is

currently being investigated in a small pediatric clinical trial for

NF1 plexiform neurofibromas, and planning is underway in the

United Kingdom to bring this drug into a phase zero NF2 clinical

trials based on positive NF2 in vitro data [Ammoun et al., 2011].

This trialwill be informedby theongoingNF1 trialwhere, especially

in younger children, tumor pain and rash made dose reductions

necessary. The NF2 trial planned will examine tolerability as well as

molecular efficacy via cutaneous schwannoma biopsies pre- and

post-treatment in each patient.

Nilotinib, an analog of imatinib, is a new generation RTK

inhibitor of BCR-ABL that also targets PDGFR and c-kit. It has

also shown promising NF2 in vitro data although less effective than

sorafenib [Ammoun et al., 2011]. However, nilotinib is likely to

have fewer clinical side effects than sorafenib. A Phase Zero trial

with a similar design as described for sorafenib is currently under-

way. This includes 15 patients receiving 14 days of oral dosing and is

a simple trial design (only requiring three clinic visits over 28 days).

A Phase II study of nilotinib for VS is planned for 2011 in Canada

(ClinicalTrials.gov identifier NCT01201538).

PTC299
PTC299 is an oral VEGF inhibitor that acts by binding to the 50

untranslated region (UTR) of the VEGF mRNA. In vitro, PTC299

potently inhibitsVEGFproduction in abroad range of tumor types,

including breast, colorectal, fibrosarcoma, gastric, and lung

cell cancer lines. In vivo, the drug reduced levels of VEGF in

plasma and tumors and inhibited the growth of multiple tumor

xenografts. A Phase II study of PTC299 in NF2 patients with

progressive VS is currently underway (ClinicalTrials.gov identifier

NCT00911248).

ADVANCES IN PATHOLOGICAL ANALYSIS OF
SCHWANNOMAS

The detailed pathological review of schwannomas is an important,

but often overlooked, resource. The pathological evaluation of

resected drug-treated tumors compared to treated tumors, can

yield valuable information in both preclinical and clinical settings.

Human samples that are collected tend toward tumors that have

failed to respond to treatment, since surgery will not be done on

responsive tumors; but a close examination of treated tumors can

yield valuable information about drug effects—status of signaling
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pathway activation, effects on cell proliferation, apoptosis, and

vascular density.

Pathologic review of schwannomas can also shed light on new

therapeutic targets. Investigation of schwannomas in their earliest

phase of development—termed Schwann cell tumorlets—suggests

that loss of NF2 gene function is necessary, but not sufficient for

schwannoma formation. Something similar to this has been noted

in other tumor suppressor syndromes such as retinoblastoma and

Von Hippel Lindau Disease [Stemmer-Rachamimov et al., 1998].

Immunohistochemical study of VEGF the pathway in VS has

revealed a dramatic decrease of proteins semaphorin 3A

(SEMA3A) and 3F (SEMA3F) expression in tumors compared

to normal nerves. SEMA3A and SEMA3F compete with VEGF

ligand, and their decrease is thought to be associated with VEGF

pathway activation [Wong et al., 2010]. An additional necessary

change may be loss of SEMA which may contribute to an

‘‘angiogenic switch.’’ The exact timingof this is not clear inhumans,

but in mouse models it appears that Merlin deficiency contributes

to SEMA3 loss of expression and to a pro-angiogenic phenotype

[Wong et al., 2010]. Tumorlets may thus provide us with a tool

to investigate the tumor progression in schwannomas and aid in

the identification of new drug targets that could halt tumor

progression.

One major area of need is to standardize how tissue is prepared

and stored after resection so that these data that are currently

underutilized can inform new treatment options. In 2011, the

Children’s Tumor Foundation (CTF) NF Clinic Network will

launch an NF BioBank to help address this need.

INDUSTRY’S INTEREST IN NF2

Given the cost of clinical trials, engaging industry in the develop-

ment of therapies for NF2 will be vital in order to advance treat-

ments to the clinic. Interest in rare diseases in general is on

the increase in industry, with a number of entities establishing

rare disease research units. The Children’s Tumor Foundation

has succeeded in attracting interest from industry through the

NF Preclinical Consortium and through the Drug Discovery

Initiative Toolbox, an online listing of drugs that pharmaceutical

and biotechnology companies have made available to NF research-

ers. Individual NF2 investigators have also formed successful

collaborations with industry to develop the clinical trials discussed.

This growing success is a result of several factors including:

(1) a substantial unmet medical need for patients with NF2 as

there are no effective drug therapies for the tumors associated

with NF2 and no optimal standard of care, (2) significant progress

has been made in understanding the molecular underpinnings

of NF2, providing potential validated targets for NF2 drug

discovery and development efforts, (3) NF2 preclinical models

are now available to evaluate potential therapeutics in order to

efficiently plan clinical studies and, (4) successful development

of therapies for NF2 associated tumors (schwannomas, meningi-

omas, ependymomas) could have significantly expanded

market outreach given the high prevalence of these tumors

worldwide. In summary, the time is right for industry to engage

closely in identifying and advancing the quest for NF2 drug

therapies.

SUMMARY

A recent surge in translational and clinical research onNF2 tumors—
VS, meningioma, ependymoma, and peripheral schwannoma—has

culminated in the commencementof thefirst clinical trials specifically

for patients with NF2, with drugs targetingmajor signaling pathways

of interest including ErbB2, VEGF, PDGF, mTOR, PI3K, and AKT.

NF2 clinical trials are employing a range of innovative clinical trial

designs thus far focused on VS. For efficacy studies in VS, there is

consensus that the current optimal endpoints are change in hearing

tumor volume, orQOLmeasures. AsNF2 clinical trials expand it will

be necessary to determine the most meaningful endpoints for mon-

itoring other tumor types such asmeningioma and the various forms

of spinal tumors. It is clear that progress in NF2 clinical trials is made

with close collaboration between basic and clinical scientists. Trans-

lational studies, including the analysis of all tumor samples from

patients with NF2 accessed in the course of standard care, are an

important source of data to support the efficient discovery of new

treatments for patients with NF2.

Looking ahead, as the number of NF2 clinical trials grows, a NF2

clinical trial consortium would provide a venue for reviewing

preclinical, translational, and clinical data to prioritize agents to

be advanced. This is a particularly vital practical measure in NF2 as

without centralized oversight, there are unlikely to be enough

patients available to complete all of the proposed studies. One

exciting development is that the Phase II NF Clinical Trials Con-

sortium, established in 2005with funding from theCongressionally

Directed Medical Research Program within the Department of

Defense, is proposing to expand to offer NF2 specific trials. As

the number of treatment options and active clinical trials continues

to grow, it will be crucial to maintain communication and organ-

ization across all subspecialties that contribute to the care of

patients with NF2 to ensure that all caregivers are well informed

about standard and experimental treatment options.

In summary, there are an increasing number of opportunities for

identifying effective NF2 therapies. The NF2 community needs to

remain focused on the importance of careful pre-clinical screening

of new agents utilizing meaningful tumor models and patient

tumor samples, engaging the biopharmaceutical industry, devel-

oping innovative clinical studies that are cost and time efficient and

building multidisciplinary collaborations between basic and clin-

ical researchers, clinicians and patients. If these tasks are vigorously

pursued, it is very likely that therewill be new, effective therapies for

patients with NF2 in the very near future.
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Cognitive sequelae of brain tumor treatment
Thomas N. Byrne

Purpose of review

The neurocognitive sequelae of anticancer treatment have

received increasing attention especially among individuals

with low-grade gliomas, primary central nervous system

lymphoma and those undergoing prophylactic cranial

irradiation for systemic malignancies. These groups are

especially vulnerable because they often experience

extended survival during which neurocognitive

complications of therapy may cause more impairment than

the tumor itself. The purpose of this review is to highlight

recent clinical reports of neurocognitive sequelae among

patients without significant central nervous system tumor

burden and to describe the experimental studies which may

explain the pathogenesis of the disorder.

Recent findings

The neurocognitive deficits among survivors of primary

central nervous system lymphoma without residual tumor

and pituitary tumors were reported recently. Both provide an

opportunity to distinguish the effects of treatment from the

effects of tumor. Moreover, animal studies demonstrate the

negative consequences of radiation on hippocampal

neurogenesis, learning and memory. The mechanism of

impaired neurogenesis may be due to inflammation, which

can be aborted with restoration of neurogenesis through the

administration of non-steroidal anti-inflammatory agents.

Summary

If inhibition of neurogenesis is the basis of neurocognitive

sequelae from irradiation and non-steroidal anti-

inflammatory agents can restore neurogenesis then a

clinical trial may be worthwhile to confirm this benefit in

humans.
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cranial irradiation, neurocognitive, neurogenesis, primary

CNS lymphoma
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Introduction
Long considered a major concern in pediatric neuro-

oncology [1�,2�], treatment-related neurocognitive

sequelae have recently become increasingly recog-

nized in adult neuro-oncology [3�,4��,5�]. This concern

is particularly evident in the management of low-grade

gliomas and primary central nervous system lymphoma

(PCNSL) with which many patients live long enough to

experience the delayed neurotoxicity of therapy. While

in the case of gliomas or brain metastases, it is difficult

to distinguish the effects of the residual tumor on cog-

nitive function from the effects of therapy, much of

the neurocognitive sequelae following the treatment of

PCNSL is often attributable to the therapy because the

tumor often completely responds on imaging [6�].

The mechanism of radiation-induced neurotoxicity has

been attributed to demyelination or vasculopathy [4,7–

9]. Magnetic resonance imaging (MRI) and pathological

studies, however, often do not demonstrate such findings

despite significant clinical neurocognitive deficits. The

hippocampus has been implicated on clinical and experi-

mental grounds as a principal site of injury [5�,10��].

Several studies suggest that clinical deficits may be sec-

ondary to the effect of radiotherapy on neurogenesis in

the hippocampus which has been shown to occur in

adult humans [11,12]. Along with others [12], Rola and

colleagues [13] reported in animal studies that neurogen-

esis in the hippocampus is vulnerable to the effects of

radiotherapy. Furthermore, Raber et al. [14�] report that
inhibition of neurogenesis correlates with memory im-

pairment in animals (see Kempermann et al. [15��] for
critical review). These experimental observations along

with clinical observations that patients treated for non-

central nervous system (CNS) head and neck tumors can

suffer cognitive deficits when the medial temporal lobe is

irradiated leads to a hypothesis that the neurocognitive

sequelae of radiotherapy may be related to impaired

neurogenesis in this location [7]. Other studies by Monje

et al. [16] reveal that the inhibition of neurogenesis can be
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diminished by the administration of non-steroidal anti-

inflammatory agents.

In addition to the neurotoxicity of cranial irradiation,

glucocorticoids and chemotherapy have also been

reported to cause neurocognitive dysfunction. Neural

precursor cells in the hippocampus harbor glucocorti-

coid receptors [17��]. Glucocorticoids are known to affect

cognitive function [18], have been found to be potent

inhibitors of neurogenesis [5�,19] and regulate gene

expression in the hippocampus [20,21]. Although the

effects of chemotherapy on clinical cognitive function

are just emerging, recent preliminary reports of women

receiving adjuvant chemotherapy for breast cancer

suggest that they can have a significant negative impact

[22��,23,24].

In that more has been reported regarding the effects of

cranial irradiation on CNS function than the effects of

chemotherapy or glucocorticoids, this review will empha-

size sequelae of cranial irradiation. In addition, experi-

mental studies in animals that have clinical significance in

this domain will be reviewed.

Clinical studies
In order to disentangle the effects of cranial irradiation

from that of the tumor on cognitive function, focus is

placed on the effects of cranial irradiation on human

cognitive function in PCNSL and extra-CNS tumors,

that is, pituitary and head/neck cancers.

Primary central nervous system lymphoma

Correa and colleagues [25��] assessed quality of life

and cognitive functioning in 28 PCNSL patients treated

with whole brain radiotherapy (WBRT) with or without

methotrexate-based chemotherapy versus chemotherapy

alone. All patients were in disease remission at the time

of post-treatment neuropsychological evaluation and,

of these, 14 patients underwent an 8-month follow-up

evaluation. Additionally, quality of life and extent of

white matter disease on MRI were also measured. The

median age of patients at diagnosis of PCNSL was

56 years and the median age at testing was 60.5 years.

Sixteen patients underwent combined modality therapy

at diagnosis, two patients with WBRT alone and 10

patients with chemotherapy alone.

The results of the combined neuropsychological tests

exhibited a relatively diffuse pattern of neuropsycholo-

gical impairment in three of five domains: moderate

deficits in memory and psychomotor speed, and mild

deficits in the language domain [25��]. Alternatively,

attention/executive function was found to be in the

low average range and visual-construction skills in the

average range. When the results of patients receiving

WBRT with or without chemotherapy were compared

with those receiving chemotherapy alone, there was a

significant difference between the treatment groups in

the memory domain with the group undergoing radio-

therapy with or without chemotherapy scoring signifi-

cantly lower than the chemotherapy alone group. This

difference persisted after adjusting for age, Karnofsky

performance, and time since completion of therapy

(P < 0.003). In the attention/executive domain testing,

a similar trend was seen with greater impairment in the

radiotherapy with or without chemotherapy group but

this did not reach statistical significance (P ¼ 0.06). The

Karnofsky performance scores and mini-mental status

examination (MMSE) testing scores were also signifi-

cantly more impaired in the WBRT with or without

chemotherapy group compared with the chemotherapy

alone group (P < 0.05). The authors concluded that treat-

ment delayed effects most likely were responsible for a

significant portion of the cognitive deficits. The study

also assessed white matter abnormalities on MRI, which

correlated with the degree of cognitive impairment and

were more extensive in patients receiving WBRT with or

without chemotherapy. The authors noted that the

absence of pretreatment cognitive evaluations and the

fact that the treatments were not randomly assigned were

limitations of the study. The authors also concluded that

the MMSE and the Karnofsky performance score under-

estimated the degree of impairment and that prospective

cognitive evaluations should become a component of

future clinical trials.

Harder et al. [26��] evaluated the quality of life and

cognitive status in 19 PCNSL patients treated in a pro-

spective European study. The mean age of the PCNSL

patients was 44 years. All patients were in complete

remission following intravenous and intrathecal metho-

trexate followed by WBRT. The results were compared

with a cohort of matched control patients with systemic

hematologic malignancies treated with systemic chemo-

therapy or non-CNS radiotherapy. Cognitive impairment

was found in 63% of PCNSL patients compared with

11% of control patients (P < 0.002). Only 42% of PCNSL

patients returned to work compared with 81% of control

subjects. The authors concluded that the effects of

residual tumor were negligible because all of the patients

had a complete tumor response.

Lai et al. [27��] reported the autopsy results of five

PCNSL patients who died of leukoencephalopathy.

The median age was 74 years and symptoms of neuro-

toxicity began 1 month (median) after treatment com-

pletion. All had white matter hyperintensities on

T2-weighted images and two had enhancing lesions 5

and 14 months following treatment. Myelin and axonal

loss, gliosis and spongiosis of white matter were seen

in all and the two patients with enhancement on MRI

had necrosis.
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Radiotherapy of pituitary and non-central nervous

system tumors

There has been controversy as to whether radiotherapy

for pituitary tumors causes cognitive impairment [28,29,

30�,31��]. In 2004, Noad et al. [31��] reported on the

cognitive outcome of two groups of patients treated for

pituitary tumors: patients who had undergone radiother-

apy and surgery and those who had undergone surgery

alone. Patients receiving radiotherapy performed signifi-

cantly worse than those who had undergone surgery alone

on the Stroop Test, which is a test of executive function.

Furthermore, the percent of patients who performed

below the 10th percentile in three or more cognitive

tests was calculated in each treatment group. Using this

criterion, 27% of patients in the surgery and radiother-

apy group were impaired compared with 5% of the

surgery alone group. These findings of significantly

more cognitive impairment in patients undergoing radio-

therapy for pituitary tumors is consistent with the sub-

jective reports of irradiated patients by McCord et al.
[30�].

The findings of Noad et al. [31�] are intriguing because

they add to a growing awareness that there are neuro-

cognitive sequelae to therapeutic irradiation for non-CNS

tumors such as head and neck tumors when the brain

is in the radiation field [7,32]. Most patients exhibiting

cognitive impairment have been irradiated for cancer

of the nasopharynx and paranasal sinuses [7]. Meyers

et al. [32] found that among a group of patients

treated with radiotherapy for paranasal sinus cancer,

neurocognitive testing was significantly impaired;

more than 50% of patients had difficulty learning new

information with 80% manifesting accelerated memory

loss over time, and one-third had difficulty with motor

speed and executive function. The dose of radiation

correlated with poorer delayed recall on the verbal

memory test.

In a prospective study [33] using radiation treatment with

a computed tomography-based three dimensional plan-

ning system which would limit CNS exposure, Glosser

et al. [33] evaluated the neurocognitive sequelae of

irradiation for base of skull chordomas and chondrosar-

comas. These authors reported no significant difference

in post-treatment from pre-treatment test results.

Abayomi [7] concludes that the difference in outcome

reported in the studies of Meyers et al. [32] and Glosser

et al. [33] is based upon the volume of the medial

temporal lobe receiving full-dose irradiation in the two

groups. According to Abayomi [7], the paranasal sinus

cancer patients received more medial temporal lobe

irradiation resulting in neurocognitive sequelae. In a

more recent prospective study, utilizing fractionated

stereotactic radiotherapy for skull based meningiomas,

Steinvorth et al. [34] found no adverse neurocognitive

function at 6 and 12 months follow-up. Although this

follow-up is short, it thus appears that neurocognitive

dysfunction can be limited with technologically advanced

dosimetry and delivery.

Animal studies
While the deleterious effects of radiation have been

attributed to vascular injury and demyelination [7–9],

there aremany patients who experience cognitive decline

without evidence of these on imaging [12,35]. Recent

animal studies may offer an explanation based upon

neurogenesis in the medial temporal lobe which is im-

paired by radiotherapy [12]. Cognitive deficits in animal

models [36] caused by irradiation is accompanied by

several neuropathological findings. These include pro-

longed reduction in cell proliferation and neurogenesis in

the dentate gyrus of adult rats [37,38]. These findings of

depressed neurogenesis are believed to be of clinical

importance because neurogenesis has been shown to

be involved in the formation of trace memories in the

adult rat [39].

In an animal model, Raber et al. [14�] performed a study

in which 2-month-old mice were administered either

localized X-irradiation (10 Gy) to the hippocampus/

cortex or sham treatment (controls) and were tested

behaviorally 3 months later. The study was designed to

provide a sufficiently low dose of irradiation to impair

neurogenesis yet not induce other tissue changes such as

vascular injury seen at higher doses. The authors found

that irradiated animals demonstrated impaired hippo-

campal-dependent spatial learning and memory. These

behavioral impairments were associated with 90%

reduction in proliferation 3 months after irradiation as

measured by Ki-67-positive cells and decreased double-

cortin-positive immature neurons in the subgranular zone

of the dentate gyrus. The authors concluded that the

diminished production of new neurons in the dentate

gyrus could play a pathogenetic role in the development

of cognitive impairment following irradiation. The study

confirmed earlier studies which had demonstrated that

neurogenesis in the hippocampus is exquisitely sensitive

to irradiation [35,37,40]. Furthermore, although a causal

relationship has not been proven, hippocampal learning

has been associated with hippocampal neurogenesis

which has led to the suggestion that neurogenesis may

be the basis of hippocampal learning [41]. Moreover,

Shors et al. [39] showed that chemical agents which impair

hippocampal neurogenesis also cause impaired hippo-

campal-dependent conditioning.

Potential neuroprotective strategies

Several approaches are being explored to minimize

the neurotoxicity described above. Among these have

been erythropoietin and non-steroidal anti-inflammatory

agents. In 2002, Senzer [42] reviewed the rationale for
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a human phase III study of erythropoietin as a neuro-

cognitive protectant in patients with lung cancer

receiving prophylactic cranial irradiation. This rationale

finds support by a recent animal study of stroke in which

erythropoietin was found to enhance neurogenesis

and improve neurological function in rats [43]. In 2004,

however, Fukuda et al. [44�] reported that pretreatment

with erythropoietin had no effect on the reduction in

proliferating cells in the subventricular zone and granu-

lar cell layer of the dentate gyrus following radio-

therapy in an animal model. The potential for erythro-

poietin as a neuroprotective agent in cranial irradiation

is unknown.

Monje and colleagues [16] showed that inflammatory

blockade with the non-steroidal anti-inflammatory agent

indomethacin can restore hippocampal neurogenesis

in irradiated animals. First, to determine the effects of

inflammation on adult hippocampal neurogenesis the

authors injected bacterial lipopolysaccharide intraperito-

neally into adult rats. This led to a 240% increase in

the density of activated microglia in the dentate gyrus

and 35% decrease in neurogenesis. Because corticoster-

oids are potent inhibitors of neurogenesis, they used

indomethacin to block neuroinflammation. With the

administration of indomethacin the inhibition of neuro-

genesis was completely reversed. Next, the authors

administered indomethacin before and after 10 Gy

cranial irradiation to rats. The irradiation caused a strik-

ing inflammatory response in the dentate gyrus which

was decreased by 35% through the administration on

indomethacin. Indomethacin partially restored the

relative proportion of proliferating cells adopting a

neuronal fate. They concluded that there was a signifi-

cant increase in the absolute number newborn neurons

but that it was only 20–25% of the neurogenesis in naı̈ve

animals.

Conclusion
Injury of bilateral medial temporal lobes has been recog-

nized since the report of H.M. in the 1950s to be associ-

ated with significant cognitive dysfunction [45]. Clini-

cal reports now appear to suggest that irradiation of

themedial temporal lobes can also lead to neurocognitive

impairment and that this dysfunction is proportional

to the volume and amount of medial termporal lobe

irradiated [7]. Animal studies have demonstrated a link

between neurogenesis and cognitive function and

that irradiation impairs both neurogenesis and cogni-

tive function. Perhaps the most exciting animal studies

indicate that this cellular impairment can be mitigated

by the administration of non-steroidal anti-inflamma-

tory agents. A clinical trial of such a therapy may de-

termine whether this convergence of clinical and

scientific observations leads to improved patient out-

come.
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Abstract

 

Background

 

Children surviving a brain tumour face major difficulties including learning problems, 

lengthy school absences and psychosocial problems, all of which can impact on school functioning. 

Our aims were to provide information for parents and teachers about the skills and resources of this 

group. Specifically, we aimed to:

• describe the special educational needs of these children;

• document the impact of diagnosis and treatment on school attendance;

• compare parent and teacher assessments of social, emotional and behavioural difficulties.

 

Methods

 

Forty families agreed to participate (response rate 

 

=

 

 58.82%). The children (19 males and 

21 females) were aged from 6 to 16 years and had completed treatment at least 2 years previously 

(range 

 

=

 

 2 years

 

−

 

12 years 5 months). Questionnaires (Strengths and Difficulties and school 

experience) were completed by mothers and teachers.

 

Results

 

Survivors were experiencing a wide range of physical, learning and interpersonal difficulties, 

according to parent and teacher reports. Almost half the children (

 

n

 

 

 

=

 

 19) had ongoing neurological 

problems that were significant enough to require special help at school. Literacy and numeracy were 

the most common learning difficulties. Parents also rated brain tumour survivors as having more 

behavioural and emotional problems than would be expected from population norms. For example, 

survivors were rated as having more Total Difficulties (

 

t

 

 

 

=

 

 6.86, 

 

P

 

 

 

<

 

 0.001), Emotional Symptoms 

(

 

t

 

 

 

=

 

 8.82, 

 

P

 

 

 

<

 

 0.001), Hyperactivity (

 

t

 

 

 

=

 

 2.25, 

 

P 

  

====

 

 0.03), Peer Relationship Problems (

 

t

 

 

 

=

 

 7.58, 

 

P

 

 

 

<

 

 0.001) 

and poorer Pro-social Behaviour (

 

t

 

 

 

=

 

 

 

−

 

3.34, 

 

P

 

 

 

=

 

 0.002) than would be expected from population 

norms. These problems were also seen to be having a significant impact on the child’s functioning 

(

 

t

 

 

 

=

 

 3.95, 

 

P

 

 

 

<

 

 0.001). Teachers rated these problems as less serious than parents.

 

Conclusion

 

These children experience significant problems in school some time after diagnosis and 

when they are considered medically cured. Closer school–hospital liaison is essential to maximize 

integration and achievement in these children.

 

Keywords

 

behaviour, paediatric cancer, 
psychosocial problems, 
school, SDQ, special 
education 

 

Introduction

 

Brain tumours are very rare in children. Although

survival rates have improved, they remain below

those for other cancers (Mulhern 

 

et al

 

. 2004). The

combined effect of the tumour and treatments

means that many children experience both acute

and longer-term physical (Packer & Reddy 2004)

and psychological problems (Holmquist & Scott

2002; Carpentieri 

 

et al

 

. 2003). Despite substantial

interest in describing late effects of childhood can-

cer generally, much research excludes children with
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brain tumours, on the grounds that survival rates

remain poor, physical outcomes are variable, and

it is impossible to attribute the cause of problems

to the tumour, treatments or some other variable.

In the short term, children face a major chal-

lenge to achieve normality after diagnosis. Doctors

often encourage them return to school as soon as

possible, as this suggests that life is back to normal,

allows parents time to work and manage everyday

tasks, and gives children opportunities to learn and

socialize (Closs & Norris 1997).

In practice, children with cancer experience fre-

quent and long absences (Noll 

 

et al

 

. 1990; Charlton

 

et al

 

. 1991; Koch 

 

et al

 

. 1996). Survivors of a brain

tumour missed an average of 10.54 school days

compared with 5.4 days for the rest of the class

(Vannatta 

 

et al

 

. 1998). Even for children who

enjoyed school before becoming ill, returning after

the diagnosis can present a unique challenge. They

inevitably experience lengthy absences before the

diagnosis, partly due to illness and difficulties in

diagnosing cancer. Absences for reasons such as

routine hospital visits remain common throughout

treatment. In addition, as chemotherapy sup-

presses the immune system, children are at risk of

acute infections, and may need time off school dur-

ing outbreaks of infectious disease. Further school

absences may occur because the child is unwell or

tired. After the end of treatment, children are

expected to be ‘back to normal’ and achieve as well

as others. In reality, they remain at considerable

disadvantage.

Many children are at risk of learning problems,

partly as a consequence of long school absences

following diagnosis. However, other factors such as

attitudes of teachers, family and friends also affect

learning. No children will do well in school if they

feel different, left out or bullied. Any evaluation of

the child’s school experience therefore needs to

include assessment of the child’s absence, and

social integration alongside learning skills.

Previous research has highlighted the risk of

psychosocial and behaviour problems for brain

tumour survivors (Lannering 

 

et al

 

. 1990;

Carpentieri 

 

et al

 

. 2003; Steinlin 

 

et al

 

. 2003). Inter-

nalizing problems such as anxiety and depression

have been reported. Children with cancer are also

seen to be more socially and emotionally inhibited

(Deasy-Spinetta & Spinetta 1980; Adamoli 

 

et al

 

.

1997). They are thought to differ from healthy chil-

dren in key areas of social functioning and have

restricted leadership and social skills (Noll 

 

et al

 

.

1990, 1992; Vannatta 

 

et al

 

. 1998).

Whilst the special needs of children with a brain

tumour have long been recognized, no national

programme has been developed to rehabilitate sur-

vivors or provide educational support. The reasons

for this are partly historical; survival was once the

only goal and ‘quality of survival’ secondary; partly

financial; educational resources are limited and

children with a potentially life-threatening condi-

tion may not be seen to be in urgent need. How-

ever, these children are often failed by the standard

special educational needs (SEN) support system,

which is not set up to deal with the unique prob-

lems of the brain tumour survivor.

 

1

 

 Consequently

many families lack support, from the hospitals

(who are busy with ‘new’ patients), and from

schools, who lack the knowledge or understanding

necessary to provide appropriate education.

For brain tumour survivors, the school experi-

ence may therefore fall short of the ideal. Given the

contribution of school experiences to both educa-

tional achievement and social adjustment, it is

clearly important to document the nature and

extent of the difficulties experienced by these chil-

dren. We were further motivated by remarks made

by parents concerning the range of educational and

social problems experienced by their child at

school, and consequently undertook a study to

describe the school functioning of a group of sur-

vivors. Our aims were essentially practical, with the

 

1

 

In the UK, there is a five-stage approach to identifying and 
supporting children with SEN. Initially it is the school’s 
responsibility to identify children who may have SEN (Stage 
1). If an initial support plan does not lead to significant 
progress, the school’s SEN Coordinator (SENCO) should 
construct an Individual Education Plan (IEP) for the child 
(Stage 2). The IEP typically prescribes a structured, targeted, 
support programme, including provision of external help 
(Stage 3). If this still fails to lead to significant progress after 
at least six months, the child should be referred for a 
Statutory Assessment of SEN (Stage 4). The Assessment may 
then lead to a Statement of SEN for the child (Stage 5). This 
in turn leads to the development of an ongoing support and 
monitoring programme.
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goal to provide information for parents and teach-

ers about the skills and resources of these children.

Specifically, we aimed to:

• describe the SEN of these children;

• document the impact of diagnosis and treatment

on school attendance;

• compare parent and teacher assessments of

social, emotional and behavioural difficulties.

 

Methods

 

Design

 

The SEN, school attendance, social, emotional and

behavioural problems of a cross-sectional sample

of 6- to 16-year-old brain tumour survivors were

assessed using survey methodology.

 

Measures

 

Mothers’ semi-structured interview

 

Interviews were organized round three time peri-

ods: before diagnosis, immediately after diagnosis

and the current time. Questions focused on school

attendance, peer relationships and perceptions of

physical and educational needs.

 

Teacher questionnaire

 

Teachers completed a brief questionnaire concern-

ing present and past SEN and clarifying the child’s

current status (e.g. has a formal statement of needs

been given or were needs being met through school

action?).

 

Parent and teacher completed measure: 
Strengths and Difficulties Questionnaire (SDQ) 
(Goodman 1997)

 

Both mothers and teachers completed SDQ, a brief

behavioural screening questionnaire for children

aged 3–16 years. This includes 25 attributes, both

positive and negative, divided between five scales:

Emotional Symptoms, Conduct Problems, Hyper-

activity/Inattention, Peer Relationship Problems

and Pro-social Behaviour. A total difficulties score

is calculated by summing the scores from all except

the Pro-social scale. High scores indicate a problem

on all scales except Pro-social Behaviour, where

difficulties are indicated by lower scores. Supple-

mentary questions concerning social impairment,

and burden to others of any perceived problems

provide an Impact score.

Scores for each category can be described as nor-

mal, borderline and abnormal. These bands were

chosen so that roughly 80% of children in the com-

munity are considered to be in the ‘normal’, 10%

in ‘borderline’ and 10% in ‘abnormal’ categories.

UK population norms for these bandings are also

available (Meltzer 

 

et al

 

. 2000).

 

Procedure

 

Ethical approval was obtained from the local

research ethics committees in Sheffield and Cardiff.

Letters were sent to families of all eligible children

inviting them to take part in a project to determine

any school-related difficulties experienced by chil-

dren after a brain tumour. Families who responded

positively were given further written and verbal

information either in clinic or during a home visit.

Following written consent mothers took part in a

semi-structured interview and completed SDQ.

Children completed an extensive battery of cogni-

tive and memory tests (the subject of a separate

report). All assessments took place at the child’s

home, at times convenient to the family. Families

were also asked for permission to contact the

child’s school in order to obtain information from

the child’s teacher about progress. Teachers were

contacted by post and asked to complete SDQ and

a brief questionnaire about the child’s SEN.

 

Treatment of results

 

Descriptive statistics were calculated for SEN and

school attendance both during the diagnosis and

treatment period and the past school year. SDQ

was calculated according to standard instructions

and parent and teacher scores compared with pub-

lished UK norms (Meltzer 

 

et al

 

. 2000) using one-

sample 

 

t

 

-tests. Parent and teacher ratings on SDQ

were compared using paired sample 

 

t

 

-tests. Scores

were classified as normal, borderline or abnormal
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to determine the percentage of children with

behavioural problems.

 

Results

 

Sample

 

Sixty-eight children who had completed therapy

for a brain tumour at least 2 years previously in

either Sheffield or Cardiff were identified through

medical records. A total of 40 families agreed to

participate (response rate 

 

=

 

 58.82%). The survi-

vors included 19 males and 21 females aged from

6 to 16 years (mean age 

 

=

 

 12 years 2 months,

SD 

 

=

 

 30.15). Age of diagnosis ranged from

3 months to 13 years of age (mean age of

diagnosis 

 

=

 

 6 years 4 months, SD 

 

=

 

 36.81). Time

since treatment ended ranged from 2 years to

12 years 5 months (mean length of time since treat-

ment ended 

 

=

 

 5 years 7 months, SD 

 

=

 

 32.95). The

group were mixed in terms of tumour diagnosis

and the type of treatment received (see Table 1 for

details).

 

Physical needs

 

On the basis of parent reports, it was concluded

that 29 of the children (72.5%) had ongoing neu-

rological impairments resulting from the tumour

and its treatment (see Table 2). Nine of these chil-

dren had multiple difficulties.

 

Educational needs

 

Thirty-three children attended mainstream

schools, two were at private school and five

attended special schools. Families provided infor-

mation about all 40 schools; 29 schools returned

completed questionnaires (response rate 

 

=

 

 72.5%).

The majority of questionnaires were completed

either by the child’s class teacher (

 

n

 

 

 

=

 

 11) or the

school’s SENCO (SEN Coordinator) (

 

n

 

 

 

=

 

 10). One

form was completed by the head of year, two by

head teachers and four by support assistants. One

respondent did not provide this information.

Based on information from mothers and

schools, 31 children were identified as having SEN

(77.5%), with 26 of these having a formal statement

of needs. An IEP (Individual Education Plan) had

been drawn up for 28 of the 31 children with SEN

(including one child who had SEN status for dys-

lexia before diagnosis). Targets for improvement

 

Table 1.

 

Characteristics of the sample

 

Males
19

Females
21

Total number
40

 

Tumour
Medullablastoma 8 10 18
Astrocytoma 5 2 7
Oligodendroglioma 0 2 2
Ependymoma 2 0 2
Craniopharyngioma 1 1 2
Optic glioma 0 3 3
Meningioma 1 1 2
Dysembryoplastic neuroepithelial tumour (DNET) 1 1 2
Brainstem glioma 1 1 2

Treatment
Surgery 18 17 35
Radiotherapy 12 13 25
Chemotherapy 8 7 15

 

Table 2.

 

Number of children with ongoing neurological 
problems

 

Impairment Number of children

 

Ataxia 13
Hemiparesis 6
Hemiplegia 4
Visual 9
Auditory 3
Speech 2
Epilepsy 5
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addressed by these IEPs included literacy (17),

movement (11), numeracy (9), memory and con-

centration (5), communication/speech (5), social

skills (4), self-confidence (3), attendance (3), visual

(3), information and computer technology (ICT)

(3), improve grades (2) and aggressive behaviour

(1). Twenty-two children had multiple targets.

 

School attendance

 

School absence because of tumour-related illness

and treatment ranged from 2 weeks to 2 years

(mean length of absence 

 

=

 

 3.8 months, SD 

 

=

 

 4.8).

Most children had received help from a home tutor

in the period immediately after diagnosis, but the

time available was variable [1 month to 2 years

(mean 

 

=

 

 3.7 months, SD 

 

=

 

 6.4)]. Two children

were attending school on a part-time basis at the

time of the study and one had stopped attending

altogether because she could no longer cope with

the work. None of the children who returned to

mainstream school had repeated a school year.

Many continued to experience school absences

because of hospital appointments, with days off in

the past school year ranging from none to 66

(mean 

 

=

 

 5.1 days, SD 

 

=

 

 12.0). Six children missed

at least 1 day a month from school. One child was

seeing several different specialists, routinely miss-

ing 6–7 days a month. The rest of the group missed

1–3 days a year for hospital appointments. The

majority of children were reported to be fit and

well by their parents, missing only 1 or 2 school

days a year due to illness. However, a substantial

minority (

 

n

 

 

 

=

 

 9) were still having regular days off

because of headaches or tiredness. For these chil-

dren a cold or minor illness often led to symptoms

that lasted for longer than might be expected, cul-

minating in a week or more off school. Seven of

these nine children were also those missing the

most school because of hospital appointments.

 

Peer relationships

 

Almost half the mothers (

 

n

 

 

 

=

 

 17) said their child

was socially isolated. Mothers of 10 of these chil-

dren suggested this was because of the child’s own

behaviour – peers had tried to engage with the

child but met with resistance or aggression and

gave up. Three mothers felt their child had been

bullied or picked on because of the cancer. For a

further 10 children, social relationships were satis-

factory though more limited than in the past. Ten

mothers reported no problems with peer relation-

ships, with friendships having stayed the same or

even become closer.

 

SDQ

 

Comparison with norms

 

Parent mean scores [Parent Strengths and Difficul-

ties Questionnaire (PSDQ)] differed significantly

from population norms on all scales except Con-

duct Difficulties (see Table 3). Survivors were rated

as having more Total Difficulties (

 

t

 

 

 

=

 

 6.86, 

 

P

 

 

 

<

 

0.001), Emotional Symptoms (

 

t

 

 

 

=

 

 8.82, 

 

P

 

 

 

<

 

 0.001),

Hyperactivity (

 

t

 

 

 

=

 

 2.25, 

 

P

 

 

 

<

 

 0.05), Peer Relation-

ship Problems (t 

 

=

 

 7.58, 

 

P

 

 

 

<

 

 0.001) and poorer

 

Table 3.

 

Parent and teacher mean for a UK community population (Meltzer 

 

et al

 

. 2000) and survivors of a CNS (central 
nervous system) tumour

 

Scale

PSDQ
population
mean (SD)

PSDQ
survivors
mean (SD)

TSDQ
population
mean (SD)

TSDQ

 

 

 

survivors

 

 

 

mean (SD)

 

Emotional Symptoms 1.9 (2) 4.7 (1.9)*** 1.4 (1.9) 3.8 (3.2)***
Conduct Problems 1.6 (1.7) 2.1 (1.6) 0.9 (1.6) 0.7 (1.6)
Hyperactivity/Inattention 3.5 (2.6) 4.5 (2.6)* 2.9 (2.8) 3.1 (2.6)
Peer Relationship Problems 1.5 (1.7) 4.3 (2.3)*** 1.4 (1.8) 2.8 (3.0)*
Pro-social Behaviour 8.6 (1.6) 7.4 (2.1)** 7.2 (2.4) 7.5 (2.6)
Total Difficulties 8.4 (5.8) 15.7 (6.5)*** 6.6 (6.0) 10.4 (7.3)*
Impact 0.4 (1.1) 2.3 (2.9)*** 0.4 (1) 1.4 (1.9)**

*

 

P

 

 

 

<

 

 0.05, **

 

P

 

 

 

<

 

 0.01, ***

 

P

 

 

 

< 0.001.
PSDQ, Parent Strengths and Difficulties Questionnaire; TSDQ, Teacher Strengths and Difficulties Questionnaire.
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Pro-social Behaviour (t = −3.34, P < 0.01) than

would be expected from population norms. These

problems were also seen to be having a significant

impact on the child’s functioning (t = 3.95,

P < 0.001).

As shown in Table 3, teacher mean scores

[Teacher Strengths and Difficulties Questionnaire

(TSDQ)] were significantly below population

norms on three scales – Total Difficulties (t = 2.74,

P < 0.05), Emotional Symptoms (t = 3.99, P <
0.001) and Peer Relationship Problems (t = 2.50,

P < 0.05). In addition, teachers perceived these

problems as having a significant impact on the

child’s functioning (t = 2.87, P < 0.01).

Differences in parent and teacher ratings

There were no differences between parent and

teacher ratings of Emotional Symptoms and Pro-

social Behaviour. Teachers’ ratings of Total Diffi-

culties (t = 3.43, P < 0.01), Conduct Problems

(t = 5.05, P < 0.001), Hyperactivity (t = 2.33,

P < 0.05) and Peer Relationship Problems (t = 2.27,

P < 0.05) were however, significantly lower than

those of parents. Teachers’ ratings of the impact of

difficulties on child functioning were also signifi-

cantly lower than parent ratings (t = 2.08,

P < 0.05), suggesting that teachers viewed the

problems as less serious than parents.

Classification of problems

Mothers’ SDQ ratings indicated a greater preva-

lence of borderline and abnormal behaviour for

both Total Difficulties and all subscales compared

with community norms (see Table 4). Peer Rela-

tionship Problems and Emotional Symptoms

showed the greatest difference, with the majority of

children (64.9% and 51.4%, respectively) falling in

the abnormal range, compared with just over 11%

in the community sample. Although Conduct

Problems, Hyperactivity and Pro-social Behaviour

were less likely to be perceived a problem, around

twice as many children as would be expected were

rated as behaving abnormally. Mothers were also

more likely to suggest that these problems were

affecting the child’s functioning (40.5% compared

with 8.8% in the community).

Teachers perceived twice as many survivors to

have Total Difficulties compared with peers in the

general population (see Table 4). Rates of Emo-

tional Symptoms and Peer Relationship Problems

were also higher than community norms. Ratings

of Hyperactivity, Conduct Problems and Pro-social

Behaviour were similar to population norms.

Teachers of survivors were also more likely to indi-

cate that children’s problems were affecting the

child’s functioning (34.5% compared with 10.8%

in the community).

Table 4. Percentage of children classified as normal, borderline and abnormal for PSDQ (Parent Strengths and Difficulties 
Questionnaire) and TSDQ (Teacher Strengths and Difficulties Questionnaire) in the community (Meltzer et al. 2000) and 
current sample of brain tumour survivors

Scale

PSDQ TSDQ 

Normal Borderline Abnormal Normal Borderline Abnormal

Emotional Symptoms Community population 80.8 7.8 11.4 91.4 3.8 4.8
Brain tumour survivors 24.3 24.3 51.4 51.7 17.2 31.0

Conduct Problems Community population 76.4 10.9 12.7 86.9 4.8 8.3
Brain tumour survivors 59.5 16.2 24.3 89.7 3.5 6.9

Hyperactivity/
Inattention

Community population 77.9 7.4 14.7 82.5 4.8 12.7
Brain tumour survivors 59.5 18.9 21.6 82.8 3.5 13.8

Peer Relationship 
Problems

Community population 78.0 10.2 11.8 87.9 5.1 7.0
Brain tumour survivors 18.9 16.2 64.9 75 3.6 21.4

Pro-social Behaviour Community population 95.0 2.7 2.3 73.6 13.3 13.1
Brain tumour survivors 83.8 10.8 5.4 75 14.3 10.7

Total Difficulties Community population 82.1 8.2 9.7 81.3 9.2 9.5
Brain tumour survivors 43.2 13.5 43.2 71.4 7.2 21.6

Impact Community population 83.4 7.8 8.8 79.3 9.9 10.8
Brain tumour survivors 43.2 16.2 40.5 48.3 17.2 34.5
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Discussion

The majority of survivors had SEN (31 out of 40

children), with over half the group (n = 26) having

a formal statement of needs. According to mother

and teacher reports, the children were experiencing

a wide range of physical, interpersonal and learn-

ing difficulties.

Almost half the sample (n = 19) had ongoing

neurological problems significant enough to

require special help at school. These were most

commonly related to movement problems (ataxia

and paresis). Three children had support for visual

problems including nystagmus and double vision

and five had speech and language problems.

Eight children had psychosocial difficulties iden-

tified on their IEPs. including aggressive behaviour

(n = 1), lack of self-confidence (n = 3) and poor

social skills (n = 4). Furthermore, both teacher and

parent ratings on SDQ indicated that abnormal

behaviour and emotional problems were more

prevalent than in the general population.

Estimates of the extent of psychosocial difficul-

ties in similar populations range from 25% to 93%

(Fuemmeler et al. 2002), making it difficult to be

precise about prevalence rates. Indeed, these may

depend partly on the problem studied and the

informant; in our study prevalence ranged from

5.4% (Pro-social Behaviour Problems) to 64.9%

(Peer Relationship Problems) for maternal report

and from 0.7% (Pro-social Behaviour) to 31%

(Emotional Symptoms) for teacher report. Accord-

ing to Fummeler, ‘clinical lore’ proposes that sur-

vivors do not demonstrate significant behavioural

problems; although internalizing problems are

more common. Yet, in our study maternal ratings

suggested that the prevalence of abnormal hyper-

activity, poor pro-social behaviour and conduct

problems was higher for survivors compared with

UK norms.

Teacher ratings, however, suggested a lower prev-

alence of conduct problems and abnormal pro-

social behaviour and a similar prevalence of hyper-

activity for survivors, compared with UK teacher

norms. Discrepancies between parent and teacher

ratings have been noted elsewhere (Achenbach

et al. 1987) and highlight the relationship between

social context and behaviour. Whilst these differ-

ences may reflect variation in behaviour in differ-

ent social contexts, it is equally plausible that they

reflect differences in expectations and tolerance of

behaviours by parents and teachers. Furthermore,

teachers cannot be expected to have comprehensive

understanding of the implications of a brain

tumour for a child (Eiser et al. 2004). Whatever the

reason for the differences, the important issue is

that survivors have behavioural problems, and

these are likely to have more impact at home than

school.

Mothers indicated that half the sample was also

experiencing problems with peer relationships,

including social isolation or bullying. Moreover,

both mothers and teachers rated peer relations as

a problem on SDQ. Previous studies also found

parents (e.g. Carpentieri et al. 1993; Fossen et al.

1998; Armstrong et al. 1999) and teachers (Noll

et al. 1992; Vannatta et al. 1998) rated children

with brain tumours as having problems with social

competency and peer relationships. Such deficits

may have a neurological basis, which are more

prevalent in children with brain-related chronic

health conditions than those with non-brain-

related illness. Although the mechanism relating

cognition and social behaviours is unclear, it has

been hypothesized that cognitive impairments

hinder the understanding of social cues and rela-

tionships (Nassau & Drotar 1997). This may also

explain the poorer pro-social behaviour shown by

some of our sample.

Literacy and numeracy were the most common

learning difficulties. School absences may be one

reason for these difficulties; children with chronic

health problems – even those without brain

involvement – perform less well academically than

their healthier peers and absence from school is

one factor underlying this discrepancy (Fowler

et al. 1985). Long absences from school mean chil-

dren fall behind their classmates and performance

is most affected in subjects such as literacy and

numeracy where prior knowledge and skills are

vital (Chekryn et al. 1986). Many of our sample

had missed substantial periods of schooling during

treatment. However, none had repeated a school

year and parents felt their child struggled because

they had missed ‘basic building blocks’. Further-

more, school absence because of illness and hospi-
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tal appointments was an ongoing problem for

almost a quarter of the sample. For three children,

‘improving attendance’ was cited as an IEP target.

Thus, these children experience significant phys-

ical, psychosocial and intellectual problems in

school some time after diagnosis, even when they

are considered medically cured. Closer school–

hospital liaison and the provision of appropriate

support and information (Eiser et al. 2004) is

essential to maximize integration and achievement

in these children.
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Special Issue Article

Late Effects of Therapy for Pediatric
Brain Tumor Survivors

Christopher D. Turner, MD, Celiane Rey-Casserly, PhD, Cori C. Liptak, PhD, and
Christine Chordas, RN, PNP

Approximately 2 of every 3 of all pediatric patients with brain

tumors will be long-term survivors. However, there is a steep

cost for pediatric brain tumor survivors, and the group as a

whole faces significantly more late effects than many other

survivors of pediatric cancers. Most of these effects can be

attributed to direct neurologic damage to the developing brain

caused by the tumor and its removal, the long-term toxicity of

chemotherapy, or the effects of irradiation on the central ner-

vous system. The late effects experienced by childhood brain

tumor survivors involve multiple domains. This article will

review the significant late effects that occur within the medi-

cal, neurocognitive, psychosocial, and economic domains of

the survivorship experience. We conclude by discussing how

the late effects in different domains often coexist and can cre-

ate a complex set of obstacles that pose significant challenges

for a survivor of a pediatric brain tumor on a daily basis.

Keywords: late effects; brain tumors; survivorship; neuro-

logical deficits; neurocognitive deficits; psychosocial; quality

of life; outcomes; transitions

T
reatment of pediatric malignancies, including
pediatric brain tumors has advanced significantly
over the last 2 decades due to the many improve-

ments in surgical and radiation techniques and in che-
motherapy approaches. It should therefore be of little
surprise that as the childhood cancer survivor population
continues to grow, increased attention is being directed
toward treatment- and disease-related late effects experi-
enced by survivors as well as toward quality of life. Overall,
the number of cancer survivors in the United States has
tripled in the last 30 years to more than 11 million in
2005, and approximately 1 in 650 adults are now child-
hood cancer survivors.1,2 In 1996, the National Cancer
Institute established the Office of Cancer Survivorship

in recognition of the increased numbers of long-term sur-
vivors of cancer living in the United States. Although the
definition of exactly who constitutes a cancer survivor is
still subject to some debate among clinicians, the Office
of Cancer Survivorship considers that an ‘‘individual is
considered a cancer survivor from the time of diagnosis,
through the balance of his or her life.’’ Family members,
friends, and caregivers are also affected by the survivor-
ship experience and are therefore included in this
definition.3

Many pediatric oncology programs have developed
specialized ‘‘Survivorship clinics’’ or ‘‘Quality-of-Life
clinics’’ to address the multidisciplinary needs of child-
hood cancer survivors.4,5 These programs do more than
simply provide clinical care for patients. Many have been
instrumental in developing the field of cancer survivorship
research with a focus beyond the acute diagnosis and
treatment phase and ‘‘encompass the physical, psychoso-
cial, and economic sequelae of the cancer diagnosis and
its treatment . . . to optimize health after cancer treat-
ment.’’3 A great deal has been learned from these pro-
grams, and much of their early work has formed the
foundation for pediatric cancer outcomes research.

Two notably large long-term studies of childhood can-
cer survivors recently reported that 65% to 75% of child-
hood cancer survivors experience at least 1 significant
long-term health problem and many of these are consid-
ered serious.6,7 A consistent conclusion from both these
large cohort studies and many others is that survivors of
childhood brain tumors as a group are more likely to be

Received June 09, 2009. Accepted for publication June 09, 2009.

From the Department of Pediatric Oncology, Dana Farber Cancer Insti-
tute and Children’s Hospital Boston, Boston, Massachusetts (CDT,
CC), Neuropsychology Program, Department of Psychiatry, Children’s
Hospital Boston, Boston, Massachusetts (CR-C), and Department of Psy-
chosocial Oncology and Palliative Care, Dana-Farber Cancer Institute,
Boston, Massachusetts (CCL).

The authors have no conflicts of interest to disclose with regard to this arti-
cle. This work was presented, in part, at the 13th International Symposium
for Pediatric Neuro-Oncology, Chicago, IL, June 29, 2008.

Address correspondence to: Christopher D. Turner, Pediatric Neuro-
Oncology Outcomes Program, Dana-Farber/Children’s Hospital Cancer
Care, 44 Binney Street, SW 331, Boston, MA 02115; e-mail: christopher_
turner@dfci.harvard.edu.

Turner CD, Rey-Casserly C, Liptak CC, Chordas C. late effects of therapy
for pediatric brain tumor survivors. J Child Neurol. 2009;24:1455-1463.

1455

Journal of Child Neurology

Volume 24 Number 11

November 2009 1455-1463

# 2009 The Author(s)

10.1177/0883073809341709

http://jcn.sagepub.com

 at WASHINGTON UNIV SCHL OF MED on April 11, 2012jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


functionally impaired and sustain a higher burden of late
effects than survivors of other pediatric malignancies.6-10

Childhood brain tumors are the second most common
pediatric malignancy and the single most common pedia-
tric solid tumor in the United States.11,12 Between the
ages of 0 and 19 years, the incidence of childhood benign
and malignant brain tumors is 4.5 cases per 100 000 per-
son years with an estimated 3750 new cases diagnosed per
year in the United States.13 Deaths caused by central ner-
vous system tumors are the highest among pediatric malig-
nancies (estimated at 45%). Despite having the highest
mortality rate of all childhood malignancies, the number
of survivors of pediatric central nervous system tumors
continues to increase with approximately 66% considered
long-term (5 years or greater) survivors.13 This is in
marked contrast to survival rates for primary malignant
brain tumors in adults where the age-based survival ranges
from a high of 49.2% in 20- to 44-year olds to a low of
4.7% in patients 75 years and older.13 Hence, cure after
a diagnosis of a brain tumor in children is much more
common. However, the potential ‘‘cost’’ of treatment (sur-
gery, chemotherapy, and irradiation) on a more vulnera-
ble, developing brain may be greater.

For many central nervous system tumor survivors, over-
coming cancer is just the first of many major hurdles to be
surmounted following their diagnosis. Life-long medical
conditions such as endocrinopathies, chronic fatigue, pain,
seizures and physical disabilities, emotional disorders, and
learning problems can adversely affect quality of life. Many
of these late effects can be attributed to direct neurologic
damage caused by the tumor and its removal, the long-
term toxicity of chemotherapy, and/or the effects of irradia-
tion on the developing nervous system. The late effects
experienced by brain tumor survivors cross multiple
domains: medical, neurocognitive/educational, and psycho-
social/behavioral. Additionally, the transition period from
adolescence to adulthood is an important developmental
stage for all, but it presents particular challenges for many
brain tumor survivors. Finally, there are often significant
financial implications of survivorship. We will review each
of these aspects separately and then discuss how these
interrelate to influence the overall survivorship experience.

Medical Late Effects

Medical late effects are common in pediatric brain tumor
survivors and have been well documented.7,14-17 Most
medical late effects can be linked directly to the location
of the tumor within the central nervous system and the
treatment modalities used (ie, surgery, cranial irradiation,
and/or chemotherapy). Medical late effects generally fall
into 1 of the following 5 categories: (1) physical, (2) endo-
crinologic, (3) neurologic, (4) sensory, and (5) secondary
malignancies.

Permanent changes to physical appearance and body
image are common late effects in survivors of pediatric
brain tumors and can be often overlooked or minimized
by clinicians. Visible scars from craniotomies in addition
to scars from previous central lines and other surgical pro-
cedures are daily reminders of almost all brain tumor sur-
vivors of their experience. Additionally, most survivors
who received cranial irradiation develop some degree of
long-term alopecia and many who were treated at a young
age have noticeable changes to the bone structure of their
skull. Many brain tumor survivors are particularly self-
conscious about these physical changes as they affect
areas not commonly covered in everyday life and are
immediately visible.

In addition to various localized changes in physical
appearance, cranial-spinal irradiation and/or disruption
of the hypothalamic-pituitary axis can lead to more global
changes in physical appearance such as short stature. A
large study of adults who were former childhood brain
tumor survivors found that nearly 40% were below the
threshold for adult short stature (10th percentile for
height).18

Because the hypothalamic/pituitary axis is a critical
center in the endocrine system, it should be of little sur-
prise that disruption of these pathways by a brain tumor
or its treatment can lead to a wide array of endocrinopa-
thies. The prevalence of endocrinopathies is more than
40% in pediatric patients treated for central nervous sys-
tem tumors.14 Damage to the pituitary and hypothalamic
region is particularly common in patients with optic path-
way/hypothalamic tumors whose tumors may directly
compromise this location. Damage may also occur after
the use of whole brain radiation therapy as seen in the
treatment of the most common malignant brain tumor in
childhood (medulloblastoma). Radiation doses of 24 Gy
and higher can result in pituitary hormone deficiencies
and delayed anterior pituitary hormone responses to
hypothalamic-releasing hormones.19,20 Growth hormone
deficiency occurs in nearly 100% of patients who receive
36 Gy or more of radiation therapy to the pituitary region;
it is less common with radiation doses of 18 to 24 Gy but
may not become evident until 10 years after treat-
ment.21,22 Hypothyroidism is common in survivors who
received any dose of irradiation to the hypothalamus/pitui-
tary region.14 Long-term osteopenia or osteonecrosis
occurs in many central nervous system tumor survivors
due to frequent use of glucocorticoids in the treatment
as well as a secondary effect of endocrine dysfunction.23,24

Other late effects include gonadotropin deficiency, hyper-
prolactinemia, central precocious puberty, central
hypothyroidism, diabetes insipidus secondary to vasopres-
sin deficiency, and obesity.20,21,25-27 Patients with
hypothalamic tumors, particularly craniopharyngiomas,
can experience a hypothalamic obesity syndrome
manifested by an insatiable appetite leading to morbid
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obesity and complications from metabolic syndrome.28

Additionally, long-term deficiencies in sex hormones
occur in survivors of both sexes and female survivors can
experience premature ovarian failure.29

Long-term neurological impairments in pediatric brain
tumor survivors have been the subject of several recent stud-
ies.30,31 Strokes, seizures, moyamoya disease, peripheral neu-
ropathy, and motor dysfunction are frequently encountered
in brain tumor survivors.32,33 Additionally, posterior fossa
syndrome, which affects up to one quarter of patients with
cerebellar tumors, was once thought to be a transient phe-
nomenon but is now recognized to contribute to significant
long-term neurologic and neurocognitive morbidity.34-39

Neurosensory system late effects are common in brain
tumor survivors and are related to, but often considered
distinct from, other neurological late effects. Sensory dys-
function occurs both as a direct result of tumor involve-
ment (optic pathway gliomas, brain stem gliomas,
acoustic schwannomas) and from toxicity of brain tumor
treatments (platinum-based chemotherapy, radiation
therapy, and neurotoxic antibiotics). Effects on vision,
hearing, and pain have been well documented in various
groups of brain tumor survivors.40-46

Finally, a rare but often devastating medical late effect
of treatment is the development of a secondary malig-
nancy. Treatment with prior radiation therapy is the single
most important risk factor for the development of a new
primary central nervous system tumor that is not directly
related to the patient’s original disease.47 The majority of
these secondary malignancies are either gliomas, which
tend to occur at a mean of 9 years postoriginal diagnosis,
or meningiomas, which occur at a mean of 17 years post-
diagnosis.47 Sarcomas can also occur as secondary malig-
nancies as well as nonmelanoma skin cancers.48,49

Secondary gliomas and sarcomas tend not to respond to
therapy and the overall prognosis is poor. Patients with
secondary meningiomas or skin cancers can often be
treated and have a more favorable prognosis.

Neurocognitive Late Effects

The presence of a brain tumor, the need for surgical resec-
tion of neural tissue, and the toxicity of agents used for
treatment can be deleterious to normal brain development
and, as such, may lead to a variety of neurocognitive defi-
cits that can place limitations on a child’s successful
adjustment.50 These can range from mild learning issues
to severe limitation in intellectual function and quality
of life.51-53 In a large unselected sample of long-term sur-
vivors of brain tumors, the incidence of severe neurocog-
nitive impairment was 5% and the overall mean
intelligence quotient (IQ) for the sample was significantly
below the normative mean.54 Neurocognitive deficits can
be characterized as developmentally sensitive; the

occurrence and severity of later neurobehavioral compro-
mise are related to the age at diagnosis and type of treat-
ment.55,56 These deficits may have increasing impact
over time as expected developmental demands place stress
on a child’s ability to respond effectively. The latter have
been well described in the literature as ‘‘late effects.’’50

Studies of cognitive morbidity in survivors of childhood
brain tumors have identified various factors that increase
risk of adverse outcome, such as younger age at diagnosis,
tumor type and location, type and dose of radiation, and
associated complications.57-60 Additionally, there are a
core set of cognitive deficits consisting of impairments
in attention, processing speed, and working memory,
which commonly occur in survivors of childhood malig-
nant brain tumors.61

Most neurocognitive outcomes have been conceptua-
lized primarily in terms of measurement of overall cogni-
tive ability (specifically, IQ) or a closely correlated
factor, academic achievement. However, Dennis et al have
challenged this approach, arguing that studies focusing on
assessing ‘‘knowledge availability’’ in children must be
complemented by investigation of the impact on the
‘‘acquisition of knowledge’’ or the process by which chil-
dren learn and acquire information over time.60 The cur-
rent focus is turning more to examining specific
neurocognitive constructs (attention, memory, processing
speed, etc) within this population and their relationship to
IQ, achievement, and overall outcomes.62 Despite these
new directions in research, numerous questions remain
related to the quality of survivorship for patients with
childhood brain tumor, particularly as they encounter the
challenges of adolescence and emerging adulthood.
Although we know that IQ, memory and attention, pro-
cessing speed, and nonverbal abilities can be variably
affected, we do not know how these factors play a role in
overall independence, nor do we fully understand the
complex interactions of neurocognitive variables with
medical and social factors as these affect outcome.

Developmentally referenced models of assessment in
pediatric neuropsychology are critical in understanding
impact of lesions in children over the life span and need
to incorporate current rapid developments in neu-
roscience.63-65 Such models are essential for understand-
ing the impact of pediatric cancer and its treatment on the
developing brain. The developmental trajectory and the
impact of late effects in children treated for central ner-
vous system cancers can vary significantly. Some can be
derailed by medical complications and disabling neurolo-
gical deficits and thus be set ‘‘off developmental track,’’
whereas others may experience adjustment or learning dif-
ficulties in the context of specific environmental/develop-
mental challenges at different stages.66,67 Investigators
studying neuropsychological outcomes of brain tumors are
increasingly focusing on developmentally based models
that emphasize the impact of brain tumors and their
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treatment on the child’s developmental trajectory and
address the multiple factors that can affect outcome.68,69

These models imply that failures to adapt to developmental
challenges can emerge over the course of development as
children are expected to perform increasingly complex tasks
at an independent level. Current studies suggest that we
may be underestimating the needs of survivors of childhood
brain tumors as they meet the developmental demands of
childhood, adolescence, and young adulthood.70-73

Psychosocial Late Effects

Studies have shown that compromised neurobehavioral
functioning may emerge at any point along the continuum
of diagnosis, and treatment of a childhood brain tumor
and that tumor-related sequelae can compromise overall
quality of life.74,75 The continuum of psychosocial prob-
lems observed in association with brain tumors and their
treatment range from general behavioral problems, malad-
justment, depressive and anxiety symptoms, and poor self-
concept to significant emotional dysregulation and severe
mental illness, including organic personality syndromes
and psychosis.75-85 Furthermore, researchers have docu-
mented different patterns of maladjustment associated
with dominant and nondominant cerebral lesions and
have shown that even 2 to 4 years after treatment, difficul-
ties in socialization are more apparent for brain tumor sur-
vivors than for those surviving with non–central nervous
system cancer.86-88 The literature regarding neurocogni-
tive functioning and psychological adjustment suggests
there is a negative association between time since diagno-
sis and overall adjustment.58,85,86,89,90

Within the brain tumor survivor population, adolescent
survivors may be particularly at risk for adjustment problems
as they face the normal expectations and challenges of this
developmental period at a time when disease- and
treatment-related late effects may be emerging or are
becoming more salient. Physical appearance, for example,
becomes very important to adolescents and their peers, and
many brain tumor survivors will have appearance changes
associated with surgery and radiation therapy. In addition,
with the transition out of middle school, educational expec-
tations shiftdramatically,withstudents expected to function
more independently and manage more intensive workloads.
School accountability standards may now require students
to take and pass ‘‘high stakes’’ exams to make them eligible
to graduate high school, adding pressure to students who
may already be experiencing significant frustrations at
school. There are many areas in which adolescent survivors
begin to recognize ways in which they are different from
peers, making the achievement of typical developmental
milestones more challenging.

Within the brain tumor survivor population, young
adult survivors are also at risk for adjustment problems as

their medical and physical functioning issues can become
more complex and a greater impediment to career and life
pursuits. Issues associated with sexuality, fertility, and body
image issues can take on a different meaning for patients as
they have a greater understanding of the chronic and wide-
spread impact late effects have on their quality of life.
Moreover, as survivors leave the structure of the school sys-
tem, it is not uncommon for young adults to struggle with
the demands of higher education or have difficulty attain-
ing a job because of cognitive issues and ongoing medical
problems.91 In addition, the resources available to young
adult survivors tend to be more limited, and young adults
can experience significant feelings of frustration, helpless-
ness, and hopelessness as a result.92,93

In this context of increasing expectations, developmen-
tal struggles, and ongoing medical stressors, brain tumor
survivors are at risk for psychological distress, including
depression, anxiety, and social isolation.93,94 Research
studies of brain tumor survivors typically rely on clinical
interviews or lengthy self-report measures, many of which
are not suited for use in busy clinical settings.83,93 Current
practice for psychological evaluation in many clinics ser-
ving brain tumor survivors is a subjective clinical interview
and typically only for patients or families who request it.
This means that for many survivors, emotional needs will
go undetected in routine care.

One promising approach to addressing the need for
more accurate and rapid assessment is to adapt psycholo-
gical screening methods that have been developed for sur-
vivors of other childhood malignancies. In the last 10
years, there have been increasing calls for psychological
screening of cancer survivors more generally,95-97 and sev-
eral studies have reported on methods for integrating brief
psychological screening in survivorship care.74,98 Studies
have demonstrated that self-report is a practical method
for assessing adaptation after childhood cancer, and this
method identifies survivors who have ongoing emotional
and social problems. A pilot study of 101 survivors demon-
strated that survivors appreciated the opportunity to
report on their own health, found the measures accepta-
ble, and were not overly burdened.74 This study and others
have demonstrated that as many as 30% of survivors have
significant problems in psychological adjustment even
many years following their completion of treatment.99

Risk factors for poor adaptation in these studies included
poor general health, concerns about physical appearance,
and cranial radiation treatment—conditions that are com-
mon in brain tumor survivors and may also be important
factors affecting their psychological adjustment.

Transition to Adulthood Issues

The successful progression through the developmental
stages of childhood and adolescence into early adulthood
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is contingent upon a youth’s ability to successfully negoti-
ate numerous physical, psychosocial, and personal transi-
tions that depend on developing expected self-regulatory
capacities and independence. Negotiating developmental
challenges at different stages can be difficult for typically
developing adolescents but can be insurmountable for sur-
vivors of childhood brain tumors with complex learning or
health issues. The challenges faced by adolescents/young
adults with special health care needs in negotiating the
transition to adulthood is being increasingly recognized
and addressed by the medical community, including the
American Academy of Pediatrics and the American Acad-
emy of Family Physicians, as it was by the American Col-
lege of Physicians–American Society of Internal Medicine
in 2002.100 Best practices in this area are being formu-
lated and the skills necessary for children and adolescents
with learning disabilities to successfully transition into
adulthood have been identified.101,102 Many survivors of
childhood brain tumors fit both the special health care
needs and learning disabled categories yet studies examin-
ing the issues faced by these survivors as they progress
through adolescence and transition into young adulthood
are lacking.

Interrelationship of Late Effects in Brain
Tumor Survivors

Specific outcomes for children treated for brain tumors
are quite varied as previously identified. Current research
initiatives focus on ascertaining the role different factors
have in contributing to more favorable outcomes and thus
a more successful survivorship. The child’s developmental
trajectory, as well as the family system, is often changed as
a function of the interrelated medical, cognitive, and neu-
robehavioral variables. The impact of compromise in these
domains is mitigated by socioeconomic status, family val-
ues, family adjustment, patient psychological adjustment,
availability of resources, and societal attitudes. The inter-
actions among these variables can have major impact on
the survivor’s ability to negotiate the challenges of emer-
ging adulthood and to acquire requisite adaptive skills and
functional independence. As illustrated in Figure 1, these
variables have independent and interactive effects. For

example, an individual’s independence may be compro-
mised by severe medical disability and health problems.
Conversely, someone in good health of average intelli-
gence can be very limited with respect to independent
functioning in the context of significant compromise of
neurobehavioral skills in the area of executive functions
(judgment, planning, inhibitory control).

Economic Burden

Existing cost analyses primarily focus on patients in the
active phases of treatment; studies of terminal care indi-
cate increasing cost shifting to families as care moves from
the inpatient setting to the home.103-106 Less clear are the
economic consequences of care over time—specifically
the services being delivered and settings in which they are
delivered over the disease trajectory and the duration of
survival. The economic burden over time of some ‘‘out of
pocket’’ expenditures (eg, parking), accommodations in
employment (job change or job lock, reduction of hours
worked), and consumption of savings have been more
recently recognized as contributing to significant strains on
financial resources for childhood cancer survivors.107-109

Moreover, particularly among survivors of brain tumors is
the need to understand remediation costs, such as hearing
aids, glasses, communication devices, or specialized therapy,
typically not covered by health insurance but essential in
optimizing functioning.

The availability and adequacy of health insurance
among survivors is an enormous and complex issue. In a
recent study conducted by Cancer Care of 434 patients/
families and 36 social workers, the primary concern
expressed by both groups was fear of losing health insur-
ance and being underinsured. Nearly half (46%) of
patients/families reported being worried about how to pay
medical bills most or almost all of the time.110 Although
several federal initiatives address the extension of benefits
with job loss or change such as the Consolidated Omnibus
Budget Reconciliation Act of 1985 (COBRA) and
decreased the impact of preexisting conditions, Health
Insurance Portability and Accountability Act (HIPAA),
and provide additional protection for patients and survi-
vors, problems remain, particularly for those workers in
smaller markets or employer groups.111 The situation of
adequate health insurance is particularly grave for young
adults 19 to 25 years of age. Population-wide, this group
is most likely to lack health insurance (31.8%)—twice the
rate at which all Americans lack coverage. They also have
the lowest rate of private insurance.112 The reasons for
lack of insurance are manifold—a portion of which is
explained by loss of coverage from parental policies and
employment status (inclusive of type of business). These
overall trends are particularly problematic for childhood
cancer survivors with chronic health care issues,

Medical Cognitive NP/Neurobehavioral

Limited independence Independent functioning

Degree of independence

Figure 1. Factors affecting degree of dependence. NP, neuropsycho-

logical.
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especially for those with impairments (cognitive, physical,
emotional) that may interfere with their employment
capacity.113 Among those with disabilities, the availability
of coverage under federal initiatives (Supplemental Secu-
rity Income, SSI, and Social Security Disability Insurance,
SSDI) warrants further study, particularly after modifica-
tions to the programs with the 1996 Welfare Reform Act.
A recent study of 1101 adult survivors of pediatric brain
tumors reported that 26% were unemployed and 28% had
incomes of less than US$20 000 per year.114

Clinical Implications

The complexity and the interdisciplinary nature of the late
effects experienced by childhood brain tumor survivors is
not only challenging for the survivor and their family but
also can easily overwhelm many health care providers who
are involved in the survivors’ care. There have been many
different models of care (primary care-based vs specialty
clinic-based) that have been used or proposed in recent
years for the care of cancer survivors.4,115 A strong case
can certainly be made that brain tumor survivors who have
late effects that affect more than 1 domain may be best
served in a multidisciplinary survivorship clinic. These
clinics are often located within tertiary care hospitals that
have a core staff usually consisting of a neurologist, an
oncologist, a neuropsychologist, and a psychologist, as
well as other medical, surgical, neurological, psychologi-
cal, and educational specialties with experience in brain
tumor survivors. As the survivor population ages, signifi-
cant challenges will continue to face the health care com-
munity as increasing numbers of pediatric cancer
survivors transition to adult-based services. This transition
remains particularly difficult in the brain tumor survivor
population given the complexities of outcomes across all
domains.

Summary

For many central nervous system tumor survivors, over-
coming cancer is just the first of major hurdles to be sur-
mounted following their diagnosis. The late effects of
treatment can be as significant as the cancer itself—in
some cases truly life-threatening. The last 2 decades of
cancer survivorship and outcomes research has for the
most part been descriptive in nature. There is increasing
need to focus on interventional studies and improvement
in quality of life. A thorough understanding of the multiple
domains affected by survivors of pediatric brain tumors
and the interconnectedness of their long-term disease
sequelae is necessary to undertake such studies. The ulti-
mate goal for clinicians when they first meet a patient with
a newly diagnosed brain tumor continues to be to maxi-
mize that patient’s chance at overall survival while

minimizing the long-term consequences of the tumor and
its treatment.
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                    Modern therapy for children with central nervous system (CNS) 
malignancies often includes both surgical resection and a combina-
tion of CNS-directed radiation therapy (RT) and chemotherapy. 
With this multimodal approach, 74% of children younger than 20 
years and diagnosed with a CNS malignancy become 5-year survi-
vors ( 1 ). However, increased exposure to multimodal therapy may 
increase the risk of long-term morbidity and late mortality. 

 Among survivors of primary pediatric cancers, survivors of 
CNS malignancies are at the highest risk for late mortality ( 2  –  4 ). 
However, patterns of cause-specifi c late mortality (eg, rates of 
recurrence-related vs treatment-related death) have not been 
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      Long-Term Outcomes Among Adult Survivors of 
Childhood Central Nervous System Malignancies in 
the Childhood Cancer Survivor Study  
    Gregory T.     Armstrong   ,      Qi     Liu   ,      Yutaka     Yasui   ,      Sujuan     Huang   ,      Kirsten K.     Ness   ,      Wendy     Leisenring   ,    
  Melissa M.     Hudson   ,      Sarah S.     Donaldson   ,      Allison A.     King   ,      Marilyn     Stovall   ,      Kevin R.     Krull   ,      Leslie L.     Robison   ,      
Roger J.     Packer                  

   Background   Adult survivors of childhood central nervous system (CNS) malignancies are at high risk for long-term 
morbidity and late mortality. However, patterns of late mortality, the long-term risks of subsequent neo-
plasms and debilitating medical conditions, and sociodemographic outcomes have not been comprehen-
sively characterized for individual diagnostic and treatment groups.  

   Methods   We collected information on treatment, mortality, chronic medical conditions, and neurocognitive func-
tioning of adult 5-year survivors of CNS malignancies diagnosed between 1970 and 1986 within the 
Childhood Cancer Survivor Study. Using competing risk framework, we calculated cumulative mortality 
according to cause of death and cumulative incidence of subsequent neoplasms according to exposure 
and dose of cranial radiation therapy (RT). Neurocognitive impairment and socioeconomic outcomes were 
assessed with respect to dose of CNS radiotherapy to specific brain regions. Cumulative incidence of 
chronic medical conditions was compared between survivors and siblings using Cox regression models. 
All tests of statistical significance were two-sided.  

   Results   Among all eligible 5-year survivors (n = 2821), cumulative late mortality at 30 years was 25.8% (95% con-
fidence interval [CI] = 23.4% to 28.3%), due primarily to recurrence and/or progression of primary disease. 
Patients who received cranial RT of 50 Gy or more (n = 813) had a cumulative incidence of a subsequent 
neoplasm within the CNS of 7.1% (95% CI = 4.5% to 9.6%) at 25 years from diagnosis compared with 1.0% 
(95% CI = 0% to 2.3%) for patients who had no RT. Survivors had higher risk than siblings of developing 
new endocrine, neurological, or sensory complications 5 or more years after diagnosis. Neurocognitive 
impairment was high and proportional to radiation dose for specific tumor types. There was a dose- 
dependent association between RT to the frontal and/or temporal lobes and lower rates of employment, 
and marriage.  

   Conclusions   Survivors of childhood CNS malignancies are at high risk for late mortality and for developing subsequent 
neoplasms and chronic medical conditions. Care providers should be informed of these risks so they can 
provide risk-directed care and develop screening guidelines.  

    J Natl Cancer Inst 2009;101: 946  –  958   
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detailed within individual CNS diagnostic groups. Furthermore, 
survivors of CNS malignancies are at risk for developing sub-
sequent neoplasms and debilitating chronic medical conditions 
( 5  –  15 ), but the incidence of and risk factors for these conditions in 
the second, third, and fourth decades of survival are not well docu-
mented. Finally, long-term survivors of CNS cancer are at high 
risk for neurocognitive impairment, which may adversely impact 
sociodemographic outcomes ( 16 , 17 ). 

 Using the unique resource of the Childhood Cancer Survivor 
Study (CCSS), we have comprehensively assessed the long-term 
survivorship experience of 1887 adult survivors of childhood CNS 
tumors who were diagnosed and treated between 1970 and 1986. 
Previous reports from the CCSS have presented limited results for 
CNS survivors in this retrospective cohort ( 5 , 13  –  15 , 18  –  20 ). This 
study is intended to analyze these individuals in greater depth and 
is based on updated data on long-term outcomes. The results of 
this analysis may provide a benchmark for assessment of patients in 
future treatment eras. 

  Methods 
  The CCSS 

 The CCSS is a retrospective cohort of children and adolescents 
treated for cancer at 26 collaborating institutions in the United 
States and Canada (Supplementary Appendix, available online). 
Eligibility criteria included diagnosis of childhood cancer before 
age 21 years, initial treatment between January 1, 1970, and 
December 31, 1986, and survival for at least 5 years after diagnosis. 
The cohort and study design have been previously described ( 21 ). 
Respective institutional review boards of participating centers 
reviewed and approved the CCSS protocol. 

 Beginning in 1994, participants completed a self-administered 
baseline questionnaire or telephone interview providing demo-
graphic and health-related outcomes information. Parents com-
pleted the baseline questionnaire for participants younger than 
18 years, and for participants older than 18 years who were 
unable to complete the questionnaire themselves. Rates of parental 
completion for living adult (ie, >18 years of age) CNS tumor 
survivors (3.7%) were similar to rates for survivors of other pedi-
atric cancers (3.1%). Subsequent update questionnaires and 
interviews were administered every 2 – 3 years (all study surveys 
are available at     www.stjude.org/ccss ). Treatment information (on 
surgical procedures, chemotherapy, and RT) was abstracted from 
medical records using a structured protocol. Records from radia-
tion oncology departments were centrally reviewed to quantify 
radiation exposure to the frontal, temporal, and occipital lobes of 
the brain and posterior fossa with maximum radiation dose esti-
mated for each region ( 14 ) based on measurements in a tissue-
equivalent phantom and a three-dimensional computer model of 
the patient. The dosimetry method has been previously described 
( 22 ).  

  Study Population 

 Of the 20   691 participants eligible for the CCSS cohort, 2888 
(14.0%) were survivors of CNS malignancies. International 
Classification of Diseases for Oncology-2 codes used to classify 
members of the cohort are listed in  Supplementary Table 1  (avail-

able online) ( 23 ). Of the survivors of CNS malignancies, 491 
(17.0%) could not be located, 511 (17.7%) declined participation, 
and 9 (0.3%) could not participate because of language barriers, 
leaving 1877 participants in the study. For this analysis, partici-
pants and nonparticipants were similar in terms of sex, cancer 
diagnosis, and age at diagnosis ( 21 , 24 ). Late mortality was assessed 
in 2821 of the 2888 eligible survivors of CNS malignancy rather 
than in only the 1877 participants because study participation was 
not required. Vital status was ascertained by the US National 
Death Index (NDI) and, for Canadian survivors, by CCSS surveys 
(except for 67 Canadian survivors who did not participate in the 
CCSS surveys). Subsequent neoplasms and chronic medical condi-
tions were assessed in the 1877 participants who completed the 
baseline questionnaire. Sociodemographic factors and health status 
were studied in 1033 and 1001 participants, respectively, who were 
older than 25 years at the time of the second follow-up study of the 
cohort. The CCSS – Neurocognitive Questionnaire (CCSS-NCQ), 
a reliable and valid measure of neurocognitive functioning in adult 
survivors of pediatric cancer ( 25 ), was completed by 802 
participants.     

 Siblings of CCSS participants were selected, by simple random 
sampling of survivors with at least one sibling, to participate in a 
comparison population that was neither diagnosed nor treated for 
cancer. If a participant had multiple siblings, the sibling closest in 
age to the participant was recruited. Of 4782 siblings selected, 
3899 (81.5%) participated in the CCSS. Four hundred and 
 ninety-six of 1877 CNS patients had a sibling control.  

  CONTEXT AND CAVEATS 

  Prior knowledge 

 The long-term health of those treated as children for malignancies 
of the central nervous system (CNS) had been incompletely 
characterized.  

  Study design 

 Retrospective cohort study relying on a questionnaire, medical 
records, and the National Death Index for information. Siblings 
were selected randomly to serve as control subjects where 
ap propriate. Cumulative mortality and incidence of subsequent 
neoplasms were analyzed using competing risk models.  

  Contribution 

 This study provided a comprehensive assessment of the long-term 
risks of mortality, subsequent medical complications, and neu-
rocognitive impairment in survivors of pediatric malignancies of 
the CNS, and how radioactive treatment was associated with these 
risks.  

  Implications 

 Due to high risks of mortality, subsequent cancers, and other medi-
cal conditions, survivors of CNS malignancies will need specialized 
care and screening.  

  Limitations 

 Treatment of pediatric cancers has changed considerably since the 
time when the patients in this cohort were treated; the results of 
this analysis may not be applicable to future survivors. 

 From the Editors   
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  Statistical Analysis 

 Descriptive data on demographic (sex of patient, age at baseline 
questionnaire, race, ethnicity, CNS subtype, and age at diagnosis) 
and treatment characteristics (surgery, radiation, and chemother-
apy treatment, cranial RT dose, RT region, and combined modal-
ity treatment) were summarized for the 1877 survivors and, where 
appropriate, compared with those of the 3899 randomly selected 
siblings. Age- and sex-adjusted comparisons were also made 
between survivors and siblings for educational attainment, em  -
ployment, income, marital status, and health status, using gener-
alized estimating equations to account for potential within-family 
 correlation ( 26 ). 

 To assess late mortality, person-years at risk were computed 
from the time of cohort entry to date of death or censoring. US 
participants were censored on December 31, 2002, the cutoff date 
of the most recent NDI search; Canadian survivors were censored 
on either December 31, 2002, or the date of last survey. Cumulative 
curves were compared using the method proposed by Gray ( 27 ). 
Groups that were compared with respect to cumulative mortality 
were divided according to sex or CNS subtypes (astrocytoma and 
glial tumors, ependymoma, or medulloblastoma and primitive 
neuroectodermal tumors). 

 Methods used in this study for calculating standardized mortal-
ity ratios (SMRs) and exact 95% confi dence intervals (CIs) have 

 Table 1  .    Demographics of survivors of central nervous system malignancies and their siblings *   

  Characteristic CNS survivors, No. (%) (n = 1877) Siblings, No. (%) (n = 3899)  P   

  Sex of patient   <.001 
     Male 1034 (55.1) 1875 (48.1)  
     Female 843 (44.9) 2024 (51.9)  
 Age at baseline questionnaire, y   <.001 
     0 – 14 252 (13.4) 431 (11.1)  
     15 – 19 374 (19.9) 655 (16.8)  
     20 – 24 442 (23.5) 673 (17.3)  
     25 – 29 404 (21.5) 708 (18.2)  
     30 – 34 275 (14.7) 655 (16.8)  
      ≥ 35 130 (6.9) 777 (19.9)  
 Race/ethnicity   <.001 
     White, non-Hispanic 1611 (86.1) 3414 (90.7)  
     Black, non-Hispanic 76 (4.1) 103 (2.7)  
     Hispanic/Latino 68 (3.6) 138 (3.7)  
     Other 116 (6.2) 107 (2.8)  
 CNS type    
     Astrocytoma/glial tumor 1233 (65.7)   
     Medulloblastoma/PNET 395 (21.0)   
     Ependymoma 148 (7.9)   
     Other CNS tumors 101 (5.4)   
 Age at diagnosis, y    
     0 – 3 500 (26.6)   
     4 – 9 699 (37.2)   
     10 – 14 462 (24.6)   
     15 – 20 216 (11.5)   
 Treatment  †     
     Surgery only 431 (26.0)   
     Surgery + RT 689 (41.6)   
     Surgery + RT + chemo 447 (27.0)   
     Other 88 (5.3)   
 Cranial RT dose    
     None 483 (30.8)   
     >0 to <50 Gy 272 (17.3)   
      ≥ 50 Gy 813 (51.8)   
 RT location  †    ‡     
     Cranial + spinal RT 410 (26.2)   
     Cranial RT, no spinal RT 674 (43.0)   
     No cranial or spinal RT 483 (30.8)   
 Combined modality treatment  ‡     
     Surgery only 431 (29.0)   
     Surgery + CRT >0 to <50 Gy, no chemo 170 (11.5)   
     Surgery + CRT  ≥ 50 Gy, no chemo 466 (31.4)   
     Surgery + CRT >0 to <50 Gy + chemo 93 (6.3)   
     Surgery + CRT  ≥ 50 Gy + chemo 324 (21.8)    

  *   PNET = primitive neuroectodermal tumor; RT = radiotherapy; CRT = cranial radiotherapy; chemo = chemotherapy; CNS = central nervous system.  

   †    Percentages based on available data.  

   ‡    Spinal irradiation does not include patients who received total body irradiation.   
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been reported previously ( 2 , 20 ). The covariates used in the mortal-
ity analysis were sex; age at diagnosis (0 – 3, 4 – 9, 10 – 14, and 15 – 20 
years old); calendar year of diagnosis (1970 – 1973, 1974 – 1977, 
1978 – 1981, and 1982 – 1986); years since diagnosis (5 – 9, 10 – 14, 
15 – 19, 20 – 24, 25 – 29, and 30 – 34 years); CNS subtypes (astrocy-
toma and glial tumors, ependymoma, and medulloblastoma and 
primitive neuroectodermal tumors); treatment modality (surgery 
alone, surgery and RT, and surgery and RT with chemotherapy); 
cranial RT dose (no exposure, <50 Gy, and  ≥ 50 Gy); RT region 
(cranial RT and no spinal RT, cranial RT and spinal RT, and nei-
ther cranial RT nor spinal RT); and treatment modality and cra-
nial RT dose (surgery alone, surgery and cranial RT <50 Gy and 
no chemotherapy, surgery and cranial RT  ≥ 50 Gy and no chemo-
therapy, surgery and cranial RT <50 Gy and chemotherapy, or 
surgery and cranial RT  ≥ 50 Gy and chemotherapy) with doses 
more than 50 Gy representing high-dose RT exposure. 

 To assess the occurrence of subsequent neoplasms among sur-
vivors, cumulative incidence was estimated using death as a com-
peting risk ( 28 ). Subsequent neoplasms occurring before cohort 
entry were included as prevalent cases at cohort entry. The cumu-
lative incidence of subsequent neoplasms was compared according 
to the dose of cranial RT (no exposure, <50 Gy, and  ≥ 50 Gy). 
Standardized incidence ratios (SIRs) for the occurrence of subse-
quent malignant neoplasms and specifi c types of subsequent malig-
nant neoplasms were calculated using the US Surveillance, 
Epidemiology, and End Results cancer incidences as reference 
rates ( 29 ). 

 The occurrence and severity of chronic medical conditions 
were determined as described previously ( 13 ). We used log-bino-
mial regression to estimate a prevalence ratio for each chronic 
condition, comparing CNS survivors and CCSS siblings, adjusting 
for age at enrollment (5 – 9, 10 – 14,  ≥ 15 years), sex, and race/ethnic 
group (white vs nonwhite) ( 30 ). Modifi cations of a log-binomial 
model with generalized estimating equations were used to account 
for potential within-family correlation ( 31 ). The incidence of new 
chronic medical conditions after cohort entry (beyond 5 years of 
diagnosis) was assessed by Cox regression to estimate hazard ratios 
(HRs) comparing CNS survivors and CCSS siblings, adjusting for 
age at enrollment, sex, and race/ethnic group. The proportionality 
assumption of hazard functions was assessed graphically. Within-
family correlations were accounted for by using sandwich SE 
estimates ( 32 ). 

 The proportion of survivors who scored below the corre-
sponding 10th percentile of the sibling comparison group was 
calculated for each of the four subscales of the CCSS-NCQ. 
These were calculated with 95% confi dence intervals according to 
cranial RT dose and CNS subtype. Confi dence intervals for pro-
portions were calculated with exact methods ( 33 ). Age- and sex-
adjusted proportions were calculated and compared between the 
survivors and the siblings with respect to college graduation, 
employment, marriage, annual household income greater than 
$20   000, health insurance, and health status outcomes in log- 
binomial models ( 34 ). Among survivors, the impacts of cranial RT 
dose and RT region on these outcomes were evaluated in log- 
binomial models using the copy method and adjusted for sex, age 
at diagnosis, and the maximum radiation dose to any of the other 
three segments ( 35 ). 

 In all analyses, treatment exposures within the fi rst 5 years of 
the original CNS cancer diagnosis were considered. Statistical 
analyses were performed using SAS Version 9.1 (SAS Institute, 
Inc, Cary, NC) and R 2.5.1, and all statistical inferences were 
based on two-sided tests.   

  Results 
  Characteristics of Participants Who Completed the Baseline 

Questionnaire 

 The median age at diagnosis of the 1877 participants who com-
pleted the baseline questionnaire was 7.5 years (range 0 – 20 years, 
 Table 1 ); 1034 (55%) were male. Astrocytoma and glial tumors 
were the most common primary tumors. Most patients underwent 
surgery followed by RT (n = 689 [41.6%]) or RT and chemother-
apy (n = 447 [27%]); 431 (26%) underwent surgery alone. Among 
the 1569 patients who received RT, 813 (51.8%) were exposed to 
cranial RT of 50 Gy or more to at least one brain region and 
(36.8%) received spinal RT.  

  Overall and Cause-Specific Mortality 

 For the 2821 five-year survivors in whom late mortality was 
assessed, there were 43   369 person-years of follow-up and 546 
deaths (13.8%). Cumulative all-cause mortality rates were 13.5%, 
17.1%, 21.5%, and 25.8% at 15, 20, 25, and 30 years, respec-
tively ( Figure 1, A ); males had greater risk of death than females 
(28.1% vs 23.1% at 30 years;  P  < .001). All-cause mortality at 30 
years was higher in 5-year survivors of ependymoma (29.5%) and 
medulloblastoma (29.0%) than in 5-year survivors of astrocy-
toma and glial tumors (23.9%;  P  < .001 for both comparisons) 
( Figure 1, B ).     

 Compared with the US population, risk of death increased 
13-fold for survivors of CNS malignancies (SMR = 12.9, 95% CI = 
11.8 to 14.0); survivors of medulloblastoma and primitive 
 neuroectodermal tumors were at highest risk (SMR = 17.4, 95% 
CI = 14.6 to 20.6) ( Table 2 ). Recurrence and/or progression of 
 primary disease was the most common cause of death (61%), fol-
lowed by medical causes of death (21%) that included death 
attributable to subsequent neoplasms (9%), cardiac disease (3%), 
and pulmonary disease (3%). Cumulative cause-specifi c mortality 
at 30 years ( Figure 1, C ) was highest for primary cancer progres-
sion or recurrence (14%), followed by subsequent malignant 
neoplasm (2.8%), pulmonary disease (1.0%), and cardiac disease 
(0.4%). Annual death rates were highest for recurrence or pro-
gression of primary malignancy in the 5 – 30 years after diagnosis, 
after which death rates due to subsequent malignant neoplasms 
exceeded those for recurrence or progression (data not shown). 
Although this pattern of late recurrence or progression is 
expected for survivors with gliomas, even for survivors of 
ependymoma and medulloblastoma, the death rate from second 
malignant neoplasms did not exceed the rate of death due to 
recurrence until >20 years  from diagnosis . Cumulative mortality 
due to recurrence was higher in males than in females (15.6% vs 
12.1% at 30 years,  P  = .05) ( Figure 1, D ). Mortality from nonre-
current, nonprogressive disease increased 25 – 30 years after diag-
nosis with statistically signifi cantly increased risks of death due to 
subsequent malignant neoplasms (SMR = 13.9, 95% CI = 10.4 to 
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    Figure 1  .     Mortality experience of 5-year survivors of childhood central nervous system (CNS) malignancies.  A ) All-cause and sex-specifi c mortality 
among 5-year survivors of CNS malignancies compared with the age-adjusted US population.  B ) All-cause mortality by primary diagnosis. 
 C ) Cumulative cause-specifi c mortality.  D ) Cumulative mortality attributable to recurrence by sex. PNET = primitive neuroectodermal tumor, 
SMN = second malignant neoplasm.     
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18.3), cardiac disease (SMR = 4.2, 95% CI = 2.0 to 7.7),  pulmonary 
disease (SMR = 17.1, 95% CI = 9.8 to 27.8), and deaths due to 
other causes (SMR = 3.9, 95% CI = 2.7 to 5.4).      

  Subsequent Neoplasms 

 The 1877 survivors evaluated for the occurrence of subsequent 
neoplasms accrued more than 27   550 person-years from time of 
entry into the CCSS cohort, with a median follow-up of 19.6 
years (range = 5.1 – 34.6 years) from initial CNS cancer diagnosis. 
There were 255 confirmed subsequent neoplasms in 151 patients 
who had achieved 5-year survival status ( Table 3 ). The cumula-

tive incidence for all subsequent neoplasms in the cohort ( Figure 
2, A ) was 10.7% (95% CI = 8.8% to 12.6%) at 25 years from 
diagnosis. Cumulative incidences for nonmelanoma skin cancer, 
benign  meningiomas, and all other subsequent neoplasms (exclud-
ing nonmelanoma skin cancer and benign meningioma) were 
2.9% (95% CI = 1.8 to 4.0), 3.3% (95% CI = 2.2 to 4.5), and 
4.5% (95% CI = 3.3 to 5.7), respectively. Incidence of menin-
giomas increased sharply with continued follow-up ( Figure 2, B ), 
even among patients with no previous diagnosis of meningioma 
at 25 years (incidence was 3.5% at 30 years, 95% CI = 0.9 to 6.1). 
Maximum cranial RT dose received was associated with the 
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cumulative incidence of any subsequent neoplasm within the 
CNS ( Figure 2, C ). Patients receiving cranial RT of 50 or more 
Gy had a cumulative incidence of a CNS subsequent neoplasm 25 
years after diagnosis of 7.1% (95% CI = 4.5 to 9.6) compared 
with 5.2% for those receiving more than 0 but less than 50 Gy 
(95% CI = 2.1 to 8.3) and 1.0% for no RT exposure (95% CI = 0 
to 2.3). Excluding 112 nonmelanoma skin cancers, 59 benign 
meningiomas, and eight other benign lesions, 76 subsequent 

malignant neoplasms occurred in the 1877 survivors who were 
evaluated ( Table 3 ). The overall SIR was 4.1 (95% CI = 3.2 to 
5.2); the most common subsequent malignant neoplasms were 
CNS tumors (15 gliomas, four malignant meningiomas, one 
medulloblastoma or primitive neuroectodermal tumor; SIR = 
25.3, 95% CI = 15.5 to 39.1), soft tissue sarcomas (SIR = 8.4, 95% 
CI = 3.6 to 16.5), and thyroid cancers (SIR = 11.2, 95% CI = 5.8 
to 19.6). In general, CNS tumor  survivors had higher rates of 

 Table 2  .    Number of deaths and standardized mortality ratios among 5-year survivors of central nervous system tumors *   

  Variables Analyzed cohort Alive  †  Dead  †  SMR  ‡   (95% CI)  P  §   

  Total no. of patients 2821 2275 546 12.9 (11.8 to 14.0)  
 Sex     <.001 
     Male 1568 1230 338 10.6 (9.5 to 11.8)  
     Female 1253 1045 208 19.6 (17.0 to 22.5)  
 Age of diagnosis, y     <.001 
     0 – 3 758 595 163 17.2 (14.7 to 20.1)  
     4 – 9 1052 873 179 15.0 (12.8 to 17.3)  
     10 – 14 672 544 128 9.7 (8.1 to 11.6)  
     15 – 20 339 263 76 9.7 (7.6 to 12.1)  
 Year of diagnosis     .003 
     1970 – 1973 372 267 105 10.6 (8.7 to 12.9)  
     1974 – 1977 518 372 146 14.2 (12.0 to 16.7)  
     1978 – 1981 655 543 112 10.8 (8.9 to 13.0)  
     1982 – 1986 1276 1093 183 15.4 (13.2 to 17.7)  
 Survival after diagnosis, y     <.001 
     5 – 9 248 2 246 28.0 (24.7 to 31.8)  
     10 – 14 144 10 134 11.7 (9.8 to 13.9)  
     15 – 19 1017 933 84 7.4 (5.9 to 9.1)  
     20 – 24 750 698 52 7.4 (5.6 to 9.7)  
     25 – 29 459 434 25 7.7 (5.0 to 11.4)  
     30 – 34 203 198 5 8.4 (2.7 to 19.6)  
 Diagnosis     <.001 
     Astrocytoma/glial tumor 1891 1559 332 11.2 (10.1 to 12.5)  
     Medulloblastoma/PNET 572 439 133 17.4 (14.6 to 20.6)  
     Ependymoma 220 168 52 15.9 (11.9 to 20.9)  
     Others 138 109 29 14.4 (9.6 to 20.7)  
 Treatment type  ||      <.001 
     Surgery alone 431 408 23 3.2 (2.0 to 4.8)  
     Surgery + RT 689 596 93 7.9 (6.4 to 9.7)  
     Surgery + RT + chemo 447 312 135 26.0 (21.8 to 30.7)  
     Other 88 67 21 22.2 (13.7 to 34.0)  
 Cranial RT dose  ||      <.001 
     None 483 449 34 4.5 (3.1 to 6.3)  
     >0 to <50 Gy 272 222 50 12.0 (8.9 to 15.8)  
      ≥ 50 Gy 813 645 168 14.0 (12.0 to 16.3)  
 RT location  ||      .28 
     CRT, no spinal RT 674 542 132 12.7 (11.8 to 18.3)  
     CRT + spinal RT 410 325 85 14.8 (10.6 to 15.1)  
     No CRT, no spinal RT 483 449 34 4.5 (3.1 to 6.3)  
 Treatment and CRT  ||      <.001 
     Surgery alone 431 408 23 3.2 (2.0 to 4.8)  
     S + >0 to <50 Gy, no chemo 170 149 21 7.3 (4.5 to 11.2)  
     S +  ≥ 50 Gy, no chemo 466 403 63 7.9 (6.1 to 10.2)  
     S + >0 to <50 Gy + chemo 93 66 27 24.1 (15.9 to 35.0)  
     S +  ≥ 50 Gy + chemo 324 227 97 26.0 (21.1 to 31.7)   

  *   RT = radiotherapy; CRT = cranial radiotherapy; S = surgery; CI = confidence interval; PNET = primitive neuroectodermal tumor; chemo = chemotherapy; 
SMR = standardized mortality ratio   .  

   †    As of December 31, 2002.  

   ‡    Age and sex standardized according to National Center for Health Statistics criteria. All SMRs had  P  < .01 (assessed using the exact two-sided tests inverted 
from the corresponding exact Poisson two-sided CIs).  

  §   For comparison between groups.  

   ||    Restricted to patients with medical records abstracted; treatment data were cutoff at 5 years from diagnosis.   
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subsequent CNS neoplasms and lower rates of subsequent breast 
cancers compared with CCSS  participants who did not have a 
CNS primary malignancy.          

  Chronic Medical Conditions 

 Of the 1877 survivors who we evaluated, 82% reported having at 
least one chronic medical condition; after accounting for death and 
censoring, cumulative incidence at 25 years was 91.6%, and 38% 
of the survivors reporting a serious or life-threatening (grade 3 – 4) 
condition. We calculated prevalence ratios, comparing survivors 
with siblings for chronic medical conditions in the first 5 years after 
diagnosis, and hazard ratios for developing a new chronic condition 
after 5 years ( Table 4 ). Of the 588 survivors having no chronic 
health conditions before the 5-year time point, 42.9% subsequently 
developed at least one. Survivors had a statistically significantly 
higher risk than siblings of developing new endocrine (HR = 19.8, 
95% CI = 14.5 to 27.1), neurological (including seizures) (HR = 
5.6, 95% CI = 4.8 to 6.7), or sensory (including hearing loss) 
(HR = 12.5, 95% CI = 8.9 to 17.6) health conditions beyond the 
5-year time point.      

  Neurocognitive Functioning 

 Compared with siblings, rates of neurocognitive impairment (a 
score below the 10th percentile of the sibling group’s scores) were 
higher in all CNS survivor diagnostic groups after treatment with 
radiation ( Table 5 ). Greater than 40% of medulloblastoma or 
primitive neuroectodermal tumor survivors had impaired attention 

and/or processing speed function; fewer displayed problems in 
organizational skills and emotional regulation. No clear dose – 
response relationship between cranial RT and impairment in 
attention and/or processing speed, emotional regulation, or orga-
nization was evident for patients with medulloblastoma or  primitive 
neuroectodermal tumors. Survivors diagnosed with astrocytoma 
and glial tumors were impaired in attention and/or processing 
speed and memory by a statistically significant extent, with a clear 
cranial RT dose – response pattern. Survivors of astrocytoma and 
glial tumors exposed to higher doses of cranial radiotherapy also 
had a statistically significant increase in problems with organiza-
tion and emotional regulation.      

  Sociodemographic Outcomes and Health Status 

 CNS survivors reported statistically significantly lower rates than 
siblings for all sociodemographic outcomes except lack of health 
insurance. After controlling for age, sex, and race and/or ethnicity, 
siblings were more likely than survivors to report current employ-
ment (RR = 1.4, 95% CI = 1.3 to 1.5), an income greater than 
$20   000 (RR = 1.2, 95% CI = 1.1 to 1.3), marriage (RR = 2.0, 95% 
CI = 1.8 to 2.2), and college graduation (RR = 1.4, 95% CI = 1.3 
to 1.5). Region-specific dosimetry analyses controlling for age at 
diagnosis, sex, and maximum RT dose to other regions showed 
that exposure of the temporal or frontal lobe to 50 Gy or more was 
independently and statistically significantly associated with higher 
risk of unemployment (RR = 1.7, 95% CI = 1.1 to 2.6 and RR = 
2.1, 95% CI = 1.1 to 4.1, respectively) and that radiation to any 

 Table 3  .    Standardized incidence ratios for occurrence of subsequent neoplasms in the 1877 survivors in the Childhood Cancer Survivor 
Study cohort *   

  Neoplasm No. observed No. expected SIR (95% CI)

Median No. of years 

to occurrence  

  Subsequent neoplasms for which SIRs 
could be calculated

76 18.5 4.1 (3.2 to 5.2) 16.0 

 Leukemia 3 0.7 4.1 (0.8 to 12.0) 12.5 
     AML 2 0.2 8.0 (0.9 to 29.1) 18.8 
     Other leukemias 1 0.1 6.9 (0.1 to 38.6) 5.1 
 Lymphoma 3 1.9 1.5 (0.3 to 4.5) 14.4 
 CNS 20 0.7 25.3 (15.5 to 39.1) 14.0 
     Astrocytoma/glial tumors 15 0.6 24.3 (13.6 to 40.1) 14.0 
     Malignant menigiomas 4 0.0 714.7 (192.3 to 1829.7) 23.7 
     Medulloblastoma/PNET 1 0.1 13.1 (0.2 to 72.8) 14.0 
 Breast 4 1.4 2.8 (0.8 to 7.3) 26.6 
 Bone 5 0.3 15.1 (4.9 to 35.2) 8.2 
 Soft tissue sarcoma 8 1.0 8.4 (3.6 to 16.5) 12.6 
 Thyroid 12 1.1 11.2 (5.8 to 19.6) 17.5 
 Melanoma 5 1.7 2.9 (0.9 to 6.7) 15.7 
 All other cancers 16 9.3 1.7 (1.0 to 2.8) 17.5 

 Second neoplasms for which SIRs 
could not be calculated

    

     Nonmelanoma skin cancer 112 NA NA 21.0 
     Nonmalignant menigiomas 59 NA NA 18.8 
     Myxopapillary ependymoma 1 NA NA  
     Neurilemmoma 4 NA NA  
     Melanoma in situ 1 NA NA  
     All other tumors 2 NA NA   

  *   CI = confidence interval; PNET = primitive neuroectodermal tumor; AML = acute myeloid leukemia; CNS = central nervous system; NA = not applicable; 
SIR = standardized incidence ratio.   
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region was associated with never being married. Radiation of 
30 – 49 Gy and radiation more than 50 Gy to the temporal lobe, and 
radiation 50 Gy or more to the posterior fossa were independently 
associated with an annual household income of $20   000 or less 
(RR = 2.3, 95% CI = 1.3 to 4.3, RR = 2.9, 95% CI = 1.7 to 5.0, and 
RR = 2.1, 95% CI = 1.1 to 4.0, respectively) ( Table 6 ).     

 CNS survivors reported higher rates of impaired health status 
than siblings in terms of general health (RR = 19.1, 95% CI = 13.0 
to 27.9), mental health (RR = 1.5, 95% CI = 1.2 to 1.7), functional 
impairment (RR = 19.5, 95% CI = 14.9 to 25.4), activity limitations 
(RR = 36.2, 95% CI = 22.1 to 59.3), pain (RR = 7.9, 95% CI = 5.5 

to 11.5), and cancer-related anxiety (RR = 9.7, 95% CI = 6.1 to 
15.3). CNS survivors were 3.1 times (95% CI = 2.8 to 3.4) more 
likely than siblings to report at least one adverse health outcome.   

  Discussion 
 We have comprehensively assessed long-term outcomes of 5-year 
survivors of CNS tumors who were diagnosed and treated from 
1970 to 1986. This extended follow-up evaluation of the CCSS 
cohort quantifies the occurrence and impact of late effects second-
ary to childhood CNS malignancies and their treatment on the 

    Figure 2  .     Subsequent neoplasms in 5-year survivors of central nervous system (CNS) malignancies.  A ) Cumulative incidence of subsequent 
 neoplasms (SN) with death as competing risk.  B ) Cumulative incidence of detected meningioma conditioned on meningioma-free survival at 5, 10, 
15, 20, and 25 years.  C ) Cumulative incidence of CNS second neoplasms by cranial radiation therapy dose. NMSC = nonmelanoma skin cancer.     
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lives of adult survivors. Unfortunately, survivors of CNS 
 malignancies are at increased risk for mortality, subsequent cancer, 
and other outcomes resulting from their disease and treatment 
throughout their lifetime ( 36 , 37 ). Survival beyond 5 years of can-
cer diagnosis is often the benchmark for defining cancer survivor-
ship. However, according to our analysis, even after surviving to 
the 5-year time point, more than 25% of CNS survivors will die 
within 30 years of their diagnosis. This mortality rate is 13 times 
higher than that for the age- and sex-matched US population. Late 
mortality is highest for 5-year survivors of ependymoma or embry-
onal tumors (approximately 33% of these patients die within 20 
years). Survivors of medulloblastoma or primitive neuroectoder-
mal tumors have a risk of death that is 17-fold that of the general 
population. 

 The annual death rate from second neoplasms did not surpass 
the annual death rate attributable to recurrence or progression of 
primary disease until approximately 30 years from diagnosis. This 
is much later than for other pediatric cancers, largely because low-
grade gliomas in children may remain indolent for many years 
before ultimate progression and mortality ( 3 , 4 , 20 , 38  –  42 ). However, 
a similar pattern of late mortality was seen for medulloblastoma or 
primitive neuroectodermal tumors such that recurrence or pro-
gression of the original diagnosis was the primary cause of death 
until 20 years from diagnosis, and for ependymoma, recurrence or 
progression was the leading cause of death until 30 years after 
diagnosis. This pattern of late recurrence suggests a need for con-
tinued surveillance of disease well beyond the fi rst 5 years from 
diagnosis. 

 Survivors of CNS tumors are at a statistically signifi cantly 
increased risk of developing subsequent neoplasms, the most com-
mon site being the CNS. Previous investigations have reported 
cumulative incidence estimates of subsequent neoplasms for brain 

tumor survivors from single institutions (4% at 15 years) ( 6 , 7 ), 
cooperative groups (11% at 8 years) ( 8 ), and those covered in 
tumor registry – based studies (2.6% at 20 years; 7.3% at 30 years) 
( 9  –  12 ), but these studies were limited by small sample size, inabil-
ity to capture all second neoplasms, or insuffi cient treatment 
information. 

 Medical complications in survivors of pediatric CNS malig-
nancies in the fi rst 5 years subsequent to diagnosis are common 
due to neurosurgical procedures, therapeutic modalities, and the 
tumor itself ( 43 ). Unfortunately, even after 5 years, these survi-
vors remain at high risk for developing new medical conditions. 
Many of the centers where childhood cancer patients are treated 
are pediatric-based institutions that are not able to provide con-
tinuing medical care for survivors of CNS neoplasms as they 
become adults. With increasing time from the original cancer 
diagnosis, the proportion of adult survivors of childhood cancer 
who receive long-term, risk-based follow-up in a cancer center or 
a clinic specifi c for long-term follow-up of cancer patients 
decreases substantially ( 44 , 45 ). Thus, disseminating information 
about risks to the general practitioners who follow-up the major-
ity of survivors and developing guidelines for long-term care is 
important ( 46 ). 

 Previous investigations have established that CNS tumor survi-
vors differ from those with other primary cancers in having more 
adverse outcomes in terms of education, employment, and health 
status and quality of life ( 47  –  54 ). However, most previous studies 
of the long-term effects of CNS neoplasms analyzed fewer than 
100 CNS tumor survivors and followed them up for only the fi rst 
10 years of diagnosis, thus failing to capture outcomes in adult-
hood. We have previously reported statistically signifi cant health 
impairment and poor sociodemographic outcomes in this popula-
tion ( 55  –  57 ). In this study, we have identifi ed important  associations 

 Table 4  .    Age-, sex-, and race-adjusted prevalence and hazard ratios of chronic health conditions among 5-year survivors of central 
nervous system tumors compared with sibling cohort *   

  Condition PR  †   (95% CI) HR (95% CI)  ‡    

  Any condition 29.5 (23.8 to 36.6) 6.4 (5.4 to 7.5) 
 Endocrine complications 49.1 (27.6 to 87.2) 19.8 (14.5 to 27.1) 
     Medication needed to initiate puberty 28.0 (6.7 to 117.8) 146.9 (35.4 to 608.8) 
     Growth hormone deficiency 400.7 (56.2 to 2856.9) 140.4 (51.3 to 384.1) 
     Growth hormone injections 267.6 (37.4 to 1912.5) 219.1 (54.5 to 880.5) 
     Hypothyroidism 31.4 (16.0 to 61.6) 13.0 (9.2 to 18.3) 
 Neurological complications 37.1 (28.3 to 48.7) 5.6 (4.8 to 6.7) 
     Weakness in arms or legs 82.9 (41.2 to 166.9) 12.2 (9.1 to 16.3) 
     Decreased sense of touch, feelings in hands, fingers, arms, or legs 45.7 (23.4 to 89.0) 3.9 (3.0 to 5.1) 
     Prolonged pain or abnormal sensations in arms, legs, or back 11.9 (6.6 to 21.3) 2.4 (1.9 to 3.0) 
     Problems with balance 102.7 (59.5 to 177.4) 18.0 (13.4 to 24.1) 
     Seizures 30.8 (19.4 to 48.9) 15.1 (10.7 to 21.2) 
     Tremor or movement problems 75.2 (35.5 to 159.2) 15.0 (10.1 to 22.4) 
     Paralysis 73.9 (32.9 to 166.2) 10.9 (6.9 to 17.3) 
 Sensory complications 35.3 (22.3 to 55.9) 12.5 (8.9 to 17.6) 
     Cataract 35.2 (4.7 to 264.5) 9.9 (5.1 to 19.3) 
     Hearing loss/deafness 20.2 (10.9 to 37.5) 21.0 (12.9 to 34.2) 
     Blindness 65.7 (31.0 to 139.2) 7.5 (4.1 to 13.5)  

  *   All prevalence and rate ratios were statistically significant at a threshold of  �  = .001 (calculated using two-sided Wald tests in Cox regression with robust SE 
estimates). PR = prevalence ratio; CI = confidence interval; HRs = hazard ratios.  

   †    Prevalence ratio of conditions occurring in the first 5 years from diagnosis.  

   ‡    Hazard ratio of a new condition beyond the 5-year time point among those with no previous condition.   
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between frontal and temporal lobe radiation and  outcomes in 
employment and marriage. Because the frontal and temporal lobes 
mediate executive function and memory, these fi ndings have bio-
logically signifi cant implications and underline the need to limit 
the extent of radiation fi elds during radiation delivery. 

 Some limitations of this research should be considered when 
assessing the validity and generalizability of these fi ndings. 
First, medical conditions and sociodemographic and health sta-
tus outcomes were self-reported. Subsequent neoplasms may be 
 underreported despite a thorough validation process ( 5 ). Second, 
not all eligible survivors participated, and this could introduce 
 participation bias, although previous assessment showed few 
differences between participants and nonparticipants ( 21 ). 
Third, in diagnosing the eligible cohort for this period, World 
Health Organization classifi cations of brain tumors were fol-
lowed, according to which many glial tumors were classifi ed 
“Astrocytoma, NOS,” (not otherwise specifi ed) precluding a 
more specifi c classifi cation. Given the extremely poor overall 
survival of patients with high-grade gliomas in this study period, 
most 5-year survivors of glial tumors likely had low-grade 
lesions. Finally, primary therapeutic modalities have changed 
substantially since the period (1970 – 1986) when the patients in 
this study were initially treated: There has been a reduction in 
radiotherapy doses for lower risk patients, increased use of che-
motherapy, including high-dose chemotherapy, and adoption of 
improved surgical and radiotherapy delivery techniques. Thus, 
the results of this analysis may not be generalizable to tomor-
row’s long-term survivors. 

 In conclusion, adult survivors of childhood CNS tumors are at 
high risk for late mortality and for developing second neoplasms 
and new chronic medical conditions related to their disease and 

treatment. Continued follow-up will help determine temporal pat-
terns in incidence and late effects as this cohort ages. We are 
expanding the CCSS cohort to include 5-year survivors diagnosed 
from 1987 to 1999. Modern therapeutic regimens that increasingly 
use chemotherapy to reduce RT dose or use limited RT fi elds will 
likely improve long-term outcomes and minimize the risk of 
adverse late effects. Meanwhile, the dissemination of these results 
to care providers will enable informed medical care and help 
develop screening recommendations for patients.  
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Neurological complications of c
ancer chemotherapy
Jerzy Hildebranda,b
Purpose of review

To update central and peripheral nervous system

neurological manifestations caused by anticancer agents.

Recent findings

Mostly unpredictable encephalopathy continues to be

sporadically reported even in patients treated systemically

with conventional chemotherapy doses. Recently,

capecitabine, a 5-fluorouracil prodrug, has been added to

the list. Magnetic resonance diffusion-weighted and fluid-

attenuated inversion-recovery imaging are useful in

demonstrating chemotherapy-induced central nervous

system lesions. The pathogenesis of these lesions is often

poorly understood, and is probably multifactorial. A recent

observation indicates that genetic polymorphism for

methionine is a potent risk factor for methtrexate-induced

central nervous system toxicity. Chronic peripheral

neuropathy still represents a major limiting factor in a series

of chemotherapeutic drugs, and the neuroprotective effect

of several older and newer agents is either deceptive or

insufficiently proven. In addition to chronic neuropathy,

oxaliplatine causes a unique acute syndrome which may

respond to calcium plus magnesium infusion.

Summary

Neurotoxicity remains a major limitation of many drugs used

in cancer patients. Their list grows steadily, and magnetic

resonance imaging makes easier the recognition of central

nervous system toxicity. Synthesis and thorough clinical

testing of neuroprotective molecules remain a major

challenge.
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Introduction
Were it not for the blood–brain barrier, central nervous

system (CNS) toxicity would be the main factor limiting

anticancer chemotherapy. Despite this barrier, CNS

toxicity, mainly encephalopathy with or without seizures,

occurs occasionally even when conventional doses are

used. CNS toxicity incidence increases markedly when

the blood–brain barrier is either overwhelmed (high syst-

emic dose, intracarotid infusion) or bypassed (intrathecal

administration).

Peripheral nervous system (PNS) toxicity is more com-

mon because proximal and distal extremities of the

peripheral nerves are not protected by a blood–brain-

like barrier, and peripheral neuropathy remains a major

limiting factor for the administration of conventional

doses of several agents.

Central nervous system toxicity
Encephalopathy, with or without seizures, is uncommon

when conventional drug doses are administrated sys-

temically, but ifosfamide encephalopathy is an excep-

tion, occurring in 10–30% of treated patients [1]. The

clinical manifestations include alteration of conscious-

ness, asterixis, extrapyramidal signs, cranial nerve

palsies, psychotic behaviour, hallucinations and seizures.

These manifestations usually clear within 3–4 days of

therapy cessation. Ifosfamide encephalopathy is attrib-

uted to metabolites such as thialysine ketamine and

chloracetaldehyde, which cross the blood–brain barrier

and inhibit mitochondrial respiration. Methylene blue is

believed to prevent ifosfamide encephalopathy by acting

on super oxide formation. Use of methylene blue, pro-

posed over 10 years ago [2], is still based on case reports

or small patient series [3,4,5�], and some authors consider

that prophylactic use of this agent may not be justified as

even severe manifestations of encephalopathy can be

rapidly and completely resolved [6�]. Prospective and

controlled studies are still needed to determine the

optimal use of methylene blue in ifosfamide-induced

encephalopathy.

Sporadic, mostly unpredictable, encephalopathy after

systemic administration of conventional-dose chemother-

apy has been reported for virtually every anticancer drug

[7]. The pathogenesis is complex and often poorly under-

stood; it may involve metabolic changes such as hypona-

tremia or hypomagnesemia, renal and liver dysfunction,

fever and direct CNS drug toxicity. The rarity and the

pathogenic complexity of these encephalopathies are
orized reproduction of this article is prohibited.
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illustrated by Steeghs et al. [8] for cisplatin-induced

encephalopathy, with seizures observed in three patients.

Another, recently reported example of occasional CNS

toxicity is a multifocal leukoencephalopathy induced by

capecitabine, a 5-fluorouracil (5FU) prodrug [9�,10].

Capecitabine encephalopathy differs from 5FU encepha-

lopathy by earlier onset (within a few days), and its

symptoms resolve after a few days. Brain magnetic reso-

nance imaging (MRI) shows increased signals on diffusion-

weighted, fluid-attenuated inversion-recovery (FLAIR)

and T2 sequences, primarily affecting the corpus

callosum.

CNS toxicity of anticancer drugs is more frequent when

the drugs are administrated intrathecally. Acute and

chronic neurotoxicity of methotrexate has been studied

the most. Transient aseptic meningitis, which resolves

spontaneously within a few days, is the most common

presentation of acute methotrexate toxicity. Other

clinical manifestations of parenchymal lesions, including

pseudobulbar palsy [11�] or hemiperesis [12�] have been

reported. Early methotrexate toxicity may cause MRI

changes detectable by diffusion-weighted imaging [12�].

Chronic (late-delayed) leukoencephalopathy is a well

known side effect of methotrexate. Its incidence is dose

related and is increased by concomitant whole brain

irradiation. A recent study by Linnebank et al. [13�]

indicates that genetic polymorphisms for methionine

metabolism (required for myelination) are a potential

risk factor for late methotrexate CNS toxicity.

The ischemic lesion attributed by Steeghs et al. [8] to

cisplatin in one of their patients and the ‘stroke-like’

presentation of transient encephalopathy ascribed to

methotrexate by Küker et al. [12�] have led us to consider

the issue of cerebrovascular diseases caused by chemo-

therapy. This association has been reviewed by El

Amrani et al. [14]. Several drugs or drug combinations

are potential causes of stroke. Yet, the pathogenic role of

some anticancer agents remains uncertain. The issue is

complicated by at least two factors. First, both cerebro-

vascular diseases and cancer are common age-related

diseases and may be associated by chance. Second, the

diagnosis of cerebrovascular diseases is often based on

acute clinical presentation, and cases such as that

reported by Küker et al. [12�] illustrate that direct drug

toxicity may mimic a stroke.

Corticosteroids and antiepileptic drugs (AEDs) are

common adjuvant therapies used in neurooncology.

Their use is more complicated in cancer patients than

in the general population. First, both groups of drugs may

interfere with chemotherapy activity, through P450

enzyme induction [15�]. Second, they may mimic brain

tumour progression through several neurological side

effects including mental abnormalities such as memory
opyright © Lippincott Williams & Wilkins. Unautho
and attention disorders [16�], which are probably

underestimated [17]. Newer AEDs are increasingly

used in cancer patients due to the lack of liver

enzyme induction and possibly a better tolerance.

Usually reversible cognitive and psychiatric adverse

events have been observed with topiramate [18,19]

and levetiracetam [20�], among others. These obser-

vations, which have been made in a general population

of epileptic patients, most probably apply to brain

tumour patients.

Peripheral nervous system toxicity
Chemotherapy is the main cause of peripheral neuro-

pathy in cancer patients. Symptoms and signs of periph-

eral neuropathy may occur after administration of

numerous anticancer drugs. The main culprits, however,

are vinca alkaloids, which produce an axonal dying back

neuropathy, platinum derivatives (cisplatin and oxalipla-

tin), which cause sensory neuronopathy, and taxanes

(paclitaxel, docetaxel), which cause a sensory-motor

neuropathy.

For all these drugs, the severity of chronic peripheral

neuropathy is related to total dose and to shorter interval

of drug administration. Patients with preexisting neuro-

pathy are at particular risk. Symptoms and signs of

vinca alkaloid and taxane neuropathy predominate in

the lower limbs, and this has been attributed to nerve

length. The effect of a patient’s height, however,

remains unproven [21�]. In a number of patients, symp-

toms and signs of PNS toxicity progress over several

weeks to a few months after drug withdrawal. This

off-therapy worsening has been best documented for

vincristine and cisplatin, and recently confirmed for

vincristine [22�].

In addition to chronic sensory neuronopathy, oxaliplatin

causes a unique acute syndrome in up to 90% of patients,

characterized by cold hypersensitivity, jaw and eye tight-

ness, hand, feet and perioral paresthesias, cramps and

pseudolaryngospasm. The symptoms start 30–60 min

after drug infusion and vanish within a few days. Unlike

chronic neuropathies, which are caused by structural

lesions, acute oxaliplatin-induced neurotoxicity is attrib-

uted to peripheral nerve hyperexcitability, possibly

similar to acquired myotonia. On the basis of this hypoth-

esis, Gamelin et al. [23��] treated the manifestations of

early oxaliplatin neurotoxicity with prophylactic calcium

and magnesium infusion. The results are promising, but

the study is retrospective and the findings need to be

confirmed.

The mechanism causing chronic oxaliplatin-induced

neuropathy has not been established, but Krishnan

et al. [24�] suggest that it may involve sodium channel

dysfunction.
rized reproduction of this article is prohibited.
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Conclusion
Many agents have been used in an attempt to prevent

chronic chemotherapy-induced neuropathy. Several

products that showed a potent protective activity in vitro
or in animal models did not gain routine clinical use

[25], their activity being either too weak or nonreprodu-

cible. This list includes glutamic acid (tested in vincris-

tine-induced neuropathy), Org-2766 (see [22�], tested in

cisplatin and vincristine-induced neuropathy), amifostine

(tested in cisplatin and paclitaxel-induced neuropathy),

and glutathione (tested in cisplatin-induced neuropathy).

In a recent study, a significant neuroprotective effect of

amifostine has been observed in patients treated with

paclitaxel and carboplatin, yet the authors do not recom-

mend its routine use [26�]. Neurotropic factors have

shown promising activity in experimental models, but

their clinical use is limited by the difficulty with drug

administration, side effects and the theoretical fear that

they may affect tumour growth.

At least two substances, however, deserve further inves-

tigation. A favourable effect of vitamin E 300 mg twice

daily was observed in a randomized controlled trial

including 31 patients treated with cisplatin or paclitaxel

[27�]: neurotoxicity was observed in 73% of control and

in 25% of treated patients (P ¼ 0.019). BNP-7787 is a

disulfide agent which is converted to mesna in various

tissues. Unlike mesna, BNP-7787 does not interfere

with antitumour activity of platinum derivatives [28].

So far, however, its protective effect against paclitaxel

or platinum-derivative neurotoxicity is based on animal

studies alone.
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2 Küpfer A, Aeschlimann C, Wermuth B, Cerny T. Prophylaxis and reversal of
ifosfamide with methylene blue. Lancet 1996; 343:763–764.

3 Pelgrims J, De Vos F, Van den Brande J, et al. Methylene blue in the treatment
of ifosfamide encephalopathy: report of 12 cases and review of the literature.
Br J Cancer 2000; 82:291–293.

4 Turner AR, Duong CD, Good DJ. Methylene blue for the treatment and
prophylaxis of ifosfamide-induced encephalopathy. Clin Oncol 2003; 15:
435–439.

5

�
Kasper B, Harter C, Meissner J, et al. Prophylactic treatment of known
ifosfamide-induced encephalopathy for chemotherapy with high-dose ifosfa-
mide? Support Care Cancer 2004; 12:205–207.

This short communication describes a woman with Ewing sarcoma treated with
ifosfamide 4 g/m2/day for 3 consecutive days; no encephalopathy occurred.

6

�
Raj AB, Berthone SL, Jaffe N. Methylene blue encephalopathy reversal
of ifosfamide-related encephalopathy. J Pediatr Hematol Oncol 2004;
26:116.

In this 10-year-old boy treated with ifosfamide 3.5 g/m2 for 5 consecutive days,
pronounced drug-induced encephalopathy was promptly and completely reversed
by methylene blue 50 mg every 4 h.
opyright © Lippincott Williams & Wilkins. Unauth
7 Hildebrand J, Brada M. Altered consciousness. Oxford: Oxford University
Press; 2001. pp. 10–12.

8 Steeghs N, de Jongh FE, Sillevis Smitt PAE, van den Bent MJ. Cisplatin-
induced encephalopathy and seizures. Anti-Cancer Drugs 2003; 14:
443–446.

9

�
Neimann B, Rochlitz C, Herrmann R, Pless M. Toxic encepahalopathy induced
by capecitabine. Oncology 2004; 66:331–335.

To the best of the authors’ and our knowledge, this is the first case report of
capecitabine-induced encephalopathy.

10 Videnovic A, Semenov I, Chua-Adajar R, et al. Capecitabine-induced multi-
focal leukoencephalopathy: a report of five cases [abstract]. Neurology 2005;
65:1792–1794.

11

�
Kinirons P, Fortune A, Enright H, Murphy RPJ. Acute pseudobulbar palsy due
to methotrexate with rapid response to intravenous immunoglobulin. J Neurol
2005; 252:1401–1403.

The authors describe a 17-year-old boy with acute leukaemia who presented with
pseudobulbar palsy after 5 weekly intrathecal injections of methotrexate 12.5 mg.
The interesting point of the observation is the prompt response to intravenous
immunoglobulin. The observation is original, but needs confirmation as sponta-
neous recovery cannot be ruled out.

12

�
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Introduction

Treatment-induced neurotoxicity represents a vast chapter
of neuro-oncology because of its frequency, polymor-
phous clinical presentation, and because the side effects of
treatment may severely affect the quality of life in patients
who may otherwise be cured of their primary tumour. In
any cancer patient suffering neurological dysfunction,
consideration should be given to iatrogenic damage to the
nervous system [58]. All antineoplastic treatments (sur-
gery, radiotherapy, chemotherapy) can lead to severe neu-
rotoxicity, which often simulates other complications of
cancer such as recurrence or metastases, but has to be dis-
tinguished from them.

Nowadays, many patients receive multimodality ther-
apy, raising the question of additive or synergistic toxicity
and making identification of the cause or causes very diffi-
cult. The neurotoxicity of radiotherapy, chemotherapy and
combined treatment will be discussed briefly. More de-
tailed reviews have been published [23, 34, 42, 58, 77, 78].

Neurological complications of radiotherapy

The main reason why the neurotoxicity of radiotherapy
remains a significant problem is the low therapeutic in-

dex. Therapeutic ionizing radiation may affect the neural
structures directly or indirectly when radiation therapy
damages large blood vessels supplying the brain or en-
docrine organs, or when it produces secondary tumours.
The neurological complications of radiotherapy may oc-
cur within minutes after irradiation or up to 30 years after
completion of treatment and are usually classified accord-
ing to the delay between radiation and the development of
neurological side effects (Table 1).

Acute complications

Acute encephalopathy generally occurs within 2 weeks
of the onset of irradiation. The disorder is usually mild,
characterized by headache, nausea, drowsiness, fever
and sometimes worsening of neurological signs. Excep-
tionally, the encephalopathy is severe in patients who al-
ready had a syndrome of intracranial hypertension at the
onset of treatment (multiple metastases, large posterior
fossa tumour) or who received high-dose fractionation.
In these cases, the patients may develop a clinical picture
of brain herniation [58,83]. Radiation-induced break-
down of the blood-brain barrier with increased intracra-
nial pressure is incriminated in the pathogenesis of the
syndrome.

Abstract Neurological complica-
tions of radiotherapy and chemother-
apy can affect the central or periph-
eral nervous system. Most are dose-
dependent and constitute a limiting
factor in the administration of treat-
ments. Radiation-induced neurologi-
cal complications are classified as
acute, early-delayed or delayed. The
most important are radionecrosis and
cognitive dysfunction/leukoen-

cephalopathy. Neurotoxicity of che-
motherapy is frequent and depends
upon dose, type of drugs (especially
cisplatin and methotrexate) and their
combination with radiotherapy.

Key words Radiotherapy · 
Chemotherapy · Neurotoxicity
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Corticosteroids are useful in relieving the acute com-
plications of radiotherapy. In patients with threatened her-
niation, high-dose steroids (at least 16 mg dexamethasone
daily) should be administered over 2–3 days before the
onset of radiotherapy, and large doses per fraction should
be avoided.

Early-delayed complications

Early-delayed complications occur between 2 weeks and
3–4 months after the completion of radiotherapy and may
take several forms: (1) The somnolence syndrome devel-
ops in many patients (particularly children) who have re-
ceived whole brain or large volume irradiation [25]. It is
mainly characterized by hypersomnia, drowsiness, irri-
tability and sometimes headache and fever. At this stage,
neuropsychological evaluation often demonstrates atten-
tion deficits and alteration of recent memory functions.
Improvement occurs spontaneously over a few weeks to
months. Steroids reduce the duration of the syndrome and
may prevent its development. (2) In about 15% of pa-
tients, early-delayed complications simulate local tumour
recurrence. Patients may complain of recurrent focal symp-
toms. Computed tomography (CT) of the brain or mag-
netic resonance imaging (MRI) also suggest recurrent tu-
mour with an increase in the size of a low-density lesion
and the appearance of contrast enhancement not previ-
ously present. Improvement occurs spontaneously, but
steroids accelerate its resolution [38]. (3) A severe leuko-
encephalopathy with cognitive dysfunction and pseudo-
bulbar syndrome is a very rare early-delayed complication
of cerebral irradiation, which may be transient or persi-
stent. Most of the patients who develop this syndrome are
elderly or have received concurrent chemotherapy. (4) 
A rare but serious early-delayed syndrome is brain stem
encephalopathy following irradiation of the posterior
fossa. Most patients recover spontaneously, but the symp-

toms may progress to stupor, coma and death [48]. (5) In
the spinal cord, a transient Lhermitte’s sign is the classic
presentation of early-delayed complication [43].

The pathogenesis of early-delayed complications is un-
known, although radiation-induced demyelination resulting
from transient damage to oligodendroglia is suspected.

Delayed complications

Delayed complications occur 4 months to many years af-
ter completion of radiotherapy. The likelihood that the ir-
radiation will induce delayed damage to the nervous sys-
tem depends on many factors including the total dose de-
livered to the nervous system, the dose delivered with
each treatment, and the total volume of nervous system ir-
radiated. On the brain, a dose of 60 Gy delivered with
1.8–2 Gy fractions represents the upper limit of the “safe
dose”. Other factors that influence tolerance of the ner-
vous system include the length of survival after comple-
tion of radiation therapy, the presence of other systemic
diseases that enhance the side effects of irradiation (e.g.
diabetes, hypertension), concomitant chemotherapy and
other unidentifiable host factors [74]. The brain, spinal
cord and peripheral nerves may be affected.

Delayed complications of brain irradiation

Radionecrosis and cognitive dysfunction/leukoencephalo-
pathy are the main delayed complications of brain irradia-
tion [34].

Radiation necrosis. This disorder usually begins a year or
two after completion of radiation therapy [17], but the la-
tency period is shorter (about 6 months) after interstitial
brachytherapy. The symptoms generally recapitulate those
of the brain tumour or consist in new focal neurological
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Table 1 Neurological compli-
cations of radiotherapy

a Italics indicate those that are
irreversible

Acute Early-delayed Late-delayed
(minutes–1 week) (4–16 weeks) (4 months–years)

Brain Acute – Somnolence syndrome – Radiation necrosis
Encephalopathy – Increased focal signs, – Late cognitive dysfunction

worsening MRI findings – Dementia
– Rhombencephalopathy – Endocrinopathy
– Transient cognitive – Radiation arteriopathy

dysfunction – Radiation-induced tumour

Spinal cord – Lhermitte’s sign – Transverse myelopathy
– Haemorrhagic myelopathy
– Motor neuron syndrome

Cranial nerves – Anosmia – Visual loss
– Ageusia – Hearing loss, hair cell damage
– Hearing loss – Lower cranial nerve paralysis

Peripheral Paraesthesias – Brachial or lumbosacral – Brachial or lumbosacral late
nerves reversible plexopathy plexopathy

– Radiation-induced tumours



signs simulating a tumour de novo. CT may show in-
creased hypodensity affecting predominantly the white
matter, occasionally with contrast enhancement. The white
matter lesions are seen better on MRI. It may be extremely
difficult to differentiate necrosis from recurrent tumour.
Positron emission tomography (PET) with glucose, single
photon emission computed tomography (SPECT) with
thallium or methoxy-isobutyl-isonitrile (MIBI) or angiogram
can help, but in fact the only way to confirm the diagnosis
of radionecrosis is a pathological examination of a surgi-
cal specimen.

Histologically, the typical lesion is an area of coagula-
tive necrosis in the white matter, with relative sparing of
the overlying cortex. The most striking abnormalities are
found in blood vessels, with hyalinized thickening and
fibrinoid necrosis of the walls [7].

These patients do best when the area of radiation
necrosis is resected. Most patients respond transiently to
corticosteroids, and there are reports of prolonged re-
sponses after corticosteroid therapy without surgery at the
price of a frequent dependence on corticosteroids. A few
studies suggest that anticoagulants may be of help [30].

There are two hypotheses concerning the pathogenesis
of this disorder. The first is that the vascular changes (par-
ticularly of the microcirculation) lead to infarction and
necrosis. The second is that radiation therapy directly
damages glial cells, both astrocytes and oligodendrocytes,
leading to destruction of tissue.

Cognitive dysfunction/leukoencephalopathy. Radiation-in-
duced cognitive dysfunction and leukoencephalopathy
without necrosis is becoming the most frequent complica-
tion in long-term survivors [14]. This clinical “entity”, also
called “diffuse radiation injury” or “radiation-induced
leukoencephalopathy” differs from radionecrosis in clinical-
radiological aspects as well as in pathology. The most dra-
matic complication is dementia, but there is also evidence
that radiotherapy can induce a less severe encephalopathy
leading to subtle neuropsychological impairment [2, 77].

Mild or moderate neuropsychological impairment: This
complication may occur in children (after prophylactic
treatment of acute leukaemia or irradiation for primary
brain tumour) and in adults (after prophylactic irradiation
for small cell lung cancer or in long-term survivors of pri-
mary or secondary brain tumours). The symptoms gener-
ally occur within 4 years of irradiation and are mainly
characterized by attention deficits, memory dysfunction
and immediate problem solving ability. CT changes con-
sist in ventricular enlargement and periventricular hypo-
densities with an increase in the normal interface between
grey and white matter. On MRI, which is more sensitive
than CT, the characteristic abnormality is a bilateral in-
crease in T2 signal throughout the white matter with a
gross correlation between MRI lesions and neuropsycho-
logical status.

The clinical course is usually characterized by slow de-
cline of neuropsychological scores without decrease in
performance status, but spontaneous stabilization may
also occur [77].

Radiation-induced dementia: Progressive “subcortical de-
mentia” represents the main clinical characteristic of this
disorder. At a late stage, severe cognitive deterioration is
typically characterized by a severe intellectual loss, with
predominant fixative memory impairment, difficulties in
focusing attention, emotional lability and apathy. Produc-
tive phenomena such as delirium or hallucination are typ-
ically absent. Signs of cortical involvement, like aphasia,
apraxia or agnosia, are unusual. As a consequence of pre-
served insight, depression is frequent, but antidepressants
do not improve intellectual performance. Gait disturbances,
ranging from mild retropulsion to severe ataxia, are con-
stant features, as is incontinence at later stages [16]. CT
and MRI are invariably abnormal and show severe white
matter abnormalities, ventricular enlargement and cortical
atrophy. A diagnosis of radiation-induced dementia re-
quires that all other possible causes of organic dementia
have been carefully excluded. A normal-pressure hydro-
cephalus should also be ruled out, particularly when CT
or MRI show gradual ventricular enlargement in the ab-
sence of cortical atrophy and when temporal horn en-
largement is prominent.

The course is characterized by progressive deteriora-
tion (80% of cases), more rarely by stabilization and ex-
ceptionally by a lasting improvement. Patients become
bedridden over a few weeks to months and usually die
1–48 months after the onset of symptoms. There is no ef-
fective therapy.

There are at least three factors that affect the risk of de-
veloping cognitive dysfunction/dementia: (1) radiation
schedule: the risks of cognitive dysfunction are very low
with “safe” doses of whole brain irradiation and are virtu-
ally absent for patients undergoing focal conventional ra-
diotherapy alone (i.e. without concurrent chemotherapy);
(2) concurrent chemotherapy: the frequency of cognitive
dysfunction/dementia is increased in patients treated with
radiotherapy and concurrent chemotherapy, at least when
methotrexate (MTX) is used (see below); (3) age: elderly
patients appear to be much more sensitive to the diffuse
neurotoxicity of radiotherapy.

The pathological substrate for intellectual decline has
not been clearly identified, but all authors found predom-
inant involvement of the white matter, in agreement with
neuropsychological and radiological findings. Diffuse
white matter spongiosis, multiple miliary foci of necrosis,
and demyelination with severe loss of oligodendrocytes
have been reported.

Radiogenic tumours. Radiation-induced tumours, includ-
ing meningiomas, sarcomas and, less frequently, gliomas
and malignant schwannomas, may appear years to decades
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after cranial irradiation and follow even low doses of ra-
diation therapy. Malignant or atypical nerve sheath tu-
mours may follow irradiation of the brachial, cervical and
lumbar plexuses [22, 85]. Some patients may be able to
tolerate additional surgery, radiation therapy or chemo-
therapy [17].

Vascular abnormalities. Lesions of large blood vessels,
whether intra- or extracranial, generally follow radiation
therapy by many years. Patients develop transient isch-
aemic attacks or strokes. Arteriography reveals stenosis or
occlusion of the artery within the radiation portal, some-
times associated with moyamoya disease. The pathologi-
cal changes in radiation-induced vascular occlusion are
similar to those of severe atherosclerosis [37, 51, 58].

Endocrinopathies. After irradiation, endocrinopathies may
result from direct damage to the glands themselves or
more frequently from a hypothalamic dysfunction.

Primary hypothyroidism or hyperparathyroidism may
appear after irradiation for Hodgkin’s disease, head and
neck tumours, or after craniospinal irradiation [71].

Hypothalamic-pituitary dysfunction is a frequent de-
layed complication of irradiation for head and neck tu-
mours, brain tumours, or after prophylactic irradiation for
acute leukaemia, especially in children [52]. The vulnera-
bility of the hypothalamus could be owing to a greater ra-
diosensitivity.

In children, the most frequent endocrinopathy is growth
hormone deficiency, which should be differentiated from
growth failure resulting from spine irradiation. Gonado-
tropin deficiency and secondary or tertiary hypothyroid-
ism are less frequent endocrinopathies.

In adults, radiation-induced progressive endocrine dys-
function of hypothalamic origin has been reported in as
many as 80% of adults treated for head and neck cancer
and in one-third of the patients treated for a supratentorial
glioma. It is not clear how often these endocrine abnor-
malities are clinically relevant. In addition to hyperpro-
lactinaemia, the main abnormalities are hypogonadism
and hypothyroidism. Adrenal failure is rare. No patient
has had diabetes insipidus.

Delayed complications of spinal cord irradiation

Late-delayed radiation myelopathy appears in two forms.
The first and more common is characterized by progres-
sive myelopathy, often beginning as a Brown-Séquard
syndrome and progressing over weeks or months to para-
paresis or quadriparesis [41, 62]. The myelopathy some-
times stabilizes, leaving the patient with only a moderate
paraparesis. The myelogram is usually normal. MRI may
show spinal cord swelling and a hypersignal within the
cord, as well as contrast enhancement. Pathologically, the
lesions are characterized by confluent areas of necrosis

with a predilection for the white matter. There is no effec-
tive treatment, although corticosteroids sometimes delay
progression of the lesion.

A second form of late-delayed radiation myelopathy
involves anterior horn cells and occurs mainly after pelvic
irradiation. Months to years following irradiation, patients
develop a subacute flaccid, often asymmetrical parapare-
sis that affects both distal and proximal muscles, accom-
panied by atrophy, fasciculations, and areflexia. There is
no sensory disturbance or sphincter dysfunction. The
myelogram and MRI are normal. On electromyography
(EMG) there are varying degrees of denervation, but sen-
sory and motor conduction velocities are normal. The
deficit usually stabilizes after a few months, often while
the patient is still able to walk [47, 68]. Pathological re-
ports describe degeneration of cauda equina roots with an-
terior horn cell central chromatolysis.

Delayed complications of peripheral nerve irradiation

An early-delayed brachial plexus reaction is characterized
by paraesthesias in the hand and forearm, sometimes as-
sociated with pain and accompanied by weakness and at-
rophy in a C6–T1 distribution. Nerve conduction studies
reveal segmental slowing, and the course is characterized
by recovery over a few weeks or months. This disorder is
particularly common when carcinoma of the breast is be-
ing treated [70]. Late-delayed radiation plexopathy has
been reported after irradiation of either the brachial or
lumbosacral plexus [44, 59]. The disorder usually occurs
a year or more after radiation therapy with doses of 60 Gy
or more when conventional fractions are used. Brachial
plexopathy is characterized by paraesthesias, loss of sen-
sation and weakness of muscles in the upper or lower
plexus. This disorder is frequently accompanied by lym-
phoedema and palpable induration in the supraclavicular
fossa. Clinical or electrical myokymic discharges in the
territory of affected nerves is a useful criterion for differ-
entiating radiation damage from tumour infiltration of the
plexus [35]. The course is unpredictable. The disorder
may stabilize after many months to years of slow deterio-
ration or progress rapidly to a panplexopathy, rendering
the entire arm useless, although usually without severe
pain. The important differential diagnosis is between radi-
ation damage and recurrent tumour affecting the plexus.
The most important differentiating clinical feature is pain.
Severe pain is almost invariably present if tumour is the
culprit and is rare with radiation fibrosis. CT or MRI is
important to exclude a tumour mass, but often they simply
reveal a diffuse loss of tissue planes that is nonspecific
and can be seen with either plexopathy or tumour infiltra-
tion. The need for diagnostic certainty rarely requires sur-
gical exploration of the plexus.

Lumbosacral plexopathy causes a slowly progressive
weakness of one or both legs. Pain is usually absent [75].
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The pathogenesis of radiation plexopathy and peripheral
nerve disease is unknown.

Neurological complications of chemotherapy

Neurotoxicity of antineoplastic drugs is frequent (Table 2).
As for radiation-induced complications, a low therapeutic
index is an important dose-limiting factor for these agents.
Chemotherapy neurotoxicity produces a limited number
of nonspecific clinical pictures [58].

Clinical pictures

Acute encephalopathy

This is one of the most frequent syndromes occurring af-
ter administering many different agents: MTX [high dose
intravenous (IV), intrathecal (IT)], cisplatin, vincristine,
asparaginase, procarbazine, 5-fluorouracil, cytosine arabi-
noside, nitrosoureas [high dose or intra-arterial (IA), ifos-
famide/mesna, tamoxifen, etoposide (high dose), pacli-
taxel (?). It generally begins with insomnia, rapidly fol-
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Table 2 Neurotoxicity of 
chemotherapeutic agents in 
humans (modified from [17])
(CCNU lomustine, BCNU
carmustine)

Agents Drug Neurotoxicity

PNS CNS Muscle

Hormonal agents
(except adrenocorticosteroids):
Sex hormones Diethylstilbestrol – – –

Ethinyl estradiol – – –
Stilbestrol – – –

Antioestrogens (receptor-binding- Tamoxifen – + –
agents) Megestrol – – –
Progestins Hydroxyprogesterone capraote – – –

Nonhormonal agents:
Plant alkaloids (mitotic inhibitors)

– Periwinkle derivatives Vincristine ++ + ?+
Vinblastine + – –
Desacetyl vinblastine amide + – –
(semisynthetic)

– Podophyllotoxins Epipodophyllotoxin VM-26 ?+ ?+ –
Epipodophyllotoxin VP-16 ?+ ?+ –

– Other plant alkaloids Paclitaxel + ?+ –
Docetaxel + – –

Antibiotics Bleomycin – – –
Actinomycin D – – –
Adriamycin – – –
Daunomycin – – –
Mithramycin – – –
Mitomycin C – – –

Antimetabolites Methotrexate – ++ –
5-Fluorouracil – ++ –
6-Mercaptopurine – – –
6-Thioguanine – – –
Cytarabine + + –
5-Azacytidine + + ?+
Hydroxyurea – – –

Alkylating agents Cyclophosphamide – ?+ –
Melphalan – – –
Busulfan – – –
CCNU – + –
BCNU – + –
Thiotepa – + –
Chlorambucil – ?+ –
Cisplatin ++ ++ –
Aziridinylbenzoquinone – – –



lowed by a state of confusion that may be associated ei-
ther with stupor or, more often, with agitation. General-
ized seizures and myoclonus may occur.

Stroke-like episodes

These occur after treatment with high-dose MTX or, more
rarely, cisplatin. They are typically characterized by the
acute onset of encephalopathy with fluctuating motor
deficit that resolves spontaneously.

Chronic encephalopathy

The most characteristic is a “subcortical dementia” of vari-
able severity developing progressively, months to years af-
ter treatment that often but not always included a combina-
tion of cranial radiotherapy and chemotherapy. The syn-
drome is characterized by apathy, intellectual and memory
loss, frontal syndrome, sleep disorders and often inconti-
nence and gait disorders. Seizures may be present [58].
Spontaneous improvement may occur but, in many cases,
progressive deterioration is the rule. The main agents in-
criminated in the syndrome are indicated in Table 3.

Cerebellar syndrome

A cerebellar syndrome, ranging from a simple gait ataxia
to a pancerebellar syndrome, has been reported in patients

treated with 5-fluorouracil and high-dose cytarabine (Ara-C).
Recovery after discontinuation of the offending agent is
variable.

Transverse myelopathy

This is a rare syndrome that is encountered essentially af-
ter IT treatment, especially with MTX, aracytine and more
rarely thiotepa.

Neuropathy

Chemotherapy may induce different types of peripheral
nervous system disorders: (1) An acute or subacute Guil-
lain-Barré-like syndrome, probably owing to selective de-
myelination. Neuropathy is reversible after drug discon-
tinuation. This syndrome is seen with suramin, an agent
used for prostate cancer [20], and sometimes after Ara-C.
(2) A distal sensorimotor axonal neuropathy is the most
frequent type of neuropathy. It generally starts with distal
paraesthesias. On examination, all sensory modalities are
affected. Deep tendon reflexes disappear early, followed
by distal extremity weakness. Vincristine is one of the
most characteristic causes. Drug discontinuation usually
permits recovery. (3) A purely sensory neuropathy or neu-
ronopathy involving predominantly large fibres (cis-
platin), but sometimes both large and small fibres (tax-
anes), is a classic complication. Loss of position sense and
ataxia are frequent in cisplatin-induced neuropathy, whereas
taxane-induced neuropathy affects preferentially pinprick
and tact. Recovery is generally delayed and very slow. (4)
Autonomic dysfunction consisting in constipation, ortho-
static hypotension, urinary retention is sometimes associ-
ated with sensory motor neuropathy, especially with vin-
cristine treatment.
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Table 3 Agents causing che-
motherapy-induced chronic en-
cephalopathy (modified from
[32]) (IV intravenous, IT in-
trathecal, IA intra-arterial, IVT
intraventricular, Ara-C cytara-
bine)

Agent Route

Methotrexate IVT, IT, IV
BCNU IV, IA
Ara-C IV, IT
Fludarabine IV
Carmofur IV

Table 4 Cisplatin neurotoxic-
ity Localization Pathogenesis Clinical findings Outcome

Muscle – Cramps Recovery

Peripheral Axonal loss with – Sensitive neuronopathy Variable
nerves demyelination in Proprioceptive loss

dorsal root ganglia Respect of pin and
temperature sensation
Abolition of deep tendon reflex

Cranial nerves Hair cell loss – Ototoxicity Permanent
– Vestibular syndrome

Retinal cone dysfunction – Visual loss (retinopathy, 
papilloedema, retrobulbar neuritis)

Spinal cord Demyelinating lesion – Lhermitte’s sign Recovery
in the posterior columns

Brain – Encephalopathy (seizures, cortical Recovery
blindness)



Cisplatin

Cisplatin is responsible for several neurological complica-
tions affecting the peripheral and central nervous systems
(Table 4).

Peripheral neuropathy

This disorder follows doses of cisplatin of more than 400
mg/m2 and is characterized by numbness and tingling in
the extremities, which are occasionally painful. It affects
predominantly large sensory fibres; the deep tendon re-
flexes disappear, and patients lose proprioception, some-
times to the point where they cannot walk. However, pin-
prick and temperature appreciation are relatively spared,
and motor power may be entirely normal. Nerve conduc-
tion studies are compatible with a primarily sensory ax-
onopathy. If the patient survives the cancer, the neuropa-
thy may improve and even return to normal after many
months [58, 64]. Clinical studies testing protective agents
are under way [11].

Ototoxicity

This is sometimes associated with a vestibulopathy and is an-
other frequent complication of cisplatin. Hearing loss, result-
ing from hair cell damage, is often subclinical, detected only
by serial audiograms; most loss occurs in the high-frequency
range. Rarely, cisplatin produces acute deafness [33].

Cranial nerve neuropathies

These have occasionally been reported after infusion of
cisplatin into the internal carotid artery [1].

Lhermitte’s sign

A transient Lhermitte’s sign during or shortly after treat-
ment with cisplatin has been reported, suggesting the
presence of transient demyelinating lesions in the poste-
rior columns [19].

Encephalopathy

Encephalopathy with seizures and diffuse or focal brain
dysfunction (in particular cortical blindness) may occur
after IV or IA infusion.

Nitrosoureas

The nitrosoureas include lomustine (CCNU), carmustine
(BCNU), methyl-CCNU, ACNU, HeCNU, streptozocin,

and chlorozotocin. All of these drugs cross the blood-
brain barrier easily.

Nitrosoureas in usual doses do not cause neurological
toxicity. However, in patients with primary central ner-
vous system (CNS) tumours who have been treated with
high-dose IV BCNU or infusions of BCNU into the
carotid artery, ocular toxicity and encephalopathy have
been reported [8, 65]. After intracarotid treatment, the dis-
order is sometimes heralded by seizures and generally
characterized by slowly progressive neurological dys-
function. The exact signs vary according to the area in-
fused by the IA injection. White matter hypodensity is of-
ten apparent on CT at a site distant from the tumour being
treated; with time, the area of white matter hypodensity
may develop calcification. The pathology is that of a
necrotizing encephalopathy, giving an appearance similar
to that of radiation damage, but strictly confined to the
vascular territories perfused by the drug.

Ifosfamide

Ifosfamide is an analogue of cyclophosphamide with sub-
stantial neurotoxicity. The most common neurological
side effect occurring in 10–40% of cases is a diffuse en-
cephalopathy with somnolence, which may rarely progress
to coma and even death [84]. Methylene blue may reverse
the encephalopathy [46].

Thiotepa

This drug is not neurotoxic when it is given systemically
at conventional doses. At high doses prior to bone marrow
transplantation, severe neurotoxicity may occur (somno-
lence, seizures, coma and even death) [49]. IT thiotepa
(10 mg/m2) can induce a severe radiculomyelopathy.

Procarbazine

Procarbazine is now always given orally; it may produce
an encephalopathy ranging from mild drowsiness to stu-
por or, rarely, a manic psychosis. A peripheral neuropathy
occurs in some patients after several weeks of treatment;
it is reversible after discontinuation of the drug [81].

Vincristine

Vincristine and, to a lesser degree, vinblastine and vinde-
sine cause peripheral neuropathy. Most patients receiving
vincristine develop paraesthesias in the fingertips and
feet, and absent ankle jerks. In a few patients, there may
be loss of all sensory modalities as well as motor weak-
ness and, in particular, bilateral footdrop. The weakness
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can begin several weeks after completion of the course of
vincristine. The drug should be given with care to patients
with any preexisting peripheral neuropathy. Nerve con-
duction velocities and EMG suggest a “dying back” ax-
onal neuropathy. Histological studies confirm the pres-
ence of a primary axonal neuropathy. Vincristine probably
causes its effects on the peripheral nervous system by its
reaction with microtubules within axons, interfering with
axonal transport [17, 69, 73].

Rarely, individual cranial nerves, including the oculo-
motor nerves, recurrent laryngeal nerve and optic nerve,
are involved. One-third of the patients suffer autonomic
symptoms including ileus with cramping abdominal pain
followed by severe constipation, at times associated with
urinary hesitancy, impotence or orthostatic hypotension
[58, 61]. A few patients develop seizures following IV ad-
ministration of Vinca alkaloids.

Paclitaxel (taxol) and docetaxel (taxotere)

Approximately 60% of patients receiving taxol at a dose
of 250 mg/m2 develop paraesthesias of the hand and feet.
In some, the symptoms do not progress, but sensory or
sensorimotor peripheral neuropathy may be a dose-limit-
ing effect [24, 29, 66], especially when taxol is combined
with cisplatin [13, 80]. Taxotere can also induce a sensory
neuropathy affecting all sensory modalities [36, 55].
Pathological study of the peripheral nerves reveals axonal
damage with secondary demyelination. The possible pre-
ventive value of nerve growth factor is being tested.
Rarely, taxol and taxotere cause proximal motor weakness
[26].

5-Fluorouracil

At usual doses, 5-fluorouracil (5-FU) rarely causes neuro-
logical toxicity, although high-dose 5-FU sometimes causes
a florid pancerebellar syndrome. On rare occasions, the
drug has been reported to produce encephalopathy, optic

neuropathy or an oculomotor disturbance [63]. Combin-
ing 5-FU with levamisole can induce an inflammatory
multifocal leukoencephalopathy [39].

Methotrexate

MTX causes both acute and delayed neurotoxicity after IT
administration or after IV high-dose MTX (Table 5).

Acute toxicity

Aseptic meningitis. This begins 2–4 h after IT injection
and generally lasts 12–72 h [53]. The symptoms consist in
headache, stiff neck, nausea, vomiting, fever and lethargy.
Cerebrospinal fluid (CSF) pleocytosis is often present.
The symptoms are self-limited, and there is no specific
treatment. Rarely, sudden death has been reported during
or shortly after intrathecal instillation.

Transverse myelopathy. This is a rare complication whose
clinical presentation consists in pain in the legs followed
by rapidly developing sensory changes, paraplegia and
bladder dysfunction. The symptoms usually begin 30 min–
48 h after IT treatment, but may be delayed. Pathologically,
there is a necrotic myelopathy without striking inflamma-
tion or vascular abnormalities. The pathogenesis is be-
lieved to be an idiosyncratic reaction to the drug [28, 32].

Stroke-like syndrome. In both adults and children, a stroke-
like syndrome occasionally follows systemic high-dose
MTX infusion given in weekly treatments. The disorder
characteristically follows the treatment by 5 or 6 days and
is characterized by alternating hemiparesis associated
with aphasia and sometimes encephalopathy or coma. Un-
equivocal seizure activity is rare. The electroencephalo-
gram is slow. Patients generally recover spontaneously
within 48–72 h. The syndrome does not usually recur af-
ter subsequent treatments. The pathogenesis of the disor-
der is unknown [79].
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Table 5 Methotrexate neuro-
toxicity Route Dose Onset Clinical findings Outcome

IT Conventional 2–4 h Aseptic meningitis Recovery
IT Several treatments 48 h–2 weeks Transverse myelopathy Variable

– Pain, sensory loss, paraplegia, 
bladder dysfunction

IV High dose < 48 h Acute encephalopathy Recovery
IVT Conventional – Confusion, lethargy, seizures

IV High dose 3–10 days Stroke-like syndrome Recovery
– Altered mental state
– Multifocal deficits

IV or IT High dose ≥ 3 months Chronic encephalopathy Permanent
– Cognitive impairment
– Dementia, spasticity, seizures



Delayed toxicity

Although MTX alone can induce delayed toxicity, it is
much more frequent when this agent is combined with ra-
diotherapy, and this issue is discussed below.

Cytosine arabinoside

Cytosine arabinoside is used both systemically and in-
trathecally. Intrathecally, it can cause aseptic meningitis
or, on rare occasions, myelopathy. High doses can cause
an acute pancerebellar dysfunction, particularly in pa-
tients who have received more than 36 g/m2 of the drug
and especially in those over the age of 40 years [40, 54].
Pathological changes include widespread dropout of
Purkinje cells. In some patients, the disorder resolves
spontaneously. There is no treatment. High-dose cytosine
arabinoside has also been reported to produce a peripheral
neuropathy mimicking the Guillain-Barré syndrome [5].
A brachial plexus neuropathy has been described. En-
cephalopathy has occasionally been reported, as has an
extrapyramidal syndrome.

Fludarabine

In lower doses, the drug causes little neurotoxicity except
for transient somnolence. At doses greater than 40 mg/m2

per day, a severe encephalopathy may occur with cortical
blindness, dementia and sometimes coma. MRI and patho-
logical examination show a necrotizing leukoencephalo-
pathy, most severe in the occipital lobes [12].

Asparaginase

This agent may interfere with liver function and may
cause hepatic encephalopathy. However, L-asparaginase
affects coagulation, depletes plasma proteins involved in
coagulation and fibrinolysis, and may cause haemorrhagic
or thrombotic complications. If patients receiving the
drug develop sudden neurological abnormalities, in par-
ticular seizures and focal neurological signs, one should
suspect thrombosis of the sagittal sinus [21].

Multiple chemotherapy

Most patients being treated for cancer receive multiple
drugs rather than a single agent, and it is sometimes im-
possible to determine whether one agent is responsible for
neurological dysfunction. An example are the vascular
syndromes that follow multiple agent chemotherapy for
testicular tumour. The vascular syndromes that may de-
velop months to years after chemotherapy include Ray-
naud’s phenomenon, coronary occlusion and vascular oc-

clusion of medium-sized vessels of the brain, leading to
ischaemic infarction. Cisplatin may be the responsible
agent, but this has not yet been determined with certainty
[18, 72].

Neurological complications of combined treatment
with radiotherapy and chemotherapy

The study of combined radiation-chemotherapy-induced
neurotoxicity is difficult, because the lesions are often the
same whatever the responsible agent (radiotherapy, che-
motherapy or both) making identification of the culprit(s)
difficult or even impossible. In addition, the incidence and
clinical picture of combined neurotoxicity may vary greatly
depending upon the schedule of administration (e.g. che-
motherapy before, during or after radiotherapy), the pre-
cise doses of each modality and host factors.

Nevertheless, clinical experience indicates that “dan-
gerous liaisons” between radiotherapy and chemotherapy
sometimes exist. To explain these interactions, several hy-
potheses have been suggested: (1) chemotherapeutic agents
may attack the same cellular structures as irradiation, re-
sulting mainly in an additive effect; (2) the chemothera-
peutic agent may act as radiosensitizer, increasing the sen-
sitivity of the normal tissue to radiation (e.g. adriamycin);
(3) radiotherapy may alter the distribution kinetics of che-
motherapeutic agents in the CNS by increasing perme-
ability of the blood-brain barrier or decreasing clearance
of the drug. The main neurotoxicity of combined treat-
ment is briefly described below [58] (Table 6).

Cisplatin

Cisplatin is a radiosensitizer in vitro. In vivo, cisplatin has
been shown to be synergistic with cranial irradiation.

In humans, previous or concomitant cranial irradiation
substantially increases the risk of severe audiotoxicity, at
least in children [31, 45]. Cisplatin should be used with
caution in patients with intracranial tumours who have re-
ceived cranial irradiation, and the value of therapy must
be weighed against the risk of significant hearing loss.

There is no clinical evidence that cisplatin increases
the risk of radiation-induced delayed necrosis or myelitis,
but we have seen a few cases of severe leukoence-
phalopathy or myelitis in young patients who had re-
ceived low or moderate doses of cerebral irradiation in
combination with cisplatin.

Nitrosoureas

Experimental data on a radiosensitizing effect of nitro-
soureas are contradictory. There is no evidence that previ-
ous or concomitant irradiation increase the neurotoxicity
of high-dose IV or IA nitrosoureas.
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Conventional systemic doses of BCNU or CCNU have
been used in combination with cerebral irradiation in ma-
lignant gliomas for more than 25 years, including many
phase III studies comparing radiotherapy alone and radio-
therapy plus nitrosoureas. An increased neurotoxicity
with the combined treatment has never been formally
proved, but some observations suggest that the neurotoxic
risk of combined treatment may be higher than treatment
with radiotherapy alone [57, 76].

Methotrexate

The best example of combined radiation and chemother-
apy neurotoxicity is provided by the association of cranial
irradiation and IV or IT MTX [4].

Although concurrent radiation may reduce the incidence
of acute aseptic meningitis, the risk of delayed complica-
tion is by far the most important issue. Three types of de-
layed complication have been reported: necrotizing leuko-
encephalopathy, cognitive dysfunction and mineralizing
microangiopathy.

Necrotizing leukoencephalopathy/dementia

Necrotizing leukoencephalopathy begins within a year
of treatment. This syndrome may rarely follow repeated

doses of high-dose IV MTX alone or IT MTX alone in
patients with defective CSF dynamics. Much more
commonly, it occurs in patients receiving the standard
dose of IV MTX and cranial irradiation for acute lym-
phocytic leukaemia or sometimes primary brain tu-
mours [15].

The clinical picture consists of a multifocal ence-
phalopathy with change of personality followed by de-
mentia, seizures, ataxia, sphincter disorders, hemi- or
quadriparesis and pseudobulbar palsy. CT of the brain or
MRI show bilateral white matter lesions located predomi-
nantly in the periventricular areas (hypodensity on CT,
hypersignal on T2-weighted images on MRI) as well as
atrophy, ventricular dilatation and sometimes cortical cal-
cification. The CSF examination typically shows in-
creased protein and an elevated myelin basic protein indi-
cating myelin breakdown. The course may be progressive,
but most patients develop a stable neurological disability
or, rarely, improve. There is no recognized treatment.
Pathologically, the lesions are characterized by multifocal
noninflammatory areas of coagulative necrosis located in
the deep white matter. Axonal swellings and mineraliza-
tion are characteristic findings [67].

The incidence and the potential risk of the develop-
ment of leukoencephalopathy are directly related to the
total dose of cranial irradiation, systemic and IT MTX,
and the sequence of their administration [15].
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Table 6 Neurotoxicity of
combined radiation/chemother-
apy (modified from [78])

Agent Combined toxicity

Definite Possible

Cisplatin Ototoxicity (children) Ototoxicity, leukoencephalopa-
thy, migraine-like episodes, 
myelopathy

Carboplatin Ototoxicity
Nitrosoureas Leukoencephalopathy/necrosis,

cognitive dysfunction,
rhombencephalopathy, 
myelopathy

Methotrexate Reduced incidence of aseptic 
meningitis, necrotizing leukoen-
cephalopathy, cognitive function 
with or without leukoencephalo- 
pathy, mineralizing microangiopathy

Ara-C Leukoencephalopathy, 
cognitive dysfunction,
myelopathy

5-Fluorouracil Myelopathy
Vincristine Myelopathy, peripheral Neu-

ropathy
Etoposide Encephalopathy
Actinomycin D Leukoencephalopathy/necrosis
Multiagent chemotherapy Leukoencephalopathy/necrosis,

cognitive dysfunction

Preparative regimen for Acute encephalopathy, leuko-
bone marrow transplantation encephalopathy/cognitive dys-

function, stroke



The timing of irradiation and chemotherapy is impor-
tant. The risk of leukoencephalopathy is lower when
MTX is given before radiotherapy, while the risk is maxi-
mal when MTX and cranial irradiation are given concur-
rently or when MTX is given after radiotherapy. Other
risk factors for the development of a leukoencephalopathy
include young age, renal or liver failure, neoplastic
meningitis and abnormalities of CSF flow or hydro-
cephalus as well as malposition of a catheter tip of an Om-
maya reservoir.

Isolated neuropsychological decline

Isolated neuropsychological decline without dementia is
much more common than overt leukoencephalopathy with
dementia.

In children, cognitive dysfunction has been reported
mainly in long-term survivors of acute lymphocytic leu-
kaemias (ALL) treated with cranial irradiation and par-
enteral MTX [9]. The clinical picture consists mainly of
learning disability affecting school performances and aca-
demic achievement, which may require (in up to 40% of
cases) placement of the children in special education
classes.

The radiological expression and pathological substra-
tum of this syndrome have not been clearly delineated as
the respective responsibilities of cranial irradiation and of
parenteral MTX.

Reduction of the dose of prophylactic radiotherapy
from 24 to 18 Gy did not substantially lower the risk of
cognitive dysfunction. Nowadays, most patients with
standard-risk ALL do not receive cranial irradiation, and
hopefully the incidence of this complication will be sig-
nificantly reduced.

In adults, recent evidence suggests that the use of IV
and IT MTX-based chemotherapy prior to cranial irradia-
tion for primary CNS lymphoma [27] produces a high risk
of progressive cognitive dysfunction, which may culmi-
nate in severe dementia/leukoencephalopathy. Clearly, the
administration of MTX before irradiation is not sufficient
to prevent the risk of combined toxicity in this setting.
Age over 60 years is apparently a major predisposing fac-
tor for this complication.

Mineralizing microangiopathy

Mineralizing microangiopathy is a pathological entity at-
tributed to the combined toxicity of cranial irradiation and
MTX. It is characterized by the presence of mineralized
deposits in the small vessels of the grey matter. Patients
may be asymptomatic or present a variety of symptoms
including headache, ataxia, seizures or cognitive dysfunc-
tion [15]. On CT, calcification of the basal ganglia and
vascular border zones of the cerebral cortex are found.
Young age and a long delay (at least 10 months) after the

completion of treatment are predisposing factors for this
complication.

The mechanisms underlying the increased toxicity of
combined treatment with MTX and radiotherapy are
poorly known. MTX has radiosensitizing properties. In
addition, radiation induces a breakdown of the blood-
brain barrier, which facilitates the entry of MTX into the
parenchyma. However, the radiation-induced opening of
the blood-brain barrier is relatively small, and it is not
clear whether this effect is sufficient to substantially in-
crease penetration of MTX.

Finally, both cranial irradiation and MTX could cause
cerebral damage through a direct toxic effect on the same
target cells, including neurons and glial cells.

Cytosine arabinoside (cytarabine)

Experimental studies suggest that parenteral Ara-C en-
hances the effect of radiation on the CNS when adminis-
tered shortly before irradiation. While the incidence of se-
vere cerebellar dysfunction is apparently not increased by
previous cranial irradiation, a few reports suggest en-
hanced brain (cognitive dysfunction/leukoencephalopa-
thy) and spinal cord neurotoxicity from combined treat-
ment in humans.

5-Fluorouracil

5-FU has radiosensitizing properties, but neurotoxicity is
apparently not increased by cranial irradiation.

Vincristine

Isolated case reports suggest that combined treatment
with vincristine and radiotherapy increases the risk of
myelitis and peripheral neuropathy [10].

Etoposide (VP-16)

Etoposide has no neurotoxicity in standard doses. Severe
encephalopathy with confusion, increased hemiparesis
and seizures has been observed after high-dose therapy in
patients with recurrent malignant gliomas [50]. These
complications were not found in patients who received the
same regimen for lung carcinoma, suggesting that previ-
ous irradiation played a role in this toxic reaction.

Actinomycin D

Actinomycin D is a well-known radiosensitizer that re-
duces the repair of sublethal radiation damage. This agent
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can also induce a recall phenomenon when it is used after
irradiation. Very early and severe cases of radionecrosis
have been reported after combined treatment with radio-
therapy [60].

Bone marrow transplantation

A combination of high-dose chemotherapy (most often
with cyclophosphamide) and total body irradiation is the
standard regimen prior to bone marrow transplantation. In
this setting, neurological complications are frequent, af-
fecting up to 60–70% of patients. The nature of these
complications is multifactorial, related to the primary dis-
ease (CNS involvement by tumour), to the deleterious ef-
fects of myelosuppression (CNS infection or haemor-
rhage) or to a nonspecific “metabolic” encephalopathy
[56, 82]. Toxicity of the preparative regimen is difficult to
identify, further complicated by the fact that many pa-

tients have been previously treated with neurotoxic che-
motherapy (MTX) and sometimes cranial irradiation. In
one study, the frequency of regimen-related neurotoxicity
was 14% for mild/moderate toxicity, while 1.5% had se-
vere toxicity [3].

Acute complications include transient drowsiness and
occasionally seizures or a severe encephalopathy. Delayed
complications generally consist in mild/moderate cogni-
tive dysfunction with cerebral atrophy.

Multiagent chemotherapy

A syndrome of multifocal pontine lesions sometimes oc-
curs after combined treatment with cranial irradiation and
various chemotherapeutic agents (MTX, nitrosoureas) [6].
The pathological hallmark of this syndrome consists in
multifocal necrotic lesions in the basis pontis without in-
flammation or vascular abnormalities.
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Purpose of review

Malignant brain tumors have a very poor prognosis and the natural history of disease is

very short, usually less than 1 year. Brain tumor patients often present peculiar

symptoms of disease that require appropriate supportive treatment, namely, peritumoral

brain edema, venous thromboembolism, seizures and opportunistic infections. On the

other hand, some important problems such as rehabilitation, depression, psychological

support/communication and end-of-life issues/treatment decisions have been poorly

investigated so far.

Recent findings

This review focuses on the most recent findings for the management of the most relevant

symptoms of brain tumor patients, also discussing the complexity of palliative measures

that should be adopted in patients approaching the end of life.

Summary

In recent years, there has been some progress in the medical management of brain

tumor patients. Nevertheless, much still needs to be done for further improvement,

especially focusing on the unmet need for education in supportive care and end-of-life

issues.
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Introduction

Despite aggressive multimodality treatment with surgery,

radiotherapy and chemotherapy, the prognosis of patients

with primary or metastatic brain tumors remains poor.

Overall, malignant gliomas have the worst outcome,

median survival ranging from 12 to 15 months for glio-

blastoma multiforme and from 2 to 5 years for anaplastic

gliomas [1]. Although developments of more active treat-

ments are ongoing, physicians caring for brain tumor

patients have the important role of providing effective

and adequate supportive care for symptoms and compli-

cations that may result directly or indirectly from the

tumor. Supportive care in brain tumor patients includes

relevant problems such as management of peritumoral

brain edema, venous thromboembolism (VTE), seizures,

rehabilitation, depression, opportunistic infections, psy-

chological support/communication and end-of-life (EoL)

issues/treatment decisions. Unfortunately, relatively few

studies have addressed these problems so far and definitive

guidelines cannot be drawn. In the present review, we will

address recent data that may help to provide a base for

strong clinical recommendations in the future.
Peritumoral brain edema
The pathogenetic mechanism of peritumoral edema in

brain tumor patients is predominantly vasogenic, result-
opyright © Lippincott Williams & Wilkins. Unauth
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ing from the flow of fluid into the extracellular space of

the brain parenchyma through an incompetent blood–

brain barrier (BBB) [2]. Several mechanisms have been

postulated in order to explain the increased BBB per-

meability of brain tumor patients, among which there is

an abnormal secretion of vascular endothelial growth

factor (VEGF) from tumor cells [2]. However, peritu-

moral brain edema is always harmful to patients in that it

exerts mass effect and increases intracranial pressure,

thus causing relevant signs and symptoms of disease.

At present, corticosteroids represent the standard of care

for treating symptomatic brain tumor patients with vaso-

genic edema [3]. Importantly, the use of the lowest

possible doses of corticosteroids should always be pur-

sued in order to prevent or delay considerable side effects

associated with chronic use such as morbid weight gain,

cushingoid syndrome, hyperglycemia/diabetes, myo-

pathy, increased susceptibility to infections [particularly,

Pneumocystis jiroveci pneumonitis (PJP)], osteoporosis,

psychiatric symptoms and adrenal insufficiency second-

ary to suppression of the hypothalamo–pituitary–adrenal

(HPA) axis. Dexamethasone and methylprednisolone are

undoubtedly the most routinely prescribed corticoster-

oids for the treatment of peritumoral brain edema, differ-

ing basically in their safety profile and properties. If

methylprednisolone has a less pronounced myopathic

effect, dexamethasone has a lower mineralocorticoid

activity and longer half-life. Common dexamethasone
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and methylprednisolone dosing for chronic treatment

consists of 8 and 96 mg, respectively, given once or twice

daily, though lower doses may be equally effective [2].

Nevertheless, preclinical evidence suggests that cortico-

steroids in general may impair the antitumor effects of

the alkylating agent temozolomide (Temodar) [4], a drug

that is often administered in the treatment of patients

with malignant glioma. Also for this, there is an urgent

need for novel safer alternatives with similar efficacy to

corticosteroids for the management of vasogenic edema

of brain tumor patients.

Corticorelin acetate (Xerecept; CrA) is a synthetic peptide

formulation of the endogenous neurohormone cortico-

tropin-releasing factor, which is under active investigation

for the treatment of vasogenic edema of brain tumor

patients [5�,6��,7�]. Importantly, the mechanism of action

of CrA appears to be independent of the functionality of

the HPA axis [8,9], resulting from a direct effect of CrA on

the vascular endothelium of the BBB [8]. As a result, given

also its more benign side-effect profile compared to corti-

costeroids [5�], CrA represents an appealing strategy for

the management of peritumoral brain edema. In a recent

randomized study allocating 200 patients with primary or

metastatic brain tumors to CrA 1.0 mg twice daily subcu-

taneously or placebo, CrA led to an at least 50% dose

reduction of dexamethasone in a greater percentage of

patients (57% for CrA versus 46% for placebo; P¼ 0.12)

[6��]. Also, significantly more patients were able to dis-

continue dexamethasone in the CrA group compared with

the placebo group (15 versus 6%, respectively; P¼ 0.04). In

addition, patients on CrA experienced a significant

reduction in dexamethasone-related adverse events such

as myopathy and cushingoid symptoms [6��]. Another

randomized study compared CrA with dexamethasone

for the management of malignant glioma patients experi-

encing exacerbation of signs/symptoms associated with

peritumoral edema [7�]. Although this study was closed

early due to slow accrual (only 37 patients randomized of

the planned 120), CrA was found to be at least as effective

as incremental dexamethasone 4 mg [7�]. However,

despite the encouraging results of these studies, the exact

role of CrA as upfront therapy of peritumoral brain edema

has yet to be determined.

Antiangiogenic agents are among novel drugs that have

been shown to decrease the requirement for corticosteroid

therapy in malignant glioma patients with peritumoral

edema [10��,11��,12�]. In fact, antiangiogenic drugs have

the potential to alleviate edema through normalization of

leaky abnormal tumor vessels [13]. Interestingly, allevia-

tion of peritumoral brain edema induced by antiangiogenic

treatmentmaypositivelyaffectsurvivalevenintheabsence

of inhibitionoftumorgrowthasshowninpreclinicalmodels

of glioblastoma treated with cediranib (Recentin; AstraZe-

neca Pharmaceuticals, Macclesfield, UK), a pan-VEGF
opyright © Lippincott Williams & Wilkins. Unautho
receptor tyrosine kinase inhibitor [14�]. The corticoster-

oid-sparing effect of antiangiogenic drugs has been well

documented with the use of the VEGF-neutralizing anti-

body bevacizumab (Avastin) [10��,11��].
Venous thromboembolism
Malignant glioma patients seem to harbor the highest risk

of developing VTE among all cancer patients, being in

the range of 16–28% in the first year from diagnosis [15].

Direct secretion of procoagulants from the tumor and/or

dysregulation of thrombogenic factors are more likely to

be involved in the pathogenesis of VTE in this high-risk

population. Clinically, it has been documented that major

neurosurgery is among the most important risk factors for

VTE in malignant glioma patients, along with age greater

than 75 years and glioblastoma histology [16]. While there

is uncertainty regarding the benefits of primary prophy-

laxis for VTE in the general cancer population, the use of

low molecular weight heparin (LMWH) for the treatment

of symptomatic VTE and the prevention of recurrent

VTE is recommended [17]. Nevertheless, in malignant

glioma patients, current data provide evidence against

the use of LMWH in the primary prophylaxis of VTE. In

fact, in a recent and prematurely closed randomized

placebo-controlled trial, a trend toward an increased risk

of major intracranial bleeding was noted for patients

allocated to the LMWH arm (5.1% for LMWH versus

1.2% for placebo, P¼ 0.2) [18].

Importantly, antiangiogenic agents such as bevacizumab

may further increase the risk of VTE. Nevertheless,

though the association between bevacizumab and VTE

has been clearly established in nonprimary brain malig-

nancies [relative risk 1.33; confidence interval (CI) 1.13–

1.56; P< 0.001] [19], it is still unclear whether bevacizu-

mab increases the risk in malignant glioma patients of

developing VTE [10��,11��]. Moreover, there is uncer-

tainty on whether bevacizumab increases the risk of

intracranial hemorrhages in the brain tumor population

[10��,11��,20��]. Importantly, a retrospective study

exploring the safety of using therapeutic doses of either

warfarin or LMWH for the prophylaxis of recurrent VTE

in malignant glioma patients suggested that anticoagula-

tion therapy can be safely administered in bevacizumab-

treated patients [21�]. More recently, a larger study

suggested that although bevacizumab may increase the

risk of systemic hemorrhages in malignant glioma

patients receiving anticoagulation compared with those

not on anticoagulation (P¼ 0.025), the rate of severe

intracranial hemorrhages is rather low (3.1%) [22�].
Rehabilitation
During the course of the disease, brain tumor patients

present multiple neurological deficits that can be due
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either to primary tumor effects and/or the adverse effects

of oncologic treatment. In general, rehabilitation in the

early stages of disease aims at restoring function during or

after cancer therapy, whereas in the advanced stages is

important for maintaining patients’ independence and

quality of life [23]. Unfortunately, the role of rehabilita-

tion in brain tumor patients has been poorly investigated

so far. Nevertheless, a significant effect of rehabilitation

therapies has been demonstrated, especially in the acute

phase with a functional gain comparable to that of other

models of neurologic disability such as stroke or traumatic

brain injury [24]. Despite this, rehabilitation in brain

tumor patients is still largely underused.

In recent years, cognitive disorders in brain tumor

patients have been receiving increasingly more attention

from the neurooncologic community. The incidence of

cognitive alterations has been reported to be highly

variable depending on study populations and evaluation

methods [25]. The interest for cognitive alterations is

related mainly to the quality of life of patients and to the

identification of cognitive rehabilitation strategies [25]. A

recent randomized trial performed in malignant glioma

patients showed that cognitive rehabilitation training in

glioma patients may help to improve significantly either

short-term cognitive complaints or longer-term cognitive

performances [26�].
Depression
The real incidence of mood disorders in cancer patients is

not known exactly, neither are its methods of investi-

gation. A major issue for studies exploring the relation-

ship between cancer and depression is the difficulty in

distinguishing major from mild depression. Also, depress-

ive symptoms can be related to many factors (e.g. knowl-

edge of prognosis, neurological disability, cognitive func-

tions, quality of life, socioeconomic condition). As a

result, symptoms of depression should be considered part

of coping strategies in a physiological process of adap-

tation to the disease, at least in those patients whose

depressive symptoms do not meet the criteria for major

depression [27].

In a recent study, Litofsky and Resnick [28] reported an

impressive incidence of depression (93%) in 598 glioma

patients. In the same study, depression was evaluated

using selected items of a quality of life scale (Short Form

36) that are not validated for the detection of mood

disorders in cancer patients [28]. Specific diagnostic tools

for the detection of depression in brain tumor patients

need to be validated in order to eliminate the influence of

somatic symptoms of medical illness. However, many

questions concerning the relationship between depres-

sion and brain tumors remain to be answered such as

whether patients presenting with bad prognostic factors
opyright © Lippincott Williams & Wilkins. Unauth
are more likely to present symptoms of depression or

depression itself should be considered as a predictor of

poor outcome. Also for this, the routine prescription of

antidepressants is debatable at present and psychiatric

medications should be reserved for the few cases in which

major depression is clearly documented.
Opportunistic infections and Pneumocystis
jiroveci pneumonitis
The common use of moderate-to-high doses of corticos-

teroids for the management of peritumoral brain edema

in brain tumor patients can produce a clinically significant

suppression of the immune system, which, in turn, results

in increased vulnerability to opportunistic infections. In

addition, concurrent use of myelosuppressive chemo-

therapy and radiotherapy may further increase the risk

of developing opportunistic infections in brain tumor

patients [29]. PJP is a life-threatening event caused by

the archiascomycetous fungus Pneumocystis jiroveci
(Carinii), which is most common in patients infected

with HIV, and in other immunocompromised patients

such as organ transplant recipients [30]. The incidence of

PJP reported in the literature for malignant glioma

patients ranges from 1.7 to 6.2% [31], with the time

relationship between corticosteroid dosing and time of

onset of PJP being quite well documented: PJP usually

develops after patients have been on corticosteroid

therapy for a median of 2–3 months, with symptoms

often occurring during tapering off corticosteroids [31].

For this reason, physicians caring for malignant glioma

patients should always consider the diagnosis of PJP in

any patient developing respiratory symptoms (Fig. 1),

especially when concomitant corticosteroids are being

administered. Importantly, a high index of suspicion

for PJP and opportunistic infections in general should

be maintained, especially in glioma patients receiving

dose-dense schedules of temozolomide aimed at max-

imizing the clinical effectiveness of the drug [32–34]. In

fact, although these regimens might enhance the anti-

tumor activity of temozolomide through optimal

depletion of the levels of the DNA repair enzyme

O6-methylguanine methyltransferase (MGMT) in

glioma cells [35], they produce high rates of myelosup-

pression, with severe lymphopenia (<500 ml) occurring in

24.2–100% of patients depending on the starting dose of

temozolomide adopted [32–34]. At the present time,

although there are not specific data on the benefits of

a primary prophylaxis for PJP in glioma patients, given

the potential severity of PJP infection and the relatively

low cost of prophylactic treatments, it is reasonable to

offer trimetoprim–sulfamethoxazol prophylaxis to

glioma patients receiving chronic corticosteroid therapy,

particularly when low total lymphocyte or CD4 cell

counts are present and/or myelosuppressive regimens

of temozolomide are being administered. Nevertheless,
orized reproduction of this article is prohibited.



C

624 Brain and nervous system

Figure 1 Case of a 35-year-old female patient developing Pneumocystis carinii pneumonitis

The case of a 35-year-old female patient developing Pneumocystis carinii pneumonitis (PJP) at the 5th week of initiation of radiotherapy with
temozolomide for a partially resected newly diagnosed glioblastoma multiforme of the left temporal lobe. At the time of PJP onset, the patient had been
receiving dexamethasone 8 mg per day for approximately 6 weeks for the prevention of radiotherapy-induced exacerbation of peritumoral edema.
in a recent study investigating the role of iatrogenic

immunosuppression in 96 high-grade glioma patients

receiving radiotherapy with temozolomide, the develop-

ment of CD4 cell counts below 200/ml was found to be a

poor prognostic factor for survival (P¼ 0.03), which was

mostly ascribed to the development of progressive dis-

ease (88% of patients) rather than to an increased rate of

fatal infections (2.5% of patients) [36]. Importantly, 82%

of patients of that study were on corticosteroids at the

time of initiation of antitumor treatment. Although sev-

eral reasons could be put forward to explain these findings

(reduced immunological antitumor response, impaired

temozolomide efficacy induced by corticosteroids), the

importance of exploring novel treatment strategies that

do not cause severe immunosuppression seems evident.
Psychological support/communication
Psychosocial needs of brain tumor patients have not been

well studied. However, it is well known that the diagnosis

of brain tumor induces in patients and families emotional
opyright © Lippincott Williams & Wilkins. Unautho
reactions with discomfort, future uncertainty and depres-

sion [37]. Communication of diagnosis and prognosis is

considered an important step in the palliative manage-

ment and may help facilitate coping strategies. However,

physicians very often do not meet communication needs

and avoid giving breaking bad news. Studies report that

the attitude and knowledge of neurologists and neuro-

oncologists about palliative care are poor and that there is

a great need for education for palliative care and com-

munication skills [38]. Moreover, communication with

patients and family is difficult even for the rapid evol-

ution of neurological symptoms that can affect cognitive

functions. Observational evidence suggests that patients’

awareness about prognosis varies considerably and up to

40% are unaware [37]. A study exploring the medical

decision-making capacity (MDC) in malignant glioma

patients showed that more than 50% of patients have a

compromised MDC compared to controls [39�]. Also, this

study investigated the relationship between cognitive

functioning and consent capacity, suggesting that

MDC impairment may be associated with cognitive
rized reproduction of this article is prohibited.
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impairment [39�]. However, not all patients may wish to

be informed about prognosis and bad news communi-

cations should be tailored to the coping styles of indi-

vidual patients and relatives.
End-of-life issues/treatment decisions
Neurooncologists devote most of their effort seeking

active treatment against the tumor but, according to sev-

eral authors, they devote very little effort to what happens

to patients who have progressive disease and no other

oncologic treatment options available. Little is known

about symptoms and needs of brain tumor patients at

the end of their life, and too many patients do not receive

adequate palliative care so that the burden of care often

falls on patients’ families [40]. Patients and their caregivers

should be assisted in an adequate setting by a trained

neurooncology multidisciplinary palliative team that is

dedicated to the management of the most frequent symp-

toms: epilepsy, brain edema and intracranial hypertension

[41–44]. The main goals of EoL care are to offer adequate

symptoms control, relief of suffering of patients, avoidance

of inappropriate prolongation of dying and psychological

support to spiritual needs of patients and families. The lack

of control of symptoms in patients not included in pallia-

tive home care programs often leads to re-hospitalization

with increase in healthcare economic system cost and

worsening of patients’ quality of life. Recently, we

described our experience of a palliative home care program

for brain tumor patients. Out of 231 patients who died, 152

(66%) were assisted at home until the end of life. The most

frequent symptoms were epilepsy 18%, headache 36%,

drowsiness 85%, dysphagia 85%, death rattle 12%, agita-

tion and delirium 15% [41].

EoL treatment decisions concern nontreatment decisions

(withholding or withdrawing) about therapies given for

the alleviation of symptoms. Withholding is a planned

decision not to undertake symptomatic therapies that

were otherwise warranted; withdrawal is the discontinu-

ation of symptomatic treatments that have been started.

Terminal sedation is defined as the pharmacologically

induced reduction of vigilance up to the point of com-

plete loss of consciousness with the aim of reducing or

abolishing the perception of symptoms that would other-

wise be intolerable (refractory symptoms). EoL treat-

ment decisions in brain tumor patients present unique

features and require specific approaches such as decisions

about nutrition and hydration of patients who are in a

nonreversible coma. A recent European study evaluating

the EoL decision-making process in six European

countries revealed that only 40% of competent patients

are involved in EoL treatment decisions; less than 7%

express their wishes in advance and more than 50% of

decisions are made without involving the patients or their

families [40]. However, considering that the large
opyright © Lippincott Williams & Wilkins. Unauth
majority of brain tumor patients become incompetent

in participating in shared treatment decisions, it is of

outstanding importance to plan EoL treatment decisions

and, when possible, also discuss them with families. The

aim is to obtain a consensus about the withholding–

withdrawing decisions between all participants, respect-

ing both patients’ and families’ values.
Conclusion
Symptomatic treatments in neurooncology need to be

improved in order to maximize clinical benefit. It is the

case of novel therapies for peritumoral edema such as CrA

and antiangiogenic drugs that may help reduce or even

discontinue treatment with the more toxic corticoster-

oids. Also, brain tumor patients on anticoagulation for

symptomatic VTE or prophylaxis of recurrent VTE

should be carefully monitored for intracranial bleeding

and systemic hemorrhages, particularly if they are being

simultaneously treated with the anti-VEGF agent bev-

acizumab. Finally, further effort should be made in order

to define the prevalence and optimal treatment of depres-

sion and cognitive dysfunctions. With all this in mind,

patients’ and families’ wishes at the end of life should

always be assessed and followed when possible, always

considering that at the center of each of our clinical

decision, there is a person adapting to his/her disease.
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Introduction
Since the publication of studies demonstrating the

benefit of radiation for high-grade gliomas [1], life-saving

and life-extending advances for patients with the most

common neuro-oncological problems have been few.

There are notable exceptions. For high-grade gliomas,

systemic and intratumor chemotherapy have been shown

to have modest survival benefits [2,3]. For low-grade

gliomas, we finally have a study proving that radiation

delays progression [4], but some might be disappointed

with the amount of benefit, and the design of that study

did not allow determination of how much radiation

affects survival. For brain metastases, two of three

studies show benefit to resection of single metastases

in appropriately selected patients, and stereotactic

radiosurgery has been shown to be of benefit in some

circumstances. For spinal cord compression from cancer,

surgical removal of tumor was recently shown to preserve

and improve ambulation [5]. In addition to these

advances, incremental advances in surgery, radiation,

and chemotherapy have undoubtedly contributed to

small gains in outcomes.

The modest progress in treating the most common

neurological problems caused by neoplastic diseases

should not, however, lead to a nihilistic sense that we

cannot do much for our patients. Many symptomatic

treatments can make huge differences in the lives of our

patients. Although such treatments may extend life,

undoubtedly their greatest benefit is to improve quality

of life.

Too often, symptomatic treatments have not been

subjected to well-designed studies in patients with

neoplastic disease affecting the nervous system. For

some problems, such as seizure control and pain control,

one must extrapolate from studies performed in non-

neuro-oncological patients. For other problems, such as

use of corticosteroids for patients with primary and

metastatic brain tumors, one must learn the best

practices from experienced mentors and from personal

experience rather than from scientific evidence.

The reasons for the paucity of studies on management of

symptoms and complications are many, but perhaps the

most important are the lack of funding and the lack of

investigator interest in such studies. Funding has always

been more readily available for investigating treatments

that have the potential to extend life or that utilize a

marketable product. Perhaps a medical center is less

likely to enhance its reputation for treating brain tumors

by doing studies of symptomatic treatments than by

searching for cures.

I have selected four areas in the management of

symptoms and complications in neuro-oncology patients.

I have summarized a few aspects of what is known and

pointed out areas ripe for study.

Seizure prevention and treatment
Seizures are a very common problem in neuro-oncology.

With brain metastases, they occur in 18% at presentation

and in another 15% subsequently. With astrocytomas,

seizures occur in 42% at presentation and in another 32%

later [6]. The key to diagnosis of seizures is a careful

history, which will sometimes disclose spells not

mentioned by the patient or family.

Well-designed studies of the efficacy of tumor resection

on seizure control are lacking, but it is commonly

observed that brain tumor patients who present with

seizures often become seizure-free or have a reduction in

seizure frequency after resection. No study has answered

the question of whether radiotherapy decreases seizure

frequency in patients with refractory seizures in the

setting of a low-grade glioma that is unresectable or has

already been resected. A meta-analysis suggests that in

patients without seizures at diagnosis, anti-epileptic drug

(AED) prophylaxis is ineffective [6].

It can be assumed that seizures caused by brain tumors

are partial seizures. The AEDs most effective in partial
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epilepsy are likely to be most effective with brain

tumors, but some special considerations apply. Pheny-

toin is perhaps the most commonly prescribed AED for

brain tumor patients in the USA because of its familiarity

and because it can be started rapidly in the perioperative

period. Important drawbacks to phenytoin are the risk of

cutaneous allergy (10% or more) and the difficulty in its

titration at higher doses due to its saturable metabolism,

wherein small dose changes produce a disproportionate

change in drug level, easily leading to severe neurolo-

gical side effects. Monitoring of drug levels is essential

with phenytoin. Carbamazepine is an excellent choice

for idiopathic partial epilepsy, but the expected mild

leukopenia is a drawback in a patient who will receive

cytotoxic chemotherapy. Similarly, divalproex can cause

thrombocytopenia at high drug levels, occasionally

interfering with chemotherapy, and contributes to

weight gain, a major concern in a patient on corticoster-

oid therapy. In the author’s experience, levetiracetam is

an excellent choice due to its efficacy, tolerability, and

simplicity. With lamotrigine and topiramate, the recom-

mended slow titration limits their use when survival is

likely to be short, as in patients with glioblastoma and

brain metastasis, but they are excellent choices in

patients with low-grade gliomas and in long survivors

with high-grade gliomas.

Recent years have seen new appreciation of drug

interactions with AEDs that are important in neoplastic

disorders. Phenytoin, a strong inducer of hepatic

enzymes, has long been known approximately to double

the metabolism of dexamethasone and also to affect

other common corticosteroids [7]. This is not a reason to

avoid phenytoin, but the informed physician will keep in

mind that a given dose of dexamethasone will have only

half as much effect in a patient on phenytoin.

Carbamazepine and phenobarbital have a similar effect,

but whether other enzyme-inducing AEDs have the

same effect, or whether enzyme-blocking drugs such as

divalproex have the opposite effect, is unknown.

Enzyme-inducing AEDs induce metabolism of a number

of chemotherapy drugs including irinotecan, paclitaxel,

topotecan, and teniposide [8] as well as several new

molecular-targeted agents including imitanib, gefitinib,

and tipifarnib. To what extent AEDs might induce

metabolism of other chemotherapy drugs remains little

explored. It is also known that anti-neoplastic drugs can

affect AED metabolism; for example, imitanib blocks

metabolism of carbamazepine via CYP3A4, an effect that

may cause acute toxicity unless anticipated.

A difficult problem in need of further study is AED

management near the end of life, when patients with

progressive tumors of the cerebral hemispheres typically

lose the ability to swallow. Several AEDs are available as

suspensions or elixirs, but their use provides only a

temporary solution because the inability to swallow pills

is usually followed rapidly by the inability to swallow

liquids. The author has had excellent success with

intramuscular phenobarbital given once daily in a dose of

130, 195, or 260 mg, depending on body size and the

recent occurrence, frequency, and severity of seizures. A

double dose is generally given on the first day to serve as

a partial loading dose. An extra dose (same as the daily

dose) can be given on any day the patient has a seizure,

and large extra doses of several hundred milligrams can

be given for repeated seizures or status epilepticus. The

expected sedation is generally acceptable if not welcome

in a dying patient and allows death to occur peacefully

rather than with a flurry of seizures.

Seizures associated with brain tumors provide many

opportunities for research studies, including studies of

the mechanism by which tumors cause seizures [9],

interactions of AEDs with dexamethasone and che-

motherapy drugs, and pharmacology and efficacy of

AEDs administered by the subcutaneous or rectal route

near the end of life.

Corticosteroid therapy
The use of corticosteroid therapy for symptom relief in

patients with brain metastases and primary brain tumors

has never been subjected to a randomized trial, but no

physician experienced in the management of these

patients doubts its efficacy. Corticosteroids are also used

for cord compression from vertebral metastasis (but

usually only transiently) and for leptomeningeal metas-

tasis (but probably with less benefit than with solid brain

tumors). They can also be used for anti-neoplastic

benefit with primary lymphoma of the central nervous

system (usually transiently) and to prevent and treat

herniation in patients with large tumors with severe mass

effect. In most cases, however, the indication is relief of

symptoms, and the dose is adjusted based on response of

those symptoms.

Dexamethasone is usually chosen because it provides

the desired glucocorticoid effect with a minimum of

mineralocorticoid effect. There is probably no medica-

tion used in medicine with a wider range in doses. In

patient with major symptoms, 16 mg daily is a common

starting dose. With transtentorial herniation, a 100 mg

bolus followed by 96 mg daily is a typical dose. In many

patients, however, a starting dose around 4 mg/day is

appropriate, and during a slow taper, changes of 0.5 mg/

day or smaller can be important.

Dexamethasone has a serum half-life of around 3–6 h

[7], but in the author’s experience it acts like a drug with

a much longer half-life. Its longer effective half-life

affects its optimal use in several ways. (1) A loading dose

is often advisable. Whether the setting is emergency
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intravenous treatment, initiation of oral therapy, or an

increase in dose with chronic oral therapy, the author

often uses a loading dose similar to the new daily dose.

(2) It affects our assessment of benefit and decisions

about further adjustments. Clinical experience indicates

that it takes approximately 2–5 days to see most of the

benefit of treatment initiation or of a dose increase (but

perhaps less with a loading dose). Similarly, if symptoms

are going to worsen after a dose reduction, this will

typically occur after approximately 2–5 days. (3) Fre-

quent dosing or adherence to a rigid schedule is not

required. For patients on oral therapy, the author

typically uses twice-daily dosing, with the first dose in

the morning and the second in the afternoon, but even

once-daily treatment can be adequate, especially when

the dose is small. We should teach our trainees that

dosing every 6 h is not required. Countless times I have

advised patients and their families that they do not need

to set an alarm clock to take a 2 AM dose.

In the author’s experience, the most important dose-

limiting side effects are weight gain and cushingoid

appearance in younger patients and steroid myopathy in

older patients [10,11]. Some evidence suggests that non-

fluorinated corticosteroids may cause less myopathy than

dexamethasone [12]. Preclinical studies suggest that

insulin-like growth factor I and growth hormone may

prevent this complication [13].

The mechanism of action remains poorly understood.

Perhaps the leading concept is that corticosteroid

therapy partially repairs the defect in the blood–brain

barrier, decreasing the entry of edema fluid into the

surrounding regions [14,15]. Related concepts are

decreased tumor blood flow, which might reduce the

pressure gradient for edema formation, and decreased

tumor blood volume, which might reduce tumor mass

[14,16,17]. These effects are small, however, and it is by

no means clear that they are the major explanation for

the clinical benefit. Corticosteroids are known to act via

nuclear receptors, which modulate transcription, and

cytosolic receptors, which have a variety of non-genomic

effects [18,19]. Perhaps mediation of effects by gene

transcription accounts for the discrepancy between its

short half-life and its long effective duration. A better

understanding of the mechanisms of corticosteroid

benefit might lead to alternatives that are more effective

or cause fewer side effects.

Corticosteroid therapy provides many opportunities for

research studies. These include: basic studies of

corticosteroid action on brain tumors; development of

alternative steroid or non-steroid pharmaceuticals acting

by similar mechanisms; studies of dexamethasone

pharmacology; and clinical studies of the prevention,

early detection, and treatment of steroid myopathy.

Depression
The diagnosis of a brain tumor or a serious neurological

complication of cancer, together with the accompanying

disability, discomfort, uncertainty, and loss of life

expectancy, invariably provokes emotional reactions. In

some patients, the emotional reactions themselves

become an important cause of distress and disability.

Depression is important not only because of the

experience of distress and reduced quality of life, but

also because it may be associated with shortened survival

and increased complications [20]. The Glioma Outcomes

Project found some features of depression in 15–93% of

patients, and the diagnosis of depression depended

heavily on the criteria used [20]. Cardinal symptoms of

depression are listed in Table 1. The psychological

symptoms are those most useful in assessing depression

in patients with brain tumors. The ‘other’ symptoms

might be less useful in patients with brain tumors

because either the tumor itself or its treatment (e.g.

dexamethasone) might either cause or mask some of

these symptoms. A particular challenge is distinguishing

depression from the grief reactions that follow bad news

or loss of function. Often the passage of 1 or 2 weeks

clarifies the diagnosis.

Many clinicians including the author find that antide-

pressant therapy seems to be of substantial benefit in

selected patients. It is possible that antidepressant

therapy may be of benefit even for patients who do

not meet conventional criteria for depression. The most

common agents prescribed are the serotonin-selective

reuptake inhibitors (SSRIs). Among the SSRIs, fluox-

etine might be a less-preferred agent in brain tumor

patients because of the very long half-life of the native

drug and its active metabolite. Paroxetine has the

disadvantage of mild sedation associated with anti-

cholinergic activity [22]. Citalopram, escitalopram, and

sertraline are good choices. Some authors advocate

methylphenidate or other psychostimulants for manage-

ment of depression near the end of life because these

drugs act rapidly and may alleviate somnolence and

fatigue in addition to treating depression [23,24].

Table 1. Cardinal symptoms of depression in neuro-oncology
patients

Psychological symptoms Other symptoms

Depressed mood
Anhedonia
Thoughts of death or suicide
Feelings of worthlessness
or guilt

Weight loss or gain
Insomnia or hypersomnia
Fatigue
Psychomotor retardation or
agitation

Impaired concentration and
decision-making

Derived from [21].
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An interesting new hypothesis regarding depression is

that it may be related to a decrease in ongoing

neurogenesis [25,26]. Genesis of new neurons from stem

cells is now known to be an ongoing process in certain

brain regions including the dentate gyrus of the

hippocampus and the subventricular zone. According to

this hypothesis, stimulation of neurogenesis may be a

mechanism of antidepressant action. This hypothesis

could account for the delay of several weeks in

antidepressant benefit. It is known that decreased

serotonin can be associated with a lower rate of

neurogenesis and that serotonin can stimulate release

of neurotrophic factors and anti-apoptotic proteins.

Furthermore, radiation is known to interfere with

neurogenesis. If the neurogenesis hypothesis of depres-

sion is correct, it might be predicted that patients who

have undergone brain radiotherapy (especially to the

whole brain) will not benefit from SSRI treatment. This

population provides the ideal model for testing this

important hypothesis.

Venous thromboembolism: prevention,
detection, and treatment
Venous thromboembolic disease including deep-vein

thrombosis (DVT) and pulmonary embolism has been

reported in 28–37% of patients with high-grade gliomas

[27,28]. It is also common in patients with neurological

complications of widespread cancer. The pathological

finding of intravascular thrombus in the tumor specimen

indicates a very high risk of subsequent thromboembolic

complications [29].

Simple bedside screening detects many cases, often

when symptoms are mild or even absent. This includes

asking patients at high risk (e.g. high-grade glioma

patients) about chest pain, shortness of breath, and leg

pain. With DVT, examination will often reveal asymme-

trical edema and tenderness in the calf or popliteal fossa.

With pulmonary embolism, examination findings can be

minimal, but tachycardia and decreased oxygen satura-

tion can be clues. We need to teach these skills to our

trainees. Conceivably, diligent bedside surveillance for

DVT and pulmonary embolism might make more

difference in the survival of patients with high-grade

gliomas than certain antitumor treatments.

For diagnosis of DVT, ultrasound has become the

mainstay because it is non-invasive and accurate. For

diagnosis of pulmonary embolism, alternatives include

spiral computed tomography and ventilation-perfusion

scan, and, in problematic cases, pulmonary angiography.

Ultrasound of the lower extremities is also a very

practical choice by showing the source of emboli. Assay

of D-dimer is a sensitive screen that might be used to

decide whether to investigate further when clinical

suspicion is low [30].

The main alternatives for definitive treatment are

anticoagulation and the vena cava filter. Anticoagulation

is surprisingly safe with a low incidence of the most

feared complication, intratumoral hemorrhage [28,31]. It

is common to avoid anticoagulation in patients with

previous symptomatic intratumoral hemorrhage or even

asymptomatic hemorrhage evident by neuroimaging, but

the author knows of no evidence demonstrating that this

is necessary. It is also common practice to avoid

anticoagulation when possible within several weeks of

a neurosurgical procedure. Again, good evidence is

lacking, but the author has encountered three fatal

intratumoral hemorrhages within 2 weeks of a neuro-

surgical procedure, two of which followed stereotactic

biopsies. Clearly, one must be concerned about this risk.

For early treatment of DVT and pulmonary embolism,

subcutaneous injection of a heparinoid is gradually

replacing intravenous heparin. For long-term treatment,

alternatives include subcutaneous heparinoid or oral

warfarin. The oral anticoagulant ximelagatran will

probably become another alternative. The optimal

duration of anticoagulation is unknown.

The vena cava filter is quite effective for prevention of

pulmonary embolism. Its drawbacks, however, should

not be dismissed. It still allows pulmonary embolism to

occur with low incidence, but fortunately these emboli

are usually small. Not only does it leave the DVT

untreated, but it may worsen the course of DVT and add

the risk of vena cava thrombosis [32,33]. Nonetheless, it

is a reasonable approach in patients with pulmonary

embolism but no symptomatic DVT, and it is the

treatment of choice in patients with a strong contra-

indication to anticoagulation, especially a recent neuro-

surgical procedure.

Perhaps prevention would be the best intervention. The

efficacy of aspirin and low-dose warfarin in other

situations with high risk of thromboembolism might

stimulate studies in patients with brain tumors [27,34].

Thromboembolic complications in neuro-oncology offer

many opportunities for research. The mechanisms by

which high-grade gliomas increase risk remain poorly

defined, but certainly angiogenic factors secreted by

tumor must be among the top suspects. Opportunities

for clinical studies include studies of risk after neuro-

surgical procedures and studies of prevention, surveil-

lance, and treatment.

Conclusions
Optimal management of symptoms and complications

provides important benefits to patients with brain tumors

and other neuro-oncological problems. This area pro-

vides opportunities for development of clinical skills,

teaching these skills to our colleagues and trainees, and
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basic and clinical research studies. Seizure management

provides opportunities for studies of epileptogenesis

with brain tumors, optimal AED choice, AED interac-

tions with corticosteroids and other drugs, and AED

management in patients no longer able to swallow. With

corticosteroid therapy, important areas of study include

mechanism of action, development of agents with fewer

side effects, pharmacology and drug interactions, and

prevention and treatment of side effects such as steroid

myopathy. Venous thromboembolism is a common and

important complication of malignant brain tumors.

Studies of its pathophysiology, risk factors, prevention,

and treatment could benefit our patients. Depression is

common in brain tumor patients but it can be difficult to

diagnose. Studies of the diagnostic criteria and optimal

management of depression would be valuable. Our

patients may provide an ideal model for testing the

neurogenesis hypothesis of depression.
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Palliative care in patients with brain metastases
Sophie Taillibert and Jean-Yves Delattre

Purpose of review

With improvements in systemic therapy, central nervous

system metastases have increased in incidence in patients

with cancer. Patients with brain metastases from solid

tumors often have a dismal prognosis, and supportive

measures are often critical in improving patient outcome.

They include treatments against vasogenic edema,

seizures, symptomatic venous thrombosis, and pain, and

the management of iatrogenic side effects. This article

reviews all the supportive care measures in patients with

brain metastases, with the exception of tumor-specific

chemotherapy treatments that are also used in this

patient population.

Recent findings

Recently, improvement has been made in the management

of the following complications of brain metastases: epilepsy

and antiepileptic drug side effects, thromboembolic

complications, fatigue and cognitive disorder of mixed

(tumoral and/or iatrogenic) origin, pain, hematological side

effects of chemotherapy, and steroids complications.

Summary

Patients with brain metastases are particularly prone to

develop severe side effects, increased fatigue, and

cognitive deteriorations following apparently minor

changes in symptomatic treatments. Palliative management

of brain metastasis requires a multidisciplinary approach,

and it is important to avoid any treatment that is useless or

harmful or has a poor toxicity/efficacy ratio.
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Introduction
As systemic therapy improves in the adjuvant and meta-

static settings in patients with cancer, central nervous

system (CNS) involvement is an emergent problem

becoming more relevant and widespread each day, with

an estimated 20–40% of patients with cancer who will

develop brain metastases during the course of their illness.

Patients with brain metastases are rarely cured (except

when the primary is a germinal tumor). For that reason, pal-

liative care in that context can be understood as supportive

and symptomatic care including treatments against vaso-

genic edema, seizures, and symptomatic venous thrombo-

sis, but also in its broad sense relying on more specific but

unfortunately not curative tools such as whole brain radi-

ation, stereotactic radiosurgery, chemotherapy, targeted

approaches, and even surgery. This review focuses on

the current approach of supportive treatments.

Supportive (symptomatic) treatments
Symptomatic treatment includes the management of the

following complications of brain metastases: vasogenic

edema, seizures, symptomatic venous thrombosis, pain,

cognitive disorders, and fatigue [1••,2••]. It also involves

the management of side effects to corticosteroids, antiep-

ileptic drugs (AEDs), anticoagulants, opioids, chemother-

apy, and radiotherapy.

These patients are rarely cured, so it is essential to care-

fully select the appropriate treatments that will improve

both the quality and the duration of patient’s life. As illus-

trated in the review of El Kamar and Posner [2••], an inju-

dicious selection of pharmacological agents, through side

effects, may worsen the patient’s quality of life (QOL).

Pruitt [1••] proposed guidelines for a careful and optimal

management of medical complications in patients with

brain tumors or brain metastases. These issues are also

addressed in a prior review on palliative care in patients

with primary brain tumor [3•].

We highlight the following points.

Vasogenic edema
Corticosteroids are used to reduce increased intracranial

pressure and control or prevent cerebral edema associated

with tumor involvement or subsequent to therapeutic

interventions (e.g. surgery or radiation). They have a sig-

nificant toxicity and the goal of therapy should be to man-

age symptoms at the minimum steroid dose possible.
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Corticosteroid side effects
Among the well known side effects of corticosteroids,

many are preventable and reversible with dose reduction,

and some are especially clinically relevant in the case of

patients with brain metastases (BMP).

(1) Prevention of an electrolyte disturbance is essential

because it may increase a preexisting somnolence,

cognitive disorder, or encephalopathy.

(2) Glycemia must be monitored because diabetes favors

the occurrence of infections in patients who are

already immunosuppressed by chemotherapy and

who are subject to pneumoniae when they have a dif-

ficulty to swallow. Opportunistic infections (especially

Candida) are frequent, and some advocate a prophy-

laxis of Pneumocystis pneumoniae for patients requiring

corticosteroids for more than 1 month. Nevertheless,

the follow-up and balance of glycemia must be less

strict than in patients with diabetes, because QOL

remains a priority in this setting.

(3) Osteoporosis, aseptic bone necrosis, and proximal

myopathy can contribute to the motor impairment

of patients, thus increasing the risk of deep venous

thrombosis. Osteoporosis can be at least partially pre-

vented by a moderate daily physical activity, ideally

completed by daily physiotherapy sessions (against

amyotrophy also), by adequate nutritional support

(proteins, calcium, vitamin D), and perhaps also by

the use of biphosphonates [4].

(4) CNS side effects include mood alteration, insomnia,

tremor, anxiety, depression, and psychosis. They con-

tribute to the worsening of the neurologic status.

(5) Rapid steroid taper may also worsen neurologic symp-

toms (brain edema recurrence) or induce depression,

anorexia, muscles aches, and joint pain. Steroids must

then be reincreased. The occurrence of an adrenal

insufficiency must be adequately treated.

(6) The reduction of the permeability of the blood–brain

barrier (BBB) by steroids decreases the efficacy of

most chemotherapy that need a disrupted BBB to

reach therapeutic levels.

Epilepsy
Focal or generalized seizures are the presenting symptom

in 15–20% of BMP. Metastases from melanoma have a 50%

incidence of seizures, perhaps because of their hemor-

rhagic nature. AEDs should be avoided unless patients

experience seizures. When introduced, the AEDs should

be maintained until the patient has remained seizure-free

for at least 2 years, which often means lifelong in this

group of patients.

Rarely, AEDs are prescribed in the setting of a primary

prevention. It is the case in the perioperative period

and in the peristereotactic radiosurgery period, especially

if cortical lesions are located in a functional (motor) area or

if a massive vasogenic edema that could be increased by

seizures is already present. The indication of AEDs in a

prophylactic setting in melanoma brain metastases

remains controversial despite the high incidence of seiz-

ures in that case.

Antiepileptic drug side effects

Whenever possible, a monotherapy should be preferred

because of the potential addition of drugs adverse

effects, especially asthenia, sleepiness, and cognitive

impairment.

If possible, non-cytochrome (CTY) (P450) enzyme-inducing

drugs should be preferred, especially when chemotherapy

is planned, because of the risk of decreased efficacy of

chemotherapy if prescribed at the usual dose [5,6].

Enzyme-inducing AEDs also interact with corticosteroids.

It implies the monitoring of AEDs levels during steroids

introduction and tapering. Valproic acid has no enzyme-

inducing action and prevents partial seizures, secondary

generalizations, and generalized seizures. For these reasons,

it is one first-choice agent. Nevertheless, as an enzyme

inhibitor, it may increase the toxicity of chemotherapy,

independently of its own ability to induce thrombopenia.

Most of the new AEDs including gabapentin, tiagabine,

topiramate, and levetiracetam have no enzyme-inducing

activity and are good candidates in the treatment of partial

seizures secondary to brain metastases.

Symptomatic venous thrombosis
Thromboembolic complications represent a major cause of

morbidity and mortality in these patients. They are

explained by an increased risk after operation, especially

in patients with a hemiparesis or a general increased risk

because of cancer and in chemotherapy-treated patients.

Prophylaxis with low-molecular-weight heparin (LMWH)

should be systematic in case of reduced mobility. BMP

with symptomatic venous thrombosis can be anticoagu-

lated safely with warfarin or LMWH. LMWH is safer

and more convenient because of the lack of interaction

with chemotherapy. Unless the bleeding is still active

and uncontrolled, anticoagulation of patients with hemor-

rhagic metastases is not contraindicated if necessary, but it

requires strict monitoring of anticoagulation parameters or

more systematic imaging of the brain.

Anticoagulant side effects
Bleeding or lack of efficacy (thrombosis recurrence or

extension) is directly linked to inappropriate therapeutic

levels of anticoagulants. This is the major reason to avoid

antivitamin K in patients with cancer under chemotherapy.

The international normalized ratio is particularly difficult

to stabilize in that context, implying a greater risk of

complications but also repeated blood sampling in already
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tired patients. During a curative anticoagulation, nonsteroidal

anti-inflammatory drugs must be avoided, and platelet

count must be maintained over 50,000/mm3.

Pain
Headaches are seen in about half of BMP. Antalgics may

be needed in addition to corticosteroids. It is better to

avoid nonsteroidal anti-inflammatories because of the gas-

tric toxicity they share with corticosteroids. All classes of

antalgics including opioid derivatives need to be used in

BMP.

Neuropathic pain secondary to meningeal or skull base

involvement, due to herpes zoster induced by immuno-

suppression or secondary to neurotoxic chemotherapy,

may be better controlled with AEDs such as gabapentin

[7], carbamazepine, phenytoin, clonazepam, or lamotri-

gine. In this indication, gabapentin must be prescribed

at higher doses than in epilepsy (up to 3200 mg/day).

Amitriptyline and baclofen may be added.

Opioid side effects
Opioids may induce or increase a preexisting cognitive

impairment (tumoral, AEDs, chemotherapy, radiother-

apy), somnolence (tumoral, AEDs, radiotherapy), asthenia

(tumoral, AEDs, chemotherapy, radiotherapy), psychiatric

disorder (corticosteroids), nausea or vomiting (tumoral,

chemotherapy, radiotherapy), and constipation, which is

already frequent in bedridden patients. The subcutaneous

administration of methylnaltrexone seems particularly

rapidly (in a few hours) efficacious on this last adverse

event [8].

Cognitive disorder and fatigue
About 75% of BMP have an impairment of consciousness

or cognitive function. Both may be secondary to the dis-

ease and to the treatments (opioids, AEDs, chemotherapy,

and radiotherapy). Fatigue associated with adrenal insuf-

ficiency may also complicate a corticosteroids rapid taper.

Prevention and correction of the chemotherapy-induced

fatigue are discussed here. Several tools that are useful

in the management of asthenia are detailed.

Chemotherapy side effects
The side effects of chemotherapy may include the

following.

Delayed nausea/vomiting

In BMP, who have many reasons to experience nausea and

vomiting, highly emetogenic chemotherapy (especially

cisplatin-based) is commonly administered. One new

agent could improve the tolerance to this regimen. One

recent phase III study showed that in the prevention of

delayed nausea/vomiting, the combination of aprepitant

on days 1–3 with a selective 5-hydroxytryptamine3
receptor antagonist on days 1–4 and dexamethasone

on days 1–4 provides a better control than ondensetron

on days 1–4 and dexamethasone on days 1–4. This study

was performed with a cisplatin-based regimen [9].

Anemia

Anemia is a major cause of fatigue in patients with cancer

and can be easily prevented or treated. For reasons related

to QOL, it seems particularly important to start a treat-

ment with epoetin alpha (EPO) or darbepoetin alpha as

soon as possible, when only a mild anemia (hemoglobin

10–12 g/dl) is observed [10–12]. These drugs should be

taken weekly, every 2 weeks or every 3 weeks, because

such schedules have shown comparable efficacy and safety

profiles with 3-times-per week regimens and are less cum-

bersome to patients. They are well tolerated and achieve

comparable clinical and hematological outcomes, increas-

ing hemoglobin levels, improving QOL, and reducing

transfusions [13–23].

Cognitive impairment and fatigue

Among patients with breast and lung cancer, the incidence

of fatigue reaches 99%. Sixty-one percent of patients will

continue to experience fatigue after radiotherapy or che-

motherapy has been stopped. Fatigue, mental confusion,

lack of focus, inability to concentrate, inability to organize

daily activities, neurobehavioral impairment, loss of mem-

ory, and decreased mental clarity characterize what has

been called the chemobrain syndrome [24].

A recent study showed a significant effect on the QOL of

patients undergoing amultidimensional exercise profile. The

program was including high-intensity and low-intensity

activities (physical exercise, relaxation, massage, and body-

awareness training) performed out in groups of 7–9

patients 9 hours weekly for 6 weeks. This program signif-

icantly improved muscular strength, physical fitness,

physical activity level, and QOL, and reduced treatment

related side effects [25].

In BMP, physical exercises should be adapted to the neu-

rologic functional status of patients and focused on special

issues such as the prevention of proximal amyotrophy.

No agent has been yet validated against fatigue related

to cancer and/or cancer treatments, although many are

assessed each year. Methylphenidate provided encourag-

ing results in a double-blind study compared with placebo

[26], and dexmethylphenidate was well tolerated and sig-

nificantly more effective than placebo in improvement of

fatigue and impaired memory occurring after chemother-

apy [24]. Another trial showed patients with fatigue that

persisted an average of almost 2 years following chemo-

therapy who experienced a benefit from modafinil [27].

Nevertheless, this was an open trial, and studies have

shown a significant placebo effect in that type of clini-

cal evaluation [26]. These encouraging results must be
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confirmed by other randomized trials, and the harmless-

ness of these agents must be established in BMP, espe-

cially regarding the issue of seizure control. As in most

of the trials, the presence of brain metastases was an

exclusion criterion in these previous studies.

A potential neuroprotective effect of EPO is currently

under evaluation in preclinical and clinical studies.

Recently, EPO has emerged as a multifunctional growth

factor that plays a significant role in the nervous system.

Both EPO and its receptor are expressed throughout the

brain and glial cells, neurones and endothelial cells.

In-vivo evidence supports a broad protective role for EPO.

EPO modulates an array of vital cellular functions that

involve stem cell development, cellular protection against

oxidative stress, inflammatory and apoptotic injuries,

angiogenesis, and DNA repair [28•–33•]. Pharmacokinetics

studies show a passage of EPO and darbepoietin alpha

across the blood–brain barrier (BBB) in sufficient amounts

to provide neuroprotective effects [34•]. These encourag-
ing data associated with the already well known tolerance

profile of these agents after years of clinical administration

in anemia and chronic kidney disease let us hope that

EPO may play a wider role in the palliative care of BMP.

Neutropenia/febrile neutropenia

Chemotherapy remains palliative in BMP, so it is impor-

tant to control its negative effect on patients’ daily activ-

ities. Febrile neutropenia and subsequent hospitalizations

alter patients’ QOL. Neutropenia and febrile neutropenia

occurrence can be reduced considerably by the prophylac-

tic use of granulocyte-colony stimulating factor. Convenient

regimens with less frequent injections such as pegfilgrastim

(one injection every cycle administered the day after

chemotherapy) should be preferred [35,36]. When febrile

neutropenia occurs, each time the neurologic status of the

patient (cognitive impairment, difficulty to swallow), the

social situation (presence of a caregiver), and the infec-

tious status permit it, outpatient therapy should be

started to avoid unnecessary hospitalizations. Outpatient

therapy has been proven safe and effective when these

conditions are respected [37].

Osteoporosis

A recent report showed that a single annual infusion of

zoledronic acid against cancer treatment-induced bone

loss can lead to a significant steady increase in bone min-

eral density and a reduction in bone resorption markers for

up to 2 years [4].

Radiotherapy side effects
The side effects of radiotherapy are as follows.

Acute effects

Acute effects (during the treatment) are quite rare during

conventionally fractionated brain radiotherapy. Clinical

manifestations include mental status or level of conscious-

ness alterations, worsening of focal neurologic signs, and

seizures. These effects are linked to a radiotherapy

induced edema and are reversible with corticosteroids.

Subacute or early delayed reactions (within 6 months

after radiotherapy)

Somnolence syndrome occurs within 2–6 months after

radiotherapy and is characterized by somnolence,

anorexia, and irritability without any new focal deficit.

This syndrome is transient and fully resolves within

2–5 weeks and is the consequence of a demyelination.

Focal neurologic deficits may be related to intralesional

or perilesional reactions of edema and demyelination.

Imagery shows tumoral volume, tumoral contrast enhance-

ment, and white matter changes. These modifications

reflect lesional radionecrosis, BBB disruption, and

demyelination.

Late effects (more than 6 months after radiotherapy)

Focal radiation necrosis occurs between 6 months and

2 years after treatment (especially stereotactic radiosur-

gery). New focal deficits and clinical signs secondary to

increased intracranial pressure occur. Magnetic resonance

imaging shows an irregular tumoral enhancement with

volume increase and surrounding high signal areas of

the white matter. Differentiating necrosis from tumor

recurrence or progression is difficult even with new tools

such as magnetic resonance spectroscopy or 18F-labeled

2-deoxy-2-fluoro-D-glucose (18-FDG) positron emission

tomography scan. Diagnosis is often made retrospectively

after treatment that may include corticosteroids and/or

surgical resection.

Diffuse white matter injury after irradiation is revealed by

symptoms that can vary from mild lassitude, memory loss,

and personality changes to ataxia, dysarthria, confusion,

and incapacitating dementia. MRI shows diffuse high sig-

nal areas in the white matter, ventricular dilatation, and

cortical atrophy. The underlying mechanism is microangi-

opathy. Unfortunately, no symptomatic treatment has

proven any efficacy yet in that indication.

Conclusion
As systemic cancer therapies improve, brain metastases

become more prevalent. All available therapies including

surgery, radiotherapy, stereotactic radiosurgery, and

chemotherapy unfortunately remain only palliative tools.

Early systematic detection may improve outcome in

tumors known for their high frequency of metastatic

potential to the brain such as nonsmall cell lung can-

cer, melanoma, or breast cancer. New compounds achiev-

ing consistently therapeutic levels in the CNS despite

the BBB integrity become a priority in the CNS meta-

static setting and in the adjuvant and prophylactic
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situations to treat potential micrometastases and avoid

the emergence of a CNS sanctuary. In the meantime,

dealing with these patients relies on a subtle balance

between an extensive use of the currently available med-

ical tools and the avoidance of useless and possibly harm-

ful treatments.
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Cancers of the nervous system are clinically challenging
tumors that present with varied histopathologies and
genetic etiologies. While the prognosis for the most
malignant of these tumors is essentially unchanged
despite decades of basic and translational science
research, the past few years have witnessed the identifi-
cation of numerous targetable molecular alterations in
these cancers. With the advent of advanced genomic
sequencing methodologies and the development of
accurate small-animal models of these nervous system
cancers, we are now ideally positioned to develop
personalized therapies that target the unique cellular
and molecular changes that define their formation and
drive their continued growth. Recently, the National
Cancer Institute convened a workshop to advance our
understanding of nervous system cancer mouse models
and to inform clinical trials by reconsidering these
neoplasms as complex biological systems characterized
by heterogeneity at all levels.

Keywords: brain tumor, genetically engineered mice,
glioma, medulloblastoma, xenograft.

T
umors of the nervous system comprise a hetero-
geneous group of neoplasms that vary in location,
age at onset, histologic features, tendency for pro-

gression and migration, and response to therapy.1 In this
regard, these tumors exhibit a wide spectrum of histo-
logic subtypes reflecting their potential cell of origin,
causative molecular changes, local microenvironments,
and clinical behavior (Table 1). Recent studies have
underscored this heterogeneity, even within a histologi-
cally defined tumor subtype, demonstrating that histo-
logically similar tumors represent several distinct
molecular subtypes,2–4 each with a unique pattern of
deregulated growth control pathways.5 Similarly, other
CNS tumors (e.g., medulloblastoma, ependymoma)
harbor distinct gene expression patterns that suggest
that this molecular heterogeneity may be harnessed to
develop more individualized therapies for these deadly
cancers.6–8

To begin to address this issue of heterogeneity, the
National Cancer Institute convened the fifth Mouse
Models of Human Cancers Consortium (MMHCC)
Nervous System Tumors Workshop, held in
Montreal, Canada, on November 18, 2010
(Table 2). The workshop was divided into four
topics, each moderated by an expert in the field. The
meeting opened with presentations on the identifi-
cation and characterization of the cell of origin of
brain tumors in different mouse models, followed by
talks that focused on the role of the microenvironment
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in tumor initiation and growth. The meeting con-
cluded with sessions on genomics and systems
biology as well as the use of mouse models for thera-
peutic target discovery and evaluation.

Modeling Nervous System Tumors in Mice

Brain tumor models in mice are being used to study
many aspects of tumor biology and in preclinical settings

Table 1. Diversity of Nervous System Cancers

Tumor typea WHO
gradeb

Agec Location Genetic Alterationsd

Astrocytic

Pilocytic astrocytoma I 0–20 Optic nerve, hypothalamus, thalamus,
basal ganglia

NF1 loss

Astrocytoma II 30–40 Frontal and temporal lobes, brain stem,
spinal cord

p53 loss, PDGFRa, IDH1/2 mut (R132H)

Anaplastic astrocytoma III 30–60 Cerebral hemispheres p53, Rb, Cdkn2a, PTEN loss, CDK4 amp

Glioblastoma IV 45–70 Subcortical white matter of cerebral
hemispheres

PDGFRa and EGFR mut/overexpression,
IDH1/2 mut, Cdkn2a, PTEN, NF1 loss

Oligodendroglial II–III 40–60 Cortex and white matter of cerebral
hemispheres

LOH chr 1p, 19q, EGFR, PDGFR +ligands
overexpression, loss of CDKN2a

Oligoastrocytic II–III 35–45 Cerebral hemispheres LOH chr 1p, 19q, loss of p53

Ependymal I–III 0–16 and
30–40

Along the ventricular system and spinal
canal

NF2 loss

Embryonal

Medulloblastoma IV 0–20 Cerebellum c-myc amp, p53, ptch loss

PNET IV 0–10 Supratentorial n-myc amp, p53 loss

Cranial/peripheral nerves

Schwannoma I 40–60 Peripheral nerves of head and neck region NF2 loss

MPNST II–IV 30–60 Large and medium nerves NF1 and p53 loss

Abbreviations: PDGFR, platelet-derived growth factor receptor; PNET, primitive neuroectodermal tumor; CDK4, cyclin-dependent kinase
4; IDH1, isocitrate dehydrogenase 1; LOH, loss of heterozygosity.
aBased on World Health Organization (WHO) Classification of Tumours; Pathology and Genetics of Tumours of the Nervous System,
P. Kleihues and W. Cavenee, eds.
bWHO grading system, from benign (grades I–II) to malignant (grade III–IV).
cPeak incidence range.
dMost common alterations listed.

Table 2. MMHCC Nervous System Tumors Workshop participants

Participant Institution

Suzanne Baker, Ph.D. St. Jude Children’s Research Hospital, Memphis, TN

Michael Berens, Ph.D The Translational Genomics Research Institute, Phoenix, AZ

Gideon Bollag, Ph.D. Plexxikon Inc., Berkeley, CA

Al Charest, Ph.D. Tufts University School of Medicine, Boston, MA

Charles Eberhart, M.D., Ph.D. Johns Hopkins University, Baltimore, MD

Frank Furnari, Ph.D. Ludwig Institute, University of California–San Diego, La Jolla, CA

Marco Giovannini, M.D., Ph.D. House Ear Institute, Los Angeles, CA

David Gutmann, M.D., Ph.D. Washington University School of Medicine, St. Louis, MS

Eric Holland, M.D. Memorial Sloan Kettering Cancer Center, New York, NY

C. David James, Ph.D. University of California–San Francisco, San Francisco, CA

David Largaespada, Ph.D. University of Minnesota, Minneapolis, MN

Scott Lowe, Ph.D. Cold Spring Harbor Laboratories, Cold Spring Harbor, NY

Silvia Marino, M.D. Barts and The London School of Medicine and Dentistry, London, England

John Ohlfest, Ph.D. University of Minnesota, Minneapolis, MN

Karlyne Reilly, Ph.D. NCI, Frederick, MD

Joshua Rubin, M.D., Ph.D. Washington University School of Medicine, St. Louis, MS

Jann Sarkaria, M.D. Mayo Clinic, Rochester, MN

Charles Stiles, Ph.D. Dana Farber Cancer Institute, Boston, MA

Rob Wechsler-Reya, Ph.D. Sanford-Burnham Medical Research Institute

William Weiss, M.D., Ph.D. University of California–San Francisco, San Francisco, CA
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to evaluate potential treatment modalities. In general,
small-animal models can be divided into two basic cat-
egories: (1) those that implant tumor cells into recipient
mice (xenograft) and (2) those that induce tumors in
mice de novo (genetically engineered mouse [GEM]
models) (Fig. 1). The first generation of nervous system
tumor xenograft models employed tumor cell lines that
had been maintained under artificial cell culture con-
ditions for extended periods of time (often decades).
Typically, the tumors generated from these cell lines
fail to accurately reproduce the classical histopathologic
appearances of their human counterparts,9 display no
molecular resemblance to the original human tumor,3

and, more importantly, are not predictive of drug
response in preclinical trials.10

Over the past several years, a number of laboratories
have developed orthotopic xenograft models using
primary nervous system tumor cells from freshly isolated
human brain tumors. These tumor models recapitulate
certain features of thehuman tumors, including their inva-
sive behaviors and tissue architecture. More recently, the
isolation of brain tumor-initiating cell populations from
dissociated patient tumors using cell surface markers has
refined our understanding of glioblastoma multiforme
(GBM) heterogeneity with respect to renewal and tumor-
initiating capacities. Dr David James (University of
California, San Francisco) provided a nice overview of
the human glioma xenografts generated in his laboratory
and outlined their use for preclinical therapeutic studies.
Similarly, Dr Jann Sarkaria (Mayo Clinic) demonstrated

Fig. 1. Nervous System Tumor Models. (A) Xenograft models are created from patients’ tumors or from established glioma cell lines injected

into immunocompromised mice. Brain tumor-initiating cells (BTICs) are isolated from freshly dissociated tumors and sorted based on cell

surface markers. (B) GEM models are designed to produce tumors de novo by activating oncogenic mutations and/or inactivating tumor

suppressor genes (TSGs) in a cell-type specific manner. (C) A variation of GEM utilizes intracranial injections of viruses to express

oncogenes in the CNS. The RCAS/Tva system allows for cell-specific expression of oncogenes.
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that these human high-grade glioma xenografts retain
most of the seminal genetic alterations observed in the
original patient tumors, which were remarkably stable
over time. While these brain tumor models have the
advantage of deriving from actual human tumors, they
are grown in mice lacking a functional immune system
or a relevant microenvironment.

In contrast, GEM models are designed to induce brain
tumors using relevant cancer-causing genetic changes in
the context of an intact immune system and nervous
system microenvironment. Their use for functionally
validating the role of specific genetic changes to tumor
formation and progression has been particularly instruc-
tive, and they have revealed important roles for local and
genomic environments in tumorigenesis and continued
tumor growth. In preceding studies in human tumors,
accurate small-animal nervous system GEM strains
have been used to test the efficacy of novel drugs and
compounds in preclinical settings.

Cell of Origin and Developmental
Neurobiology

The session on the interface between neuro-oncology
and developmental neurobiology was moderated by
Dr Charles Stiles (Dana Farber Cancer Institute) and
focused on the various methodologies employed to
identify the cell types that give rise to various brain
tumors. A recurrent theme in this session was the
concept of the varying degrees of permissiveness of
stem and progenitor cells to specific cancer-causing
genetic alterations. In this regard, tumorigenesis in the
nervous system is dependent on a combination of specific
cancer-associated genetic mutations occurring in recep-
tive cell types during permissive periods of nervous
system development.

Dr Rob Wechsler-Reya (Sanford-Burnham Medical
Research Institute) presented data from mouse medullo-
blastoma modeling experiments suggesting that more per-
sonalized brain tumor treatments may come from a more
complete understanding of the interplay between genetic
mutations and the specific stem and progenitor cells in
which these mutations occur. In these studies, he
employed a combination of human xenograft and GEM
models to re-create various genetic subtypes of medullo-
blastoma. He showed that forced expression of c-myc in
cerebellar stem cells is mitogenic and results in transient
hyperplasia, while simultaneous expression of c-myc
and mutant p53 results in aggressive tumors that resemble
human large-cell anaplastic medulloblastoma. Further
characterization of these tumors indicated that they
were molecularly distinct from those driven by Ptch
mutation and exhibited different responses to therapy.

Dr Silvia Marino (Barts and The London School of
Medicine and Dentistry) demonstrated that loss of p53
and Rb in two different populations of progenitor
cells—cerebellar granule cell progenitors and cerebellar
stem cells of ventricular zone (VZ) origin—gave rise to
medulloblastomas in mouse models. In these studies, con-
ditional inactivation of Rb and p53 was obtained in these

cells either in vivo, through granule cell progenitors, or in
vitro followed by orthotopical transplantation, through
VZ-derived stem cells of nongranule cell lineage. Both
populations gave rise to medulloblastoma tumors with
identical histopathologic appearances; however, tumors
originating from VZ progenitors preferentially expressed
stem cell markers. This set of markers was shown to
identify a subset of human medulloblastomas associated
with a poorer clinical outcome.

Dr William Weiss (University of California,
San Francisco) presented studies that focused on identify-
ing the cell of origin in two glioma models. First, using
advanced labeling techniques, he demonstrated that in
an astrocytoma GEM model (GFAP-HaRas) developed
by Dr Abhijit Guha,11 gliomas arise from SVZ-derived
stem cells, whereas in the S100-vErb oligodendroglioma
model,12 tumors originated from white matter NG2+
glial progenitor cells. He further demonstrated that
NG2+, but not CD133+, cells isolated from human oli-
godendroglioma tumors were capable of forming tumors
following implantation into immunocompromised mice.
Collectively, these data support a model in which
gliomas may develop from stem cells, whereas oligoden-
drogliomas derive from NG2+ progenitor cells.

Dr Charles Eberhart (Johns Hopkins University)
described the differences between various Notch iso-
forms in inducing glioma formation in the optic nerve
and retina. In his studies, he showed that while Notch3
robustly induced optic nerve gliomas, tumors were not
generated following expression of activated Notch1 or
Notch2. These experiments clearly demonstrate differ-
ences in the susceptibility of tissues for oncogenic trans-
formation by the Notch gene family. Using chimeric
Notch constructs, the oncogenic portion of the Notch3
gene was found to reside in the carboxyl terminal
domain of the protein.

Dr Marco Giovannini (House Ear Institute) described
a new mouse model of schwannomatosis. In human
schwannomatosis, NF2 mutations are common;
however, mutations in the INI1 gene are observed in
30% of familial and 7% of sporadic cases. Whereas tar-
geted deletion of Ini1 in mice is lethal, Schwann cell pre-
cursors with conditional Ini1 inactivation resulted in
olfactory nerve, third cranial nerve, and trigeminal
nerve tumors. Current studies are focused on developing
mice with combined Ini1 and Nf2 inactivation in
Schwann cell precursors.

Stromal Influences on Tumorigenesis

As has been reported for other cancers,13–15 it is becom-
ing increasingly clear that the local microenvironment
plays a critical role in brain tumor development and
growth. This session was moderated by Dr Frank
Furnari (Ludwig Institute, University of California, San
Diego) and focused on the use of GEM strains to eluci-
date the complex relationship between neoplastic and
nonneoplastic cells in the tumor microenvironment.

In particular, two presentations employed the inher-
ited cancer predisposition syndrome, neurofibromatosis
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type 1 (NF1), to demonstrate that specific cell types and
signals from the tumor microenvironment are important
for gliomagenesis and continued glioma growth. The use
of NF1 as a model system to study nervous system
tumor-stroma interactions derives from studies first pub-
lished by Dr Luis Parada (Southwestern University), in
which targeted loss of Nf1 in Schwann cell precursors
is insufficient for tumorigenesis unless coupled with het-
erozygosity for an inactivating Nf1 gene mutation in
nonneoplastic cells.16 These initial observations have
been extended to glioma17,18 and used to identify
specific growth factors and cytokines that drive tumori-
genesis and continued glioma growth.19–21

Dr David Gutmann (Washington University School
of Medicine) described the critical role that microglia
play in Nf1 GEM optic glioma growth. Using a combi-
nation of approaches, he demonstrated that pharmaco-
logic and genetic microglia silencing inhibits optic
glioma growth. Moreover, he described studies in
which optic nerve microglia are uniquely sensitive to
the effects of Nf1 heterozygosity during early glioma for-
mation, leading to studies aimed at disrupting the inter-
actions between microglia and preneoplastic/neoplastic
cells during critical phases of gliomagenesis.

Dr Joshua Rubin (Washington University School of
Medicine) next reported on his discovery of one key
chemokine expressed in the nonneoplastic optic
glioma microenvironment. He showed that CXCL12
(stroma-derived factor-1a) normally induces astrocyte
apoptosis, whereas in Nf1-/- astrocytes, CXCL12
treatment leads to inappropriate astrocyte survival in
vitro. This reduced apoptosis reflects decreased intra-
cellular cyclic adenosine monophosphate (cAMP) pro-
duction, prompting Dr Rubin to explore the
possibility that ectopic suppression of cAMP in
regions of the brains of Nf1 optic glioma might
induce glioma formation. Indeed, cAMP reduction
resulting from viral expression of
phosphodiesterase-4–induced gliomas in the forebrain
of these mice. Collectively, these studies highlight the
critical interdependent relationship between neoplastic
cells and signals from their nonneoplastic neighbors rel-
evant to gliomagenesis and glioma maintenance.

Genomics and Systems Biology

With the recent explosion of comprehensive genomic
studies on brain tumors, it is becoming increasingly
clear that one has to view individual genetic mutations
in the context of a global network. In the session
chaired by Dr Scott Lowe (Cold Spring Harbor
Laboratories), presentations focused on the various
combinations of genetic mutations required for
nervous system tumorigenesis.

Dr Suzanne Baker (St Jude Children’s Research
Hospital) presented data demonstrating the profound
differences of Pten gene inactivation on gliomagenesis.
Whereas postnatal, adult Pten ablation in astrocytes
had no effect, combined deletion with other tumor

suppressors induced astrocytomas with high penetrance.
Co-deletion of Pten and Rb failed to induce astrocyto-
mas, but co-deletion of Pten and p53, p53 and Rb, or
Pten, p53, and Rb all induced astrocytomas.
Secondary mutations within the phosphoinositide-3
kinase and retinoblastoma signaling pathways were
found in tumors that were induced by inactivation of
tumor suppressors in the same pathways. Tumors
formed within and outside of proliferative niches in
adult brain.

Dr David Largaespada (University of Minnesota)
described work on the use of the sleeping beauty (SB)
transposon system for mutagenesis screens in mice con-
ditionally deleted for Pten and p53. Using this approach,
he was able to generate cerebellar tumors with different
complements of genetic alterations. For example, one of
the genes inactivated by SB in this genetic screen was
Slit3, which his laboratory demonstrated was also inac-
tivated by mutation or promoter methylation in human
medulloblastoma.

Dr Karlyne Reilly (NCI Frederick) presented her
work on the identification of genetic modifiers of
Nf1:p53-Cis–driven malignant peripheral nerve sheath
tumor (MPNST). In these studies, she leveraged the
differential susceptibility to MPNST in A/J compared
with C57Bl/6J mice. One candidate gene was found to
be an imprinted gene. Using a targeting strategy, she
discovered that this modifier gene acts in a tumor sup-
pressive manner when inherited from the mother.
These findings support a model in which the severity
of MPNSTs depends on whether maternal or paternal
copies of chromosomes are altered during
tumorigenesis.

Therapeutic Targets

In the final session of the meeting, approaches to disco-
vering and exploiting therapeutic targets were discussed.
This session was moderated by Dr Gideon Bollag
(Plexxikon) and emphasized the complexities associated
with performing preclinical trials in mice and the adap-
tability of tumors to therapeutic interventions.

Dr Al Charest (Tufts University School of Medicine)
presented work using a GBM model driven by wild-type
epidermal growth factor receptor (EGFR). Drawing
upon the observation that human GBMs overexpressing
wild-type EGFR also express EGFR ligands, he
described a model by which somatic expression of
EGFR and of transforming growth factor-a (an EGFR
ligand) in the context of loss of cdkn2a and/or Pten
tumor suppressor gene function yields tumors with mol-
ecular and histopathologic features of “classical” GBM
tumors. He also described differences in the sensitivity
of cdkn2a-null and cdkn2a;Pten-null tumor cells to
EGFR inhibitors. His laboratory found that this differ-
ence arises from tumor cells switching their dependence
for mitogenic signaling from one receptor tyrosine
kinase to another. These data illustrate one molecular
mechanism for the primary resistance of GBMs to
EGFR tyrosine kinase inhibition.
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Dr Michael Berens (The Translational Genomics
Research Institute) described the Ivy Genomics-based
Medicine Project, which is a 9-institute preclinical
study relating chemovulnerability to molecular profiling
in human primary GBM orthotopic xenografts. Funded
by the Ben and Catherine Ivy Foundation, the update
reported survival outcomes of 21 GBM models tested
with 4 treatment regimens; genomic data (expression
profiling, array comparative genomic hybridization,
cytosine-phosphate-guanine methylation, and selected
DNA sequencing of the models) are being produced.
Engagement of pharmaceutical companies to provide a
larger spectrum of targeted therapeutic agents remains
in motion. Using extensive genomic profiling of 40
GBM xenograft lines, one initial objective was to estab-
lish a proband set of xenograft tumors with genomic

signatures that represent the spectrum of patients with
GBM as portrayed in The Cancer Genome Atlas. A
follow-up study proposes to use the molecular profiling
data to inform treatment planning (clinical trial) by
matching the therapeutic responses of the various xeno-
graft lines to their genetic signatures and aligning these
against patient tumor signatures.

Dr Eric Holland (Memorial Sloan Kettering)
described a procedure to generate a recurrent model of
GBM using the replication-competent ALV splice accep-
tor (RCAS) virus/Tva model system. Tumor-bearing
animals were given fractionated ionizing radiation or
temozolomide therapy. Gene expression profiling was
performed before and after treatment to identify
genetic signatures most predictive of recurrence-free sur-
vival. In parallel, Dr Holland also presented data on the

Fig. 2. Nervous System Tumor Heterogeneity. (A) Tumors arise in different parts of the CNS with unique histopathologic presentations. (B)

Within a tumor, there are multiple cell types that interact. (C) Within the tumor cells, there are multiple signaling pathways that integrate and

create a physiological output. (D) Tumors categorized histologically as one entity differ considerably in their genomic makeup.
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relative sensitivity of the various cell types within the
GBM tumor to therapeutic intervention in vivo. Using
differential cell purification methods, he was able to
identify specific genes within the Olig2+ population of
cells that might mediate resistance to radiation.

Dr John Ohlfest (University of Minnesota) described
the importance of the multidrug resistance system in the
treatment of brain cancer. There are two dominant
mechanisms responsible for poor blood-brain barrier
(BBB) penetration of certain molecularly targeted
drugs: the efflux systems coded for by the Bcrp and
Pgp genes. Ohlfest advocated that although the BBB in
the tumor core is leaky, allowing for systemic drug deliv-
ery, the tumor-infiltrated normal brain (the site of recur-
rence) has an intact BBB, which prevents drug delivery.
Using a combination of knockout mice and specific
pharmacologic inhibitors, he demonstrated that BCRP
and PGP cooperate by synergistically effluxing gefitinib,
sorafenib, and dasatinib from the brain. However, in the
case of sorafenib, Bcrp was dominant, while for gefitinib
and dasatinib, PgP was dominant. Using a mouse glioma
model based on SB-delivered oncogenes, he discovered
that loss of function of both the Bcrp and Pgp genes
more than doubled survival after treatment with dasati-
nib relative to wild-type mice. In addition, western blot
data revealed that dasatinib markedly inhibited phos-
phorylation of Src only in the Bcrp Pgp compound
knockout mice. Collectively, these results suggest that
optimal penetration of these drugs into tumor-infiltrated
normal brain where the BBB is intact is dependent on
Bcrp and PgP function, such that administration of
single inhibitors of PgP or Bcrp would have minimal
clinical advantage over chemotherapeutic agent alone.
More importantly, these data stress the need to consider
penetration of molecularly targeted agents in the tumor-
infiltrated normal brain where the BBB is intact.

Summary—Leveraging Heterogeneity

One of the common themes of this meeting was hetero-
geneity. Heterogeneity affects nervous system tumor
formation and treatment in many ways (Fig. 2). First,
tumor susceptibility is influenced by genomic heterogen-
eity, such that both tumor formation and response to
therapy are dictated in part by modifier genes in our indi-
vidual genomes. Subtle polymorphisms in specific genes
may change the local microenvironment, expression of
specific tumor suppressor genes, or drug metabolizing
enzymes.22–27 Second, progenitor cells and stem cells

in distinct regions of the brain and during different
times of development are unique, and may be differen-
tially affected by cancer-causing genetic changes. For
example, Nf1 inactivation in astrocytes or neural stem
cells from the cortex has little effect on astrocyte pro-
liferation or astrogliogenesis in vitro and in vivo,
whereas Nf1 loss in brainstem neural stem cells or astro-
cytes results in increased proliferation and gliomagen-
esis.28 Third, the local microenvironment harbors
specialized cells and signals capable of initiating and
maintaining tumors in the nervous system. Fourth, the
signaling pathways and transcriptional factor networks
are highly adaptable and dynamic. In considering
future therapies for brain tumors, we will need to
employ a systems-based approach that integrates this
heterogeneity at all levels to effect a more personalized
treatment for these deadly cancers.

This workshop also provided a glimpse into future
directions for glioma model research. Several labora-
tories are focusing on expanding the complexities of
their models to better mimic human tumors for preclini-
cal studies. As such, a great deal of resources and efforts
are invested in studying therapeutic responses in models
that are genetically designed to mirror patients’ tumors.
In addition, more sophisticated studies on basic mechan-
isms of gliomagenesis are arising. Specifically, the
concept of permissibility and resistance of glia and
neuro stem vs non stem cell to oncogenic assault will
no doubt reveal basic themes for CNS cancers. In the
coming years, we will witness an unprecedented level
of sophistication in these models and their use that will
translate into major advances for both clinical and
basic research.
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The	urgent	need	for	better	cancer	treatments	has	stimulated	interest	in	employing	small-animal	models	to	evaluate	
potential	drug	therapies.	Robust	mouse	models	of	many	human	cancers	have	been	generated	using	sophisticated	
technologies	for	engineering	germ-line	mutations.	As	we	enter	into	an	age	of	targeted	therapeutics,	these	strains	
provide	novel	platforms	for	validating	new	anticancer	drugs,	assessing	therapeutic	index,	identifying	surrogate	
markers	of	tumor	progression,	and	defining	epigenetic	and	environmental	influences	on	tumorigenesis.

The availability of strains of genetically engineered mice (GEM) 
that develop a spectrum of cancers similar to those found in 
humans  offers  an  unprecedented  opportunity  to  efficiently 
evaluate the efficacy and therapeutic index of novel anticancer 
therapies in preclinical models in advance of human trials. While 
straightforward in principle, executing preclinical studies in mice 
that allow for meaningful and immediate application to the treat-
ment of human cancer is difficult. Moreover, the potential use of 
GEM cancer models to accelerate the process of bringing effective 
new treatments to patients is largely theoretical, as few examples 
exist in which mouse preclinical data has been successfully trans-
lated to clinical practice.

The current development process for anticancer drugs
Taking a drug from discovery to market is an arduous process 
that frequently takes longer than 15 years and costs more than 
$800 million. Most agents that are advanced into early-phase 
human clinical trials fail. Recent advances in the fields of cancer 
biology and high-throughput screening have identified numer-
ous potential molecular targets  for drug discovery; however, 
most of the proteins and pathways deregulated in cancer cells 
also have essential roles in normal cells. It is therefore difficult to 
predict when a drug will prove tumor-selective. Moreover, devel-
oping new therapies against specific molecular abnormalities in 
well-defined subsets of cancers can be prohibitively expensive. 
The use of GEM cancer models as an initial “filter” to identify 
tumors and molecular targets that, when inhibited, will selec-
tively kill tumor cells is one potential strategy for streamlining 
the overall process of cancer drug development.

Preclinical mouse models of human cancer
Numerous small-animal models of human cancer have been gen-
erated. These include inbred strains that spontaneously develop 
cancer (1–4), rodents in which cancer is caused by intrauterine 
or postnatal exposure to chemical mutagens (5–9), and mice in 

which tumors are produced by viral or bacterial infection (10–13). 
In addition, xenograft models that were generated by directly 
implanting cancer cell lines established from human tumors into 
mice have been widely used for drug discovery (14–17). The major 
limitations of these explant models are the requirement for an 
immunocompromised host and the inability of these models to 
fully recapitulate the complex relationship between the tumor and 
its microenvironment (e.g., angiogenesis). Most importantly, the 
ability of xenografts to accurately predict drug efficacy in human 
cancer patients has been disappointing (18).

GEM cancer models are becoming increasingly sophisticated 
in their ability to accurately mimic the histology and biological 
behavior of human cancers. Numerous tissue-specific GEM mod-
els have been developed that exhibit many biologic hallmarks of 
human cancer, including angiogenesis and stromal interactions, 
as well as similar histopathologic and genetic abnormalities (19). 
The major advantages of GEM models are that: (a) the initiating 
genetic event is known; (b) the mice are immunocompetent; and 
(c) the tumors develop spontaneously in their appropriate tis-
sue compartments. Moreover, GEM cancer models, which allow 
assessment of therapeutic efficacy on a uniform genetic back-
ground, are particularly useful for performing preclinical stud-
ies of rare cancers and for assessing synergy between therapeutic 
agents. They can also potentially provide the tools needed to learn 
more about the histologic and biochemical effects of specific 
agents prior to human testing.

While GEM models offer many advantages, the cancers typi-
cally arise from genetic events that are expressed simultaneously 
in many cells throughout an animal or in an entire tissue. By con-
trast, most human tumors are believed to arise from single cells or 
from a small population of mutant cells. To overcome this limita-
tion, strategies have been developed that allow mutant alleles to be 
expressed in small populations of cells in vivo (20, 21).

Opportunities to employ mouse models
The availability of robust GEM models facilitates a detailed analy-
sis of human cancer that cannot be easily accomplished by study-
ing primary human tumors (see Opportunities provided by employing 
GEM cancer models). First, the ability to more effectively treat human 
cancers requires a detailed understanding of molecular and cellular 
pathogenesis to identify specific molecular targets. Second, there 
is also a great need to define those individuals at greatest risk for 
developing cancer as well as those most likely to respond to any 
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given therapeutic regimen. These studies require large numbers 
of individuals and are often not possible for less common cancers. 
Last, the identification of surrogate markers of tumor formation 
and early  response  to  therapy, which would have  tremendous 
impact on current treatment strategies, is another unmet need.

Evaluation of standard human antitumor therapies. One of the often 
neglected uses of GEM cancer models is the validation of conven-
tional therapies employed for the treatment of cognate tumors 
in humans. For example, accurate GEM models of astrocytoma 
or pancreatic cancer should ideally respond to the same treat-
ments currently used to treat these cancers (i.e., temozolomide 
and gemcitibene, respectively). In addition, GEM models afford 
the opportunity to define the mechanism(s) underlying the anti-
tumor effects. Tumors from mice treated with anticancer thera-
pies can be analyzed to determine whether regression results from 
decreased cell growth, increased cell death, decreased tumor angio-
genesis, or necrosis. Failure to observe any effects on GEM tumors 
may reflect problems with bioavailability (e.g., inability to cross 
the blood-brain barrier), differences in the metabolic processing 
of drugs in rodents (e.g., pharmacokinetic and pharmacodynamic 
[PK/PD] issues), and/or genetic differences between mouse strains 
that dictate the response to therapy (e.g., modifier loci).

Experience with a mouse model of acute promyelocytic leuke-
mia (APL) suggests that GEM models respond to human cancer 
treatments and can be used to improve therapy. In APL, blasts 
are arrested at the promyelocytic stage of differentiation due to 
chromosomal translocations that fuse the retinoic acid receptor alpha 
(RARA) gene to a variety of partner genes including promyelocytic 
leukemia (PML) and promyelocytic leukemia zinc finger (PLZF). All-
trans-retinoic acid (ATRA) induces complete remissions in approxi-
mately 80% of patients with APL who have a PML-RARA transloca-
tion by relieving the differentiation block (22) but does not induce 
remission in those individuals with PLZF-RARA fusions (23). Simi-
larly, ATRA induces remissions in PML-RARA transgenic mice but 
is ineffective in a PLZF-RARA strain that also develops APL (24). In 
addition, mouse models of APL have been harnessed to test new 
therapeutic approaches such as arsenic trioxide (As2O3) and the 
potential synergy between ATRA and As2O3 (25, 26).

The role of specific cancer genes. GEM strains have been generated 
that model the inactivation of genes mutated in inherited cancer 
syndromes (e.g., neurofibromatosis 1 [NF1], NF2, APC), in sporadic 
cancers (e.g., KRAS, PML-RARA), and in both types of cancer (e.g., 
TP53) (27–46). GEM models based on these tumor suppressors 
and oncogenes provide unique opportunities to clearly define the 
causative role of each of these genetic changes in tumor forma-
tion and progression. This information is critical for the design of 
targeted (biologically based) therapies for individual cancers with 
these specific tumor-associated mutations.

Target validation. GEM cancer models can be used to determine 
whether the success or failure of a given therapy reflects the ability 
of the drug to reach the tumor and inhibit its target. An illustra-
tive example of how GEM cancer models can provide insights into 
mechanisms of drug activity comes from studies that evaluated 
the efficacy and putative biochemical targets of farnesyltransferase 
(FTase) inhibitors (FTIs). Ras processing is initiated by cytosolic 
prenyltransferases, which attach either a farnesyl or geranylgera-
nyl isoprenoid lipid to the thiol group of the cysteine. Geranyl-
geranyl transferase 1 (GGTase-1) and FTase catalyze the transfer 
of isoprenoid groups, which are donated by geranylgeranyl pyro-
phosphate and farnesyl pyrophosphate, respectively. FTIs were 
developed as cancer therapeutics based on their potential as Ras 
inhibitors in xenograft models. However, KRAS and NRAS are 
also good GGTase-1 substrates and are processed by this enzyme 
when FTase is inhibited. Preclinical studies of the efficacy of FTIs 
gave variable results in transgenic mouse models of breast cancer 
induced by expressing oncogenic HRAS or KRAS from the murine 
mammary tumor virus promoter (47–49) and in a model of myelo-
proliferative disease induced by inactivating the Nf1 tumor sup-
pressor (50), which encodes a GTPase-activating protein that nega-
tively regulates RAS signaling. Importantly, careful biochemical 
investigation of tumor tissues from these mouse models unequiv-
ocally showed no inhibition of KRAS or NRAS processing at the 
maximally tolerated dose (MTD) of FTI. Based on these data, it 
was concluded that any therapeutic effects of FTIs were due to 
“off-target” activities that were not related to the original goal of 
inhibiting hyperactive RAS.

Defining the discrete steps of tumorigenesis. GEM cancer models can be 
used to dissect the cellular and molecular changes associated with 
each stage of neoplasia, including tumor formation, tumor main-
tenance, and malignant progression. Studies focused on defining 
the events associated with tumor formation in multistep cancers 
are essentially chemoprevention investigations. Direct chemopre-
vention studies in people at risk for cancer are difficult, owing to 
the genetic heterogeneity in human populations and the difficul-
ties in accurately measuring exposure, which necessitate large and 
enormously expensive long-term studies. By contrast, experiments 
in GEM cancer models can be performed on a uniform genetic 
background in which environmental exposures are rigorously con-
trolled. GEM cancer models have been employed to establish causal 
relationships with environmental exposures (e.g., asbestos in meso-
thelioma, tobacco and lung cancer; diet in colon cancer)	(51–55).

The ability of a tumor to continue to survive and proliferate in an 
otherwise inhospitable environment requires additional molecular 
and cellular changes. Studies of tumor maintenance are typically 
focused on defining the key signals required for these processes and 
form the basis for targeted chemotherapy. Studies in GEM models 

Opportunities provided by employing GEM cancer models

	 Provide initial “filter” to identify molecular targets that, when inhibited, kill cancer cells
	 Investigate mechanisms underlying responsiveness and resistance to conventional cancer therapies
	 Define discrete steps of tumorigenesis

	 Determine the role of the microenvironment in tumor formation and progression
	 Identify surrogate markers of tumor growth and response to therapy
	 Define epigenetic and environmental influences on tumorigenesis
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and in human patients have implied	that molecular changes impor-
tant for cancer formation are also necessary for maintenance. For 
example, studies in which tetracycline-regulatable alleles of onco-
genic RAS and MYC were “shut off” in established tumors resulted 
in dramatic tumor regression (56–58). Furthermore, the emergence 
of imatinib-resistant mutant alleles of BCR-ABL in patients with 
chronic myeloid leukemia (59, 60) argues strongly that the cancer-
initiating mutation remains central to the tumor’s growth advan-
tage. However, other data suggest that cancer cells can escape from 
dependence on the initiating oncogenic lesion under some circum-
stances (61, 62). The exact mechanisms underlying “tumor escape” 
have not been fully elucidated; but they may reflect a change in the 
histologic phenotype of the tumor, loss of expression of the initiat-
ing oncogene, or the acquisition of additional genetic changes (63). 
The ability of some cancers to free themselves from dependence on 
the initiating molecular event likely has implications for the design 
of targeted therapies for recurrent tumors.

Tumors frequently evolve from a benign neoplastic lesion to a 
more malignant cancer. This progression involves the acquisition 
of additional genetic changes, which also serve as targets for che-
motherapeutic drug design. For example, during the progression 
to malignant cancer, some low-grade astrocytomas somatically 
acquire a constitutively active version of the EGFR. This signature 
genetic event formed the basis for the development of targeted 
therapies directed against this mutant EGFR in both mice and 
humans (64, 65). GEM models were important in demonstrating 
that the EGFR mutation is a causative genetic change that acceler-
ates malignant transformation (66, 67).

Tumor microenvironment. GEM cancer models have been powerful 
tools for examining the contribution of the tumor microenviron-
ment to tumor formation. Studies of peripheral and central ner-
vous system tumors in a mouse model of the NF1 familial cancer 
syndrome demonstrated that tumor formation requires that loss 
of Nf1 expression in Schwann cells (neurofibromas) or astrocytes 
(optic glioma) occur in the context of a heterozygous germline Nf1 
mutation (43, 44). These data demonstrate that heterozygous Nf1 
mutant cells in the microenvironment of preneoplastic lesions 
participate in tumorigenesis. Nonmalignant stromal cells also con-
tribute to mammary carcinoma, in which loss of TGF-β receptor 
expression in fibroblasts promotes mammary ductal carcinoma 
growth and invasion by upregulating specific signaling networks 
(68, 69). Last, angiogenesis plays a fundamental role in tumor for-
mation and progression and has formed the biological basis for 
numerous clinical trials using antiangiogenic therapies (70, 71). 
GEM models have been instructive in defining the molecular basis 
for new blood vessel formation by tumors and the impact of angio-
genesis on tumor progression (72, 73).

Radiologic and serum biomarkers. The ability to define individuals 
at high risk of developing cancer and the ability to noninvasively 
monitor disease burden during and after cancer treatment have 
substantial implications for clinical practice. GEM models have 
been employed to identify serum biomarkers for cancer using 
advanced proteomics methods. While these studies are still in their 
early phases of discovery, one serum biomarker has been identified 
for murine prostate cancer that correlated well with tumor weight 
and response to hormone therapy (74). In addition to serum bio-
markers, MRI	has recently been evaluated for its ability to provide 
information regarding therapeutic efficacy in brain tumors. MRI 
of mice bearing brain tumors demonstrated that the tissue diffu-
sion values obtained early after standard chemotherapy correlated 

with tumor response (75). These results prompted an investigation 
of human brain tumors, which showed that tissue diffusion values 
obtained 3 weeks after the initiation of chemotherapy could pre-
dict patient response (76). Similar to serum biomarkers, the ability 
of MRI to define patients with recurrent disease or who do not 
respond to first-line therapy would allow for early intervention 
and the administration of alternative therapies.

Modifier genes. Unlike humans, GEM models can be generated 
on homogeneous genetic backgrounds, which greatly facilitate 
identifying modifier genes that influence the incidence or clini-
cal behavior of specific cancers. Numerous candidate genetic loci 
have been found that influence tumor number and size in mouse 
lung and colon cancer  (77–79) as well as  tumor type  in mice 
harboring identical genetic mutations. For example, the tumor 
spectrum in mice harboring mutations in the p53 and Nf1 genes 
is dictated by the genetic background, which led to the identi-
fication of a locus on mouse chromosome 11 that determined 
susceptibility to astrocytoma (80). Last, genes that function to 
identify DNA polymerase errors during DNA replication (DNA 
mismatch repair genes) have been shown to modify colon cancer 
tumor burden and survival in GEM (81–83).

Performing preclinical studies in mice
Evaluating conventional cancer therapies in human patients.  There 
are well-established paradigms for testing new drugs in human 
patients. New agents are typically evaluated in 3 phases. As the 
primary goal of a phase 1 trial is to determine the MTD of a drug, 
these studies typically involve administering a single agent to 
patients with a variety of different tumor types who have failed 
to respond to standard therapies. Phase 2 trials are designed to 
measure response rates in a group of patients with refractory or 
recurrent cancers treated at the MTD. Responses are tradition-
ally reported as “complete” (objective regression of all detectable 
lesions), “partial” (some regression), or “mixed” (regression of 
some lesions with growth of others). Compounds that show sig-
nificant promise in phase 2 studies are advanced to randomized 
phase 3 trials, in which the new drug is compared, either alone or 
in combination with other agents, to the “standard” treatment for 
a specific cancer. In contrast to phase 1 and phase 2 trials, phase 3 
studies include newly diagnosed patients and are frequently per-
formed in the setting of cooperative multi-institutional networks. 
Because phase 2 and phase 3 studies are logistically challenging, 
expensive, and time consuming, pharmaceutical and biotechnol-
ogy companies are understandably most interested in testing 
agents that might be approved to treat patients with common 
cancers. Importantly, phase 1 trials in patients with refractory 
cancers may not accurately mimic response rates in persons with 
de novo disease, and it has been difficult to test drug combina-
tions in phase 1 and phase 2 trials. GEM cancer models offer the 
possibility of overcoming these 2 problems.

Using GEM cancer models to investigate responsiveness and resistance 
to conventional anticancer agents. Relatively few studies of conven-
tional cytotoxic agents have been performed in GEM models. 
This is due, in part, to the fact that many investigators who gen-
erate GEM cancer models lack expertise in performing preclini-
cal studies. Although much less expensive than human clinical 
trials, investigating drugs in mice is challenging due to factors 
that include the need to generate and maintain cohorts of mice 
that spontaneously develop tumors, difficulties in assessing the 
responses of tumors that can only be visualized by small-animal 
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imaging (e.g., MRI), and the limited availability of laboratory sup-
port to measure PK/PD endpoints. Similarly, it is important to 
understand why some human tumors are inherently insensitive 
to chemotherapeutic agents, while other cancers initially respond 
but later become resistant when patients relapse. Pioneering stud-
ies in an Eµ-Myc B cell lymphoma model have shown that some of 
the genetic lesions that contribute to cancer, such as Tp53 inacti-
vation or deregulated Bcl2 expression, also modulate resistance to 
chemotherapeutic agents (84, 85).

Evaluating molecularly targeted inhibitors in humans and in GEM 
models. Some traditional strategies for evaluating new cancer ther-
apeutics are being reconsidered as more specific agents are devel-
oped (86). Target inhibition, rather than overt clinical toxicity 
(e.g., MTD), may represent a better endpoint for phase 1 testing of 
drugs with a well-defined biochemical target. Additionally, there 
are now many examples that underscore the importance of prese-
lecting patients with specific molecular abnormalities for target-
ed therapies trials. In this regard, the beneficial effects of ATRA 

are largely limited to APL; the efficacy of imatinib correlates with 
biochemical inhibition of specific mutant kinases (BCR-ABL, c-
kit, and PDGF); and the presence of activating EGFR mutations 
predicts clinical responsiveness to gefitinib in lung cancer (25, 
87–91). In a recent study, coexpression of a mutant EGFR recep-
tor and an intact PTEN gene correlated with the response of high-
grade malignant astrocytoma to EGFR inhibitors (92). Similarly, 
although RAS and BRAF mutations both encode proteins that 
deregulate MEK/ERK signaling in melanoma, cancer cell lines 
with BRAF mutations are highly sensitive to MEK inhibitors, 
whereas cells with RAS mutations are not (93).

Harnessing GEM cancer models to enhance the development of new 
therapies. Academic researchers, pharmaceutical companies, gov-
ernment agencies, and patient advocacy groups have all expressed 
concern about the apparent “disconnect” between our growing 
understanding of cancer biology and the relatively few instances 
in which these advances have been successfully translated into 
better cancer treatments. The authors recently participated in a 
meeting that examined how mouse models of tumors that develop 
in persons with NF1 and NF2 could be efficiently employed to 
inform human clinical trials	(“Barriers and Solutions in the Use 
of Mouse Models to Develop Therapeutic Strategies for Neuro-
fibromatosis-Associated Tumors,” Banbury Center, Cold Spring 
Harbor Laboratories, November 3–5, 2005). Individuals with NF1 
are predisposed to the development of specific benign and malig-
nant tumors,  including cutaneous and plexiform neurofibro-
mas, low-grade astrocytoma, juvenile myelomonocytic leukemia 
(JMML), and malignant peripheral nerve sheath tumor (MPNST), 
while persons with NF2 develop schwannoma, meningioma, and 
ependymoma (94). Because NF1- and NF2-associated tumors are 
relatively uncommon, pharmaceutical and biotechnology compa-
nies are not actively engaged in developing drugs for these specific 
indications. However, the molecular genetics of human NF1 and 
NF2 are understood in detail, and elegant mouse models of most 
NF-associated tumors are available. Many companies are develop-
ing drugs that interfere with components of the RAS signaling 
network, which might prove effective in some NF1-associated 
tumors. Unfortunately, performing clinical trials in NF1 patients 
is difficult for a variety of reasons, including the slow and predict-
able growth rates of many of these tumors, the propensity to affect 
children, and relatively small patient numbers. GEM models of 
JMML and MPNST are characterized by rapid growth and relative 
ease of measuring treatment responses (45, 46, 95, 96). These in 
vivo models, and tumor cells from these mice, could be used to 
rapidly screen candidate drugs for a beneficial therapeutic index, 
and promising agents might be investigated further by perform-
ing detailed PK/PD studies. By contrast, evaluating therapeutics in 
the existing neurofibroma and optic glioma GEM models is more 
difficult due to their relatively slow growth rates and requirement 
for small-animal imaging (43, 44). These models might be more 
useful for studies of preventive agents or for “front-line” preclini-
cal studies of compounds that target cells in the tumor microen-
vironment. The overall goal of this type of strategy (Figure 1) is to 
optimally employ the available GEM tumor models as “filters” to 
select agents for human trials that have the greatest likelihood of 
succeeding in the clinic. In this proposed strategy, new drugs could 
be rapidly screened for efficacy, target validation, and potential 
“off-target” effects in GEM models that lend themselves well to 
rapid throughput (e.g., Nf1 MPNST and leukemia GEM models). 
Drugs active in these paradigms would be further studied to define 

Figure 1
Use of GEM tumor models as “filters” to select agents for human clini-
cal trials. One strategy has been proposed for use in the Nf1 GEM 
models community, which involves the evaluation of new therapies in 
multiple mouse strains. New drugs would be rapidly screened using 
MPNST and leukemia GEM models for efficacy (therapeutic index), 
target validation, and potential “off-target” effects. These GEM models 
would be utilized for initial evaluation, based on the rapid growth of the 
tumors and the relative ease of measuring tumor growth. Drugs that 
exhibit activity in these models would be further analyzed in detailed 
PK/PD studies in other tumor models, such as orthotopic tumor explant 
models and transgenic mice harboring specific deregulated cancer-
associated molecules or pathways. Optic glioma and neurofibroma 
(plexiform neurofibroma) GEM models may be better suited for che-
moprevention studies as well as investigations of drugs that target 
specific cells in the tumor microenvironment (e.g., microglia and mast 
cells). Collectively, the combined use of each of the available robust 
preclinical GEM models would afford researchers the opportunity to 
comprehensively evaluate drugs prior to considering human clinical 
trials. Adapted with permission from a summary presentation by Susan 
Blaney, Cold Spring Harbor Laboratories, Banbury Center conference 
on “Barriers and Solutions in the Use of Mouse Models to Develop 
Therapeutic Strategies for Neurofibromatosis-Associated Tumors,” 
November 3–5, 2005.
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their bioavailability and pharmacokinetics in other GEM model 
systems (e.g., orthotopic transplant or transgenic mouse models). 
Secondary evaluation of candidate drugs would then entail the 
use of additional GEM strains (e.g., Nf1 optic glioma and neurofi-
broma GEM models) in which tumor microenvironment plays an 
important role in cancer formation. These latter GEM models are 
uniquely suited for chemoprevention studies as well as for examin-
ing drugs directed against specific cell types in the tumor microen-
vironment (e.g., immune system cells, endothelial cells). The com-
bined use of multiple complementary preclinical model systems 
provides an excellent opportunity to comprehensively evaluate 
lead compounds under conditions that closely approximate the 
human condition prior to the initiation of human clinical trials.

Given the pressing need to develop new cancer therapies, it is 
important to establish preclinical testing paradigms that provide 
the greatest opportunities to optimally translate results obtained 
in GEM cancer models into the clinic. We recommend that inves-
tigators take advantage of the multiple complementary GEM can-

cer models now available to evaluate new agents in order to best 
inform subsequent human clinical trials.
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Abstract
Recent improvements in the understanding of brain tumor biology have opened the door to
a number of rational therapeutic strategies targeting distinct oncogenic pathways. The
successful translation of such “designer drugs” to clinical application depends heavily on
effective and expeditious screening methods in relevant disease models. By recapitulating
both the underlying genetics and the characteristic tumor-stroma microenvironment of brain
cancer, genetically engineered mouse models (GEMMs) may offer distinct advantages over
cell culture and xenograft systems in the preclinical testing of promising therapies. This
review focuses on recently developed GEMMs for both glioma and medulloblastoma, and
discusses their potential use in preclinical trials. Examples showcasing the use of GEMMs
in the testing of molecularly targeted therapeutics are given, and relevant topics, such as
stem cell biology, in vivo imaging technology and radiotherapy, are also addressed.
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INTRODUCTION
The treatment challenges posed by primary brain tumors are mani-
fold and are enhanced by unique features of the intracranial envi-
ronment. For instance, the well-established ability of many brain
tumors to widely diffuse into surrounding normal parenchyma
frequently precludes complete surgical resection. Additionally,
pharmaceutical intervention can be hampered by the blood–brain
barrier and the inability to effectively deliver drugs into a given
tumor mass. The development of effective therapeutics is further
complicated by the genetic heterogeneity exhibited not only
between tumors of the same subtype, but also within individual
tumors. Recent work has highlighted such molecular complexity
in both glioma and medulloblastoma, the most common primary
brain tumors in adult and pediatric populations, respectively (20,
67). Nevertheless, the mainstays of nonsurgical treatment for both
of these conditions remain strikingly similar, consisting of some
combination of radiation and cytotoxic chemotherapy (67, 86). For
glioblastoma multiforme (GBM), the most malignant variant of
glioma, the alkylating agent temozolomide in combination with
radiotherapy has recently resulted in a marginal increase in median
survival to approximately 15 months (74), and now represents the
standard of care for a variety of glioma subtypes. Radiation and
chemotherapy have shown greater efficacy in the treatment of
medulloblastoma, where 5-year survival rates are now as high as

70%–80% (21). However, the long-term side effects of these con-
ventional modalities, especially when applied to the developing
brain, remain problematic.

The shortcomings of the current standards of care highlighted
above underscore the pressing need for rationally conceived
therapies targeted to the specific molecular pathways deregulated
in primary brain tumors. Recent advances in tumor biology have
revealed no shortage of potential targets for therapeutic interven-
tion, and new compounds are being developed continually. The
obvious next challenge has now become the efficient screening of
promising therapies, either alone or in combination, in biologically
relevant systems. In clinical oncology, most drugs fail in late devel-
opment after enormous financial investments, typically due to
a lack of efficacy in human subjects. This places a premium on
quality preclinical testing to (i) select appropriate molecular
targets; (ii) determine the effectiveness of drugs directed against
those targets and the ideal genetic and cellular context for their use;
(iii) evaluate the toxicity of selected drugs; and (iv) identify rel-
evant biomarkers demonstrating drug efficacy and specificity to
assist in subsequent clinical trials (71).

Cancer modeling for preclinical testing relies on both in vitro
and in vivo systems. Tumor-derived cell lines play an important role
in this process and are often the initial reagents employed for drug
screening because of their ready availability and ease of use.
However, the inability of cell culture experiments to fully
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recapitulate both the genetic and cellular heterogeneity of tumors
and the complexity of tumor-stroma interactions places obvious
limitations on the extent to which data derived from such studies
can be interpreted. Xenograft analysis represents the most fre-
quently used in vivo modeling system for the testing of anticancer
therapeutics, primarily because of low cost and ease of implemen-
tation. To form a xenograft, primary tumor cells or cell lines are
injected either subcutaneously or orthotopically (into the native
tumor site) into immunocompetent or immunonaive mice. The
shortcomings of this approach as a high-fidelity cancer model
center both on the inability of extensively passaged cell lines to
accurately represent the diverse molecular and cellular characteris-
tics of naïve tumors and the failure of foreign transplantation sites
to fully embody the native stromal microenvironment (5, 16, 71).
While these problems can be addressed somewhat by the use of
minimally passaged tumor cells and exclusively orthotopic trans-
plantation, issues concerning the perturbed stromal setting of
immunodeficient murine hosts remain. Therefore, it seems hardly
surprising that xenograft testing for cancer drug development has
demonstrated limited predictive value (71).

The recent development of several distinct murine models of
medulloblastoma and glioma (both astrocytic and oligodendroglial
variants) has provided more physiologically relevant in vivo
systems for the evaluation of anticancer therapies. While geneti-
cally engineered mouse models (GEMMs) also have their limita-
tions (see below), they more accurately recapitulate the casual
genetic events and subsequent molecular evolution of brain tumors
as they form in situ. Furthermore, some GEMMs give rise to
tumor-stroma interactions resembling those found in native
tumors, and appear to harbor cellular subpopulations like cancer
stem cells (CSCs) thought to be of central importance to the devel-
opment, maintenance and drug resistance of brain cancer. This
review will summarize the current state of genetically engineered
mouse modeling for both glioma and medulloblastoma in the
context of developing more effective preclinical screening methods
for novel cancer therapeutics.

GEMMS AS MODELS FOR PRECLINICAL
TESTING
As highlighted elsewhere in this issue, GEMMs provide powerful
systems with which to address many of the pressing issues in
modern cancer biology, including but not limited to the molecular
mechanisms and cellular origins of neoplastic processes, along
with the importance of the tumor microenvironment. Nevertheless,
not all GEMMs are suitable for preclinical testing for any one of a
number of factors. The ideal mouse model for drug development
would (i) faithfully recapitulate the genetics and molecular charac-
teristics of the human tumor in question; (ii) posses a short tumor
latency and high penetrance; (iii) be relatively simple to generate
and easy to use; and (iv) ideally, would contain a built-in mecha-
nism to assess therapeutic effects, such as a bioluminescent
reporter (see below). In reality, however, these criteria frequently
position themselves at odds with each other, making it difficult to
completely satisfy them. For instance, models characterized by
rapidly forming tumors may not be sufficiently representative of
their human counterparts, especially with regard to issues of the
evolving microenvironment and the impact of additional stochastic
genetic events. GEMMs with short tumor latency may also contain

oncogenic drivers irrelevant to the human tumor in question and
express them so diffusely as to cause multifocal lesions, a situation
more reminiscent of cancer-predisposing syndromes than of con-
ventional unifocal tumorigenesis. Conversely, a single-minded
focus on precisely recapitulating all aspects of a given human
cancer for the purpose of drug testing has significant drawbacks as
well. Such an approach not infrequently leads to complex models
characterized by sophisticated genetic engineering that while bio-
logically informative, may be challenging to effectively implement
in therapeutic trials.

On a related note, recent advances in genomics have underscored
the molecular heterogeneity exhibited by most brain tumors (2, 20,
22, 56, 67) and further emphasized that even individual diagnostic
categories are at best collections of genetically overlapping yet
distinct disorders that cannot be effectively represented by a single
GEMM. A more effective approach would seemingly be to employ
multiple GEMMs, each driven by relevant genetic abnormalities
that together encompass the full spectrum of molecular variability
inherent in these neoplasms. In this way, even relatively simple
models, driven by perturbations in single oncogenic pathways,
could be of considerable use, especially when testing drugs target-
ing those specific pathways. None of the GEMMs described in the
ensuing sections represents a perfect model for either glioma or
medulloblastoma with regard to preclinical trials. However, many
strike a workable balance between the criteria discussed above, and,
when taken together, embody a powerful resource for the testing of
promising treatment strategies.

MOUSE MODELS OF GLIOMA

Molecular pathology

Over the past two decades, investigations into the pathogenesis
of the various glioma subtypes have revealed central roles for a
defined set of key biological pathways (Figure 1). The molecular
pathology of glioma has been reviewed extensively elsewhere (2,
20, 37, 51); this article will attempt to highlight important features
as they relate to recent successes in the murine modeling of
primary astrocytic and oligodendroglial tumors. In light of this, it
is worth mentioning that the genetic abnormality most frequently
associated with oligodendroglioma, namely loss of chromosome
1p and 19q (62), has not been effectively modeled in mice, partly
because the precise genes involved are not yet known.

The disruption of a set of tumor suppressor pathways with direct
effects on cell cycle control appears be crucial in the evolution of
glioma. The p53 gene is either mutated or deleted frequently in
astrocytic gliomas, particularly those that progress from low-grade
astrocytoma to GBM (so-called secondary GBM) (10, 45, 53).
Additionally, retinoblastoma (RB) is mutated in 10%–25% of high-
grade astrocytomas, and functionally silenced in another ~15%
through amplification of its antagonist CDK4 (10, 30, 53). Similar
effects on the RB pathway are also frequently seen in anaplastic
oligodendroglioma (83). Lastly, the tumor suppressors INK4A and
ARF, positive regulators of RB and p53 respectively, are encoded
at the CDKN2A locus, which is deleted in approximately 50% of
high-grade astrocytomas and a significant percentage of anaplastic
oligodendrogliomas as well (8, 10, 53, 77).

Receptor tyrosine kinases (RTKs) and their downstream signal-
ing pathways have been established as the primary oncogenic
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drivers in multiple glioma subtypes. Amplification of the epidermal
growth factor receptor locus (EGFR) occurs in ~40% of GBM, and
is considered to be the defining genetic lesion of so-called primary
GBM (GBM that arises de novo rather than evolving from a lower
grade astrocytic lesion) (10, 53, 90). Furthermore, a constitutively
active deletion mutant of EGFR, EGFRvIII, is found in 20%–30%
of GBM (18). Platelet-derived growth factor (PDGF) and its recep-
tor (PDGFR) are frequently upregulated in both low-grade astrocy-
toma and oligodendroglioma along with a defined subset of GBM
(~13%), and the elevated expression of both suggests that
autocrine/paracrine loops between ligand and receptor enhance
their impact in glioma biology (10, 13, 53, 87).

The PI3K/AKT/mTOR pathway, operating downstream of
RTKs, exerts profound effects on cell growth, proliferation and
metabolism, and has been reported to be activated in up to ~85% of
GBM (10, 53, 82). The phosphatase and tensin homolog (PTEN)
constitutes the primary negative regulator of this pathway, and
mutation or deletion of the PTEN gene, often by way of complete
loss of its locus on chromosome 10q, is found in a large percentage
of GBM (10, 38, 53). Furthermore, while discrete PTEN mutations
are much less frequent in high-grade oligodendroglial lesions,
loss of chromosome 10 remains common (8). The RAS/MAPK
pathway, also positioned downstream of RTKs, provides an addi-
tional mitogenic stimulus that is often dysregulated in astrocytic
glioma, despite a notable absence of activating RAS mutations in
most high-grade variants (10, 24, 53). Loss of the tumor suppressor
NF1, a negative regulator of RAS signaling, may be central to this
process. Two recent large-scale sequencing projects have identified
frequent NF1 mutations in sporadic GBM (10, 53). Additionally,
germline NF1 mutations define the familial condition of

neurofibromatosis 1, whose central nervous system (CNS) mani-
festations include increased incidence of diffuse atrocytoma, and,
most commonly, low-grade glioma of the optic nerve and chiasm
(OPG) (19).

Engineering and characteristics

Several GEMMs with considerable promise for preclinical testing
have been developed in recent years using combinations of the
glioma-associated genetic lesions highlighted in the preceding
paragraphs (Table 1). One such model for astrocytic glioma has
been established using combined Nf1 and p53 mutants (64). These
mice develop tumors spanning a range of histological grades
within a reasonable latency period (92% at 6 months), most result-
ing from loss of heterozygosity at the remaining wild-type Nf1
and p53 locus (the genes are located so close to each other in mice
that separate recombination events are rare). Furthermore, tumors
arising in older mice appear to be higher grade, implying that
this GEMM may have relevance in the modeling of more slowly
evolving astrocytic lesions like secondary GBM. Other non-CNS
cancers, most notably sarcoma, do arise in these mice at significant
rates. Nevertheless, astrocytomas appear to be the most frequent
tumor type found in two of the four genetic backgrounds tested.

A similar model has been developed more recently by pairing
a p53 mutant allele with an Nf1 allele flanked by loxP sites (a
so-called floxed allele). Crossing these mice with a transgenic line
expressing cre-recombinase under the glial fibrillary acidic protein
(GFAP) promoter (GFAP-Cre) eliminates Nf1 in GFAP-expressing
astrocytes and glial precursors, effectively generating an Nf1/p53
double mutant in this cellular subpopulation (96). In this way,

Figure 1. Glioma-implicated signaling
pathways that have been employed in the
production of genetically engineered mouse
models. Oncogenes are shown in green, and
tumor suppressors are shown in red. Examples
of pharmaceutical agents are shown in
italicized blue with their targets indicated.

Brain Tumor Mouse Models and Preclinical Trials Huse & Holland

134 Brain Pathology 19 (2009) 132–143

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology



tumor-initiating loss of heterozygosity is largely limited to the
brain. As would be anticipated, the incidence of non-CNS pathol-
ogy is dramatically reduced in this model. This benefit, however, is
balanced by a somewhat longer disease-free latency (20–40
weeks), although complete penetrance remains. The tumors exhibit
a primarily astrocytic morphology, and frequently harbor high-
grade features, such as microvascular proliferation and pseudopali-
sading necrosis. Not surprisingly, the addition of a mutant Pten
allele to this model both decreases latency (to approximately
10–20 weeks) and increases tumor grade (41). As a side note,
GFAP-Cre-mediated homozygous deletion of Nf1 in the absence of
p53 mutagenesis, while unable to produce parenchymal gliomas in
mice, generates OPGs with robust penetrance (3, 4, 97).

A separate set of GEMMs incorporating modulation of the Rb
pathway have been generated by transgenically expressing a trun-
cated SV40 T antigen (T121) under the GFAP promoter. This mecha-
nism effectively inactivates the Rb pathway in mature astrocytes
and their precursors, and leads to fibrillary astrocytomas in adult
mice (approximately 100% incidence at 300 days) (92). Further-
more, the presence of Pten null heterozygosity in this model sig-
nificantly decreases disease-free latency and appears to enhance
tumor grade in terms of cellularity and mitotic activity (92, 93).
Although the dependence of this model on the expression of a viral
antigen is questionable from the standpoint of pure physiologic
relevance, it remains the only glioma GEMM produced to date
whose biology is centered on the Rb pathway.

Another large set of glioma GEMMs feature the overexpression
of relevant oncogenes—either RTKs or their downstream
effectors—coupled frequently with tumor suppressor loss. A series
of transgenic lines has been established, largely based on the
expression of a constitutively active Ras (V12Ras) under the GFAP
promoter (14, 15, 70, 84). The basic transgenic, expressing
only V12Ras, consistently develops astrocytic tumors, whose

histological grade, latency, and, at times, multifocality, appear to
depend on transgene dosage (14). High levels of V12Ras expres-
sion, for instance, yield multiple grade IV lesions per mouse
arising within the first 2 weeks of life. Despite their strikingly rapid
onset, the induced tumors themselves appear to accumulate addi-
tional genetic and molecular alterations as they evolve from lower-
grade precursors (14, 70). These changes are reminiscent of glioma
pathogenesis and include decreased or absent expression of the
tumor suppressors Pten, Ink4a and Arf, and overexpression of Egfr,
the p53 antagonist Mdm2, and the cell cycle regulator, Cdk4. Such
findings perhaps bolster the physiologic relevance of this mouse
model despite its reliance on a mutated Ras protein not characteris-
tic of glioma biology. The additional expression of EGFRvIII in
this GEMM, either in a GFAP-driven transgene or by adenoviral-
mediated gene transfer, both decreases disease-free latency and
increases tumor grade while also inducing oligodendroglial histo-
logical features (15, 84). Finally, deletion of Pten, as in many other
models, decreases the age of tumor onset and potentiates the devel-
opment of high-grade lesions (84).

Another similar murine model of oligodendroglioma utilizes
transgenic expression of a transforming variant of EGFR, v-erbB,
under the S100ß promoter (85). The resulting tumors tend to be
low grade, with 60% incidence in 12 months. However, this model
does not require a constitutively active Ras variant to induce glioma
formation. Furthermore, when v-erbB overexpression is paired
with Ink4a/Arf loss, tumor incidence increases to nearly 100% in
12 months, and high-grade features predominate. Intermediate
effects are seen when either Ink4a/Arf or p53 null heterozygotes are
used instead.

Many of the GEMMs described thus far achieve their effects
largely through the widespread expression of an oncogenic trans-
gene across the brain. Alternatively, tumor suppressors are mutated
in an equally extensive geographical distribution. While such

Table 1. Murine models of glioma shown with underlying genetics, mechanism of engineering, morphologic characteristics and incidence. Abbrevia-
tions: TG = transgenic; KO = knockout; Astro = astrocytic; Oligo = oligodendroglial; HG = high grade; LG = low grade.

Genetics Mechanism Morph/grade Incidence Reference

Nf1+/-; p53+/- Conventional KO Astro/variable 92% by 6 months (64)
Nf1+/-; p53+/- Conventional and conditional KO (GFAP-Cre) Astro/variable 100% by 5–10 months (96)
Nf1+/-; p53+/-; Pten-/- Conventional and conditional KO (GFAP-Cre) Astro/HG 100% by 5–8 months (41)
GFAPT121 TG Astro/LG 100% by 10–12 months (92)
GFAPT121; Pten-/- TG; conditional KO (MSCV-Cre) Astro/HG 100% by 6 months (93)
GFAP-V12Ras TG Astro/HG 100% by 0.5–3 months (14)
GFAP-V12Ras; EGFRvIII TG; adenovirus Oligo/HG 100% by 3 months (15)
GFAP-V12Ras; Pten-/- TG; conventional KO Astro/HG 100% by 6 weeks (84)
S100-v-erbB TG Oligo/LG 60% by 12 months (85)
S100-v-erbB; Ink4a/Arf-/- TG; conventional KO Oligo/HG 100% by 12 months (85)
S100-v-erbB; p53+/- TG; conventional KO Oligo/variable 100% by 12 months (85)
PDGF-B MoMuLV Oligo/variable 40% by 10 months (79)
kRas; Akt RCAS Astro/variable 25% by 3 months (32)
kRas; Pten-/- RCAS; conditional KO (RCAS-Cre) Astro/variable 60% by 3 months (36)
kRas; Akt; Ink4a/Arf-/- RCAS; conventional KO Astro/variable 20%–50% by 3 months (78)
PDGF-B RCAS Oligo/variable 60%–100% by 3 months (12, 72)
PDGF-B; Ink4a/Arf-/-; Pten-/- RCAS; conventional KO; conditional KO (RCAS-Cre) Oligo/HG 60%–100% by 3 months (12)*
FIG-ROS; Ink4a/Arf/- Conditional TG (Adeno-Cre); conventional KO Astro/variable 100% by 3 months (11)
Nf1+/-GFAPCKO Conditional KO (GFAP-Cre) in Nf1+/- mice Optic glioma 100% by 3 months (3, 4)

*Fomchenko and Holland, unpublished results.
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strategies have generated histologically and molecularly relevant
glioma, and, as we shall see, medulloblastoma models, their field
cancerization effects are perhaps more akin to tumor-predisposing
conditions, such as Li Fraumeni syndrome and neurofibromatosis
than sporadic brain tumorigenesis. The frequent occurrence of
multifocal lesions or even fulminant widespread pathology in some
of these models perhaps emphasizes this point (14, 92). The use of
viruses for more localized gene delivery has emerged as an alterna-
tive mechanism for the production of brain tumors in GEMMs.
The tight geographical restriction of cancer-forming genetic events
provided by viral transduction better resembles the analogous
human condition. Additionally, most viral systems allow for the
simultaneous delivery of multiple genes of interest, each in a differ-
ent viral particle, in a variety of combinations, thus offering a fast
experimental readout by circumventing the often painstaking ger-
mline mutagenesis required to make multiple, distinct transgenic
or knockout lines. The drawbacks of this approach mainly concern
reduced tumor incidence in some models, and limitations on the
size of genes that can be effectively packaged within the viral
vectors themselves. Additionally, the actual delivery of the viral
reagent to the mouse brain, typically by injection, may represent a
technical challenge for some.

One of the initial workable models of brain cancer using viral
expression of a relevant oncogene utilized a murine retrovirus
(MoMuLV) to deliver the PDGF B-chain (PDGF-B) into the fore-
brains of newborn mouse pups (78). Approximately 40% of mice
developed tumors, whose histology spanned a wide range, resem-
bling either GBM or primitive neuroectodermal tumor (PNET) for
the most part, most likely reflecting heterogeneity in their cells of
origin. More recently, a series of GEMMs have been generated
employing an avian retrovirus, RCAS, for gene transfer while
genetically engineering its receptor, tv-a, into strains of mice under
the GFAP or nestin promoters (Gtv-a and Ntv-a, respectively) (32,
33) (Figure 2). In this way, the expression of exogenous transcript
is restricted geographically, as well as by cell type, to either astro-
cytes (Gtv-a) or glioneuronal progenitors (Ntv-a). The RCAS/tv-a
model yields astrocytic tumors (~25% incidence in 12 weeks) in
the N-tva background when constitutively active variants of both
kRas and Akt are used in combination as oncogenic drivers (34),
and deletion of Pten in these mice appears to phenocopy the effects
of RCAS-mediated Akt overexpression (36). Tumor incidence and
grade are increased when either Ntv-a or Gtv-a mice harboring
homozygous Ink4a/Arf deletion are used (79). For instance, Ntv-a/
Ink4a/Arf null mice injected with both RCAS-kRas and RCAS-Akt
demonstrate near 50% incidence in 12 weeks, with some tumors
exhibiting microvascular proliferation and necrosis. The subse-
quent development of RCAS-PDGF-B vectors has led to further

advances in the utility of this model system (12, 72). Ntv-a or Gtv-
a mice injected with RCAS-PDGF-B form oligodendroglial or
mixed oligoastrocytic tumors at high rates–up to 100% incidence
at 12 weeks depending on gene dosage (72). As in other models,
loss of tumor suppressors like Ink4a/Arf and Pten dramatically
decreases disease-free latency and increase the appearance of high-
grade features (12).

�
Figure 2. Examples of murine brain tumor models incorporating RCAS/
tv-a technology. A. High-grade glioma driven by RCAS-PDGF and RCAS-
Cre in an Ntv-a; Ink4a/Arf-/-; floxed PTEN background. Black arrows
indicate pseudopalisading necrosis, and white arrows highlight foci of
microvascular proliferation. B. High-grade glioma driven by RCAS-kRAS
and RCAS-Akt in an Ntv-a; Ink4a/Arf-/- background. Black arrows indi-
cate necrosis. C. Medulloblastoma driven by RCAS-SHH in an Ntv-a
background. All micrographs were taken at 20¥ magnification.
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Lastly, another group has developed a virally mediated glioma
GEMM driven by a constitutively active fusion RTK (FIG-ROS).
While the presence of FIG-ROS in glioma has been seen in only
two tumor-derived cell lines to date, overexpression of the native
ROS kinase does occur somewhat more frequently in actual tumors
(~30% of cases) and activates similar signaling cascades to those
directed by EGFR and PDGFR (91). The model features a floxed
stop codon immediately preceding the FIG-ROS transgene that
is then removed by a Cre-expressing adenovirus allowing
transcription (11). When this approach is applied in mice lacking
Ink4a/Arf, astrocytic tumors form, exhibiting a range of histologi-
cal grades, most within a reasonable temporal window (~80% inci-
dence at 15 weeks). Furthermore, activation of relevant signaling
networks, such as the Akt pathway, is present, perhaps pointing to a
more generalized applicability for this model to studies like pre-
clinical testing, despite its reliance on a genetic lesion not associ-
ated with the vast majority of gliomas.

MOUSE MODELS OF
MEDULLOBLASTOMA

Molecular pathology

Multiple molecular pathways and genetic abnormalities have been
implicated in the pathogenesis of PNET and its most common
variant, medulloblastoma. As for glioma, this review will focus
primarily on the molecular mechanisms that have been employed
most frequently in the construction of medulloblastoma GEMMs
showing promise for preclinical studies. This will unfortunately
exclude any discussion of wingless and ERBB signaling, both of
which appear to play a central role in medulloblastoma, as well as
the most frequent genetic lesion associated with the tumor, isochro-
mosome 17q. For more extensive coverage of these subjects,
readers are encouraged to look elsewhere (21, 67).

Over the last decade and a half, numerous investigations have
implicated sonic hedgehog (SHH) signaling in medulloblastoma
pathogenesis (21, 67), and modulation of the SHH pathway has led
to the vast majority of the medulloblastoma GEMMs currently
available. A schematic of SHH signaling is shown in Figure 3.
Briefly, the binding of SHH to its receptor patched (PTCH)
removes the latter’s inhibitory effects on the downstream effector
smoothened (SMO). SMO then initiates signaling events leading to
the release of the GLI family of transcription factors from inhibi-
tory protein complexes that include suppressor of fused (SUFU).
This process results in the eventual transcription of GLI target
genes and the consequent physiologic effects, including cell prolif-
eration in the right cellular context (39). The SHH pathway was
first implicated in medulloblastoma when germline mutations in
the PTCH1 gene were found to be the cause of Gorlin’s syndrome,
a congenital condition characterized by increased incidence of
basal-cell carcinoma, medulloblastoma and rhabdomyosarcoma
(25). Since then, mutations in multiple components of the SHH
signaling cascade have been identified in sporadic medulloblas-
toma, specifically inactivating mutations in PTCH1 and SUFU and
activating mutations in SMO, together accounting for 15% of all
cases (57, 59, 63, 75). Interestingly, medulloblastomas character-
ized by mutations in the SHH pathway tend to exhibit desmoplastic
morphology.

Additional oncogenes and tumor suppressors have been linked
to medulloblastoma pathogenesis. Germline mutations in p53 lead
to Li-Fraumeni syndrome, which is characterized by increased
incidence of a number of different tumor types, including medullo-
blastoma (46). Furthermore, p53 mutations have also been identi-
fied in sporadic variants of this tumor with poor clinical outcome
(76). The oncogenes N-MYC and C-MYC are notably amplified in a
subset of medulloblastoma that tends to demonstrate anaplastic
features and aggressive biological behavior (1, 76). Finally,
insulin-like growth factor-2 (IGF2) overexpression has been found
in a portion of sporadic medulloblastoma, mainly of the desmo-
plastic subtype (58).

Engineering and characteristics

As stated above, the plurality of medulloblastoma GEMMs gener-
ated to date derive from exogenous manipulation of the Shh
pathway (Table 2). Mice hemizygous for Ptch (Ptch+/-) develop
medulloblastoma at a relatively modest rate of 14%–19% by 10
months (23, 88, 98). A significant number of other tumors, most
notably soft tissue sarcomas, also form in this GEMM (44, 88).
Interestingly, the remaining Ptch allele in these mice appears to be
functional in a majority of generated medulloblastomas, suggest-
ing that mere haploinsufficiency increases Shh signaling enough
to mediate tumorigenesis (54, 88, 98). Irradiating these mice
during the early postnatal period dramatically increases tumor
incidence—as high as 100% by 10 months—most likely due to loss
of heterozygosity at the remaining Ptch locus, coupled with muta-
tions in other relevant genes like p53 (54, 55). Medulloblastoma
frequency in the Ptch+/- model has also been improved through
the use of more discrete genetic modifications. Complete loss of

Figure 3. SHH signaling pathway components that have been
employed in the production of genetically engineered mouse models.
Oncogenes are shown in green, and tumor suppressors are shown
in red. Examples of pharmaceutical agents are shown in italicized blue
with their targets indicated.
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p53, for instance, greatly increases tumor incidence to 100% by
10–12 weeks (89), and functional deletion of the Ptch homologue
Ptch2 has similar, if more modest, effects (44). A related murine
model employs hemizygous loss of Sufu in a p53 null background
(Sufu+/-/p53-/-), yielding medulloblastomas in 58% of mice over
the course of 10 months (42). Lastly, a particularly robust GEMM
has been generated using a constitutively active Smo allele
(SmoA1) under the control of the granule neuron precursor-
specific promoter ND2 (26, 28). Ninety four percent of homozy-
gous SmoA1/SmoA1 mice develop medulloblastoma by 2 months
of age, and these tumors frequently exhibit leptomeningeal spread,
a common feature of the human disease (28). Furthermore, the
localization of transgene expression to granule neuron precursors
eliminates the occurrence of non-CNS pathology, perhaps simpli-
fying the implementation of this model in preclinical studies.
Indeed, a similar GEMM employing an activated Smo under a
ubiquitously expressed inducible driver leads to widespread neo-
plastic lesions, including, but not limited to, medulloblastoma in
40% of cases (47).

Two other recently developed model systems also minimize the
incidence of non-CNS tumors by limiting causal genetic events to
particular cell types. One series utilizes conditional Ptch knockouts
paired with promoter-restricted Cre drivers (95). In this way, loss of
Ptch is localized to either granule neuron precursors or more primi-
tive cerebellar neural stem cells by using Math1-Cre or GFAP-Cre
transgenes, respectively. The other group of GEMMs uses a similar
strategy, employing Math1 and GFAP-driven Cre to instead direct
the expression of an activated Smo allele. However, they also in-
corporate two additional drivers, Olig2-Cre and Tlx3-Cre, whose
spatial expression pattern within the murine cerebellum differs
from those of GFAP-Cre and Math1-Cre (69). In all cases,
medulloblastomas with similar, if not identical, histological fea-
tures, develop at robust levels—as high as 100% by 4 weeks of age.
The variability of tumor incidence with regard to individual

Cre-drivers does differ somewhat between the two model
systems, most likely caused by the contrasting causative
oncogenic events (ie, Ptch loss vs. forced Smo overexpression).
Interestingly, the spatial distribution of the generated medulloblas-
tomas corresponds to that of their transgenic driver, and, presum-
ably, their cell of origin. This finding underscores the potential
utility of these models in preclinical testing, despite their more
complex and cumbersome genetics. The therapeutic targeting of
different cell types within a heterogeneous tumor mass has become
a major focus of translational cancer biology (see below). The
ability to generate of an array of medulloblastomas from differing
cells of origin provides and inviting substrate for investigations on
this topic.

Medulloblastoma models have also been generated by retroviral
gene transfer in a similar fashion to that used for the production
glioma GEMMs. One group has used the RCAS/tv-a system to
create a series of GEMMs driven by Shh expression (7, 49, 60, 61).
Cerebellar application of RCAS-Shh alone to Ntv-a mice yields
medulloblastomas at a rate of 9%–34% with a median latency of
roughly 6–7 weeks (Figure 2). Co-injection of any one of a number
of additional oncogenes, such as c-myc, Akt, IGF2, and n-myc
enhances the strength of the phenotype, the greatest effects occur-
ring with a combination of Shh and a stabilized n-myc mutant. This
latter tumor type also exhibits an increased mitotic index reminis-
cent of the anaplasia associated with myc amplification in human
medulloblastoma (7). RCAS-mediated expression of Shh, together
with the antiapoptotic factor Bcl-2, also appears to increase the
frequency of tumor formation (49). Decreased levels of apoptosis
in this model have been confirmed.

Only a handful of medulloblastoma GEMMs not driven by Shh
signaling have been developed to date (Table 2). Two such models
utilize homozygous, for the most part, loss of p53 as the foundation
of their genetic design. In one GEMM, this strategy is coupled with
partial or complete loss of Rb in cerebellar granule neurons by way

Table 2. Murine models of medulloblastoma shown with underlying genetics, mechanism of engineering and incidence. Abbreviations:
TG = transgenic, KO = knockout.

Genetics Mechanism Incidence Reference

Ptch+/- Conventional KO 14%–19% by 10 months (23, 44, 98)
Ptch+/- Conventional KO; irradiation 100% by 10 months (54, 55)
Ptch+/-; p53-/- Conventional KO 100% by 2–3 months (89)
Ptch+/-; Ptch2�/- Conventional KO 17% by 10 months (44)
Ptch+/- Conditional KO (GFAP-Cre, Math1-Cre) 100% by 1–3 months (95)
ND2-SmoA1 TG 94% by 2 months (26, 28)
SmoM2 Conditional TG (GFAP-Cre, Math1-Cre, Olig2-Cre, Tlx-Cre) 100% by 2–4 months* (69)
Sufu+/-; p53-/- Conventional KO 58% by 10 months (42)
Shh RCAS 9%–34% by 3 months (7, 49, 60, 61)
Shh; c-myc/Akt/IGF2 RCAS 23%–48% by 3 months (60, 61)
Shh; n-myc RCAS 78% by 3 months (7)
Shh; Bcl-2 RCAS 78% by 3 months (49)
Rb�/-; p53-/- Conditional KO (GFAP-Cre) 25%–100% by 2–7 months (48)
Ink4c�/-; p53�/- Conventional and conditional KO (Nestin-Cre); irradiation 20%–100% by 5 months (81)
Ptch+/-; Ink4c�/- Conventional KO 40%–50% by 9 months (81)
Lig4-/-; p53-/- Conventional KO 100% by 2 months (43)
Brca2-/-; p53�/- Conventional and conditional KO (Nestin-Cre) 72%–83% by 4–8 months (17)
Xrcc4-/-; p53-/- Conventional and conditional KO (Nestin-Cre) 100% by 6 months (94)

*Estimated from reported average latency.
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of a GFAP-Cre transgene and a floxed Rb allele (48). This process
results in medulloblastoma formation in a majority of mice follow-
ing a relatively long latency period—76 to 196 days—with the
precise rate of incidence depending somewhat on the level of
remaining Rb activity. In the other model system, medulloblasto-
mas have been successfully generated by irradiating 5-day old mice
harboring mutations in both p53 and the tumor suppressor Ink4c,
with an incidence between 20% and 100%, depending on the
zygosity of both genes (81). The physiologic relevance of these
models might provide some cause for question. While both germ-
line and sporadic p53 mutations have been associated with human
medulloblastoma, a central role for the gene in the pathogenesis of
the tumor is less certain; and defects in the Rb pathway are rarely
seen. One might even expect gliomas to form in the first of these
model systems, given its GFAP-dependent distribution of genetic
lesions that seem more appropriate to that tumor type. However,
none are reported (48). Regarding Ink4c, the same study that
describes the GEMM reports methylation at the gene locus in 4 of
23 examined cases of human medulloblastoma. Additionally, Ink4c
loss is applied to the standard Ptch+/- GEMM, leading to a modest
enhancement of phenotype (~45% incidence) (81).

Finally, another group of GEMMs has employed generalized
genomic instability to effectively produce medulloblastoma in
mice. In these models, p53 deficiency is typically paired with loss
of crucial DNA repair enzymes, such as Lig4, Xrcc4 and Brca2 (17,
31, 43, 94). As an interesting side note, mutations in this latter gene
have been associated with Fanconi’s anemia, a systemic condition
characterized by, among other things, a predisposition to develop
medulloblastoma (52). The most effective of these models restrict
their genetic defects to neuroglial progenitor cells using floxed
alleles and nestin-Cre drivers. This results in a relatively high rate
of medulloblastoma formation, with most mice succumbing within
120–180 days. Furthermore, genetic analysis of the generated
tumors reveals mutations, as well as amplifications at genetic loci
commonly affected in medulloblastoma, such as Ptch, c-myc,
n-myc and p53 (17, 94). Such findings support the use of these
model systems in preclinical trials by highlighting their physiologi-
cal relevance.

CONSIDERATIONS FOR PRECLINICAL
STUDIES USING BRAIN TUMOR GEMMS

Pathway-targeted therapies

While none of the glioma or medulloblastoma GEMMs described
in the preceding sections completely phenocopies their respective
human conditions, their combined utility in the preclinical testing
of therapeutic regimens remains obvious. Over the past two
decades, rational drug design has led to numerous small molecule
inhibitors targeting many of the oncogenic pathways involved in
brain tumor pathogenesis (examples given in Figures 1 and 3), the
same pathways modulated, either singly or in combination, in the
design of glioma and medulloblastoma GEMMs. Consequently,
these models constitute ideal in vivo systems in which to study the
effects of particular drugs on their molecular targets and the conse-
quences for tumorigenesis. Additionally, the systemic toxicity of
individual compounds can be gauged, and strategies to follow clini-
cal course formulated. Despite these possibilities, only a handful of
such studies have been performed to date.

The effects of PTK787, a PDGFR and vascular-endothelial
growth factor receptor (VEGFR) inhibitor, have been tested in
the aforementioned RCAS-PDGF-mediated oligodendroglioma
model (72, 80). A 70-day course of PTK787, given at 100 mg/kg/
day, leads to lower-grade histology in treated tumors characterized
by markedly decreased mitotic activity, although tumor vascularity
appears unchanged (72). This GEMM has also been used to assess
the in vivo impact of perifosine, an oral inhibitor of the AKT and
RAS/MAPK pathways, both of which are known to be activated by
the enhanced RTK signaling common in glioma (50). Mice treated
with a combination of 100 mg/kg temozolomide and 30 mg/kg
perifosine for 3–5 days exhibit tumors with a significantly
decreased proliferation index. Furthermore, the combined effects
of perifosine and temozolomide are greater than for either drug
alone. This study demonstrates (i) how GEMMs can be used to test
drugs targeting pathways that are not directly altered in the genetic
design of the model (in this case the crucial signaling networks are
downstream of the exogenous oncogenic stimulus); and (ii) the
utility of GEMMs in the analysis of multiple drugs or therapeutic
modalities in combination.

Similar studies have been performed on glioma GEMMs exhib-
iting more astrocytic histology. The previously described RCAS-
kRas/RCAS-Akt-driven astrocytoma model has been used to
evaluate CCI-779, an inhibitor of mTOR (36). Treated tumors
harbor large areas of necrosis and apoptosis, and, interestingly,
surrounding viable tissue exhibits a more oligodendroglial mor-
phology. These findings not only highlight the therapeutic potential
of CCI-779 and its related compounds, but also underscore the
importance of mTOR signaling both for tumor survival and the
maintenance of astrocytic character. This study also yields relevant
dosing information, with the effective daily regimen of 40 mg/kg
far exceeding the 0.1 mg/kg found to be active in xenografts, illus-
trating the importance of an intact blood–brain barrier for
the proper in vivo analysis of potential brain cancer therapies. The
impact of Ras pathway inhibition has also been assessed in the
homozygous Nf1-deleted OPG model mentioned earlier. In these
mice, the mTOR inhibitor rapamycin appears to decrease both
tumor cell proliferation and tumor size in a dose-dependent fashion
(29). The study incorporates temozolomide treatment as well,
although no enhanced effect is seen when combining the two drugs.

Medulloblastoma models have also been used effectively in the
preclinical testing of targeted therapeutics. The recent finding that
SHH pathway activity is downregulated in medulloblastoma cells
once they are placed in tissue culture further emphasizes the impor-
tance of in vivo systems in these types of investigations (6, 68).
Ptch+/-/p53-/- mice treated with HhAntag, an inhibitor of SHH
signaling, exhibit complete tumor eradication at a dose of 100 mg/
kg/day (66). Additionally, mice maintained on HhAntag remain
medulloblastoma-free for as many as 147 days. These dramatic
effects, however, have been somewhat tempered by subsequent
studies identifying bone defects in young mice after even transient
exposure to this drug (40).

Pharmacology by way of genetic engineering

GEMMs need not be treated directly with drugs to successfully
inform subsequent clinical trials. Indeed, the potential effects of
targeting vital oncogenic pathways in brain tumors can be modeled
simply by manipulating the underlying genetics of relevant
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GEMMs. In this way, the requirement of a tumor for a particular
oncogenic stimulus can be assessed, even in the absence of a test
compound. This approach has been applied for glioma using an
RCAS-kRas/RCAS-Akt-driven astrocytoma model, in which kRas
expression is dependent on the administration of doxycycline (35).
Addition of doxycycline after tumor formation leads to complete
loss of kRas expression and dramatic tumor regression and subse-
quent withdrawal of tetracycline restores kRas expression, result-
ing in tumor recurrence within 3 weeks. These findings indicate a
requirement for Ras signaling in the maintenance astrocytoma,
bolstering the case for inhibition of this pathway in antiglioma
therapies.

Radiotherapy

Ionizing radiation constitutes a major therapeutic modality in the
treatment of both glioma and medulloblastoma, although much of
the biology underlying its effects and the mechanisms of tumor cell
resistance remain unclear. The high fidelity to which GEMMs reca-
pitulate both the genetics and the characteristic tumor–stroma
interactions of brain cancer would seem to make them ideal
systems for the refinement of more effective radiotherapy regi-
mens, especially in combination with synergistic drugs. Never-
theless, this avenue of translational research remains largely
unexplored. An investigation into the irradiation of medulloblas-
toma using the RCAS-Shh-based model system has recently been
reported (27). Radiotherapy is found to induce widespread, p53-
mediated, apoptotic cell death in the tumor bulk, which is largely
absent in a p53 null background. Furthermore, a subset of radiore-
sistant stem-like tumor cells characterized by their perivascular
distribution (9) appear to activate PI3K/Akt/mTOR signaling
following irradiation, undergo brief cell-cycle arrest and then
gradually begin dividing again, presumably leading to disease
recurrence. Intriguingly, combined radiation and treatment with of
the AKT pathway inhibitor perifosine appears to significantly
decrease survival in this cellular subpopulation. These findings not
only provide in vivo insight into the biology of irradiated tumors,
but also uncover a promising therapeutic strategy for radiosensiti-
zation in medulloblastoma. On a different level, this study also
indicates that p53 loss matters greatly with regard to radiotherapy,
and that p53-/-tumors will not behave in the same fashion as the
majority of human medulloblastomas that are p53-intact.

Cancer stem cell biology

The cellular heterogeneity exhibited by some brain tumor GEMMs,
as highlighted in the preceding paragraph, offers a distinct advan-
tage when studying the impact of test therapies on important sub-
populations of cells like CSCs. As we have seen, the causative
genetic or molecular events in GEMMs are frequently targeted to
progenitor cells or other similar groups with stem-like character
(Tables 1 and 2). Furthermore, tumors in some models even appear
to localize at their earliest stages to brain regions rich in multipo-
tent stem cells (96). The means to identify CSCs within tumor
masses are also improving steadily, as evidenced by identification
of the brain CSC marker CD133 (73). Recently, one group has
taken advantage of the singular ability of stem cells to efflux drugs,
as well as the fluorescent Hoechst dye, to isolate CSCs from a
PDGF-driven glioma model by fluorescent-activated cell sorting

(Bleau, AM and Holland, EC, unpub. obs.). By obtaining a rela-
tively pure population of stem-like cells, they are able to demon-
strate the importance of the Akt pathway in the maintenance of
CSC characteristics, in particular the resistance to alkylating
agents like temozolomide. Additional studies like this one should
further clarify mechanisms for the effective targeting of this crucial
class of tumor cells.

In vivo imaging

Improvements in imaging technology have further enhanced the
promise of preclinical testing in brain tumor GEMMs. Magnetic
resonance imaging (MRI) has already been successfully employed
in the analysis of drug effects on brain tumor models of both
oligodendroglial and astrocytic lineage (36, 72). In these studies,
high-grade lesions were identified by MRI and followed serially
during treatment with observed decreases in contrast enhancement.
Drug efficacy was then confirmed histologically. The more recent
development of genetically engineered bioluminescent reporter
mice has brought with it the ability to query distinct molecular
pathways and signaling networks and assess their response to
therapeutic intervention. One such system utilizes an E2F1-
luciferase transgene, expressed primarily in dividing cells, that
mediates the release of light in the presence of the bioluminescent
compound luciferin. Consequently, groups of rapidly multiplying
cells in these mice, such as tumors, release sufficient light so as to
be detectable by a sensitive luminometer, even when transmitted
through skin, soft tissue and bone. This strategy, in the context of
a PDGF-driven glioma GEMM, has been used to successfully
monitor the effects of pharmacologic PDGFR inhibition on tumor
growth (80). Other reporter mice have also been generated, includ-
ing a GLI-response luciferase transgenic that demonstrates Shh
signaling (6). The creation of these additional bioluminescent
strains for the analysis of molecular pathways implicated in brain
tumor biology should greatly streamline the process of testing tar-
geted therapies in murine model systems.

CONCLUDING REMARKS
As advances in cancer biology continue to reveal the molecular
mechanisms underlying brain tumor pathogenesis, the success with
which such discoveries are translated into effective therapies has
come to depend on the ability of the scientific community to rapidly
screen potential therapies in appropriate in vivo systems. Well-
designed drug tests in murine models of brain cancer should not
only serve to rapidly isolate promising therapeutic strategies, but
should also better inform subsequent trials in human subjects, and,
in doing so, both lower their cost and increase their efficacy. This
review has attempted to briefly overview the currently available
glioma and medulloblastoma GEMMs, and their potential for
applications in preclinical testing. In many ways, these murine
model systems remain a largely untapped resource (65), as evi-
denced by the relatively small number of studies successfully
employing GEMMs in preclinical trials to date. More extensive use
of brain tumor GEMMs in this kind of translational research will
hopefully underscore their utility as effective disease models and
facilitate the development of the next generation of molecularly
targeted therapeutics.
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The Neurobiology of Neurooncology
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The histological classification of brain tumors currently is based on the morphological appearance and protein expression pat-
terns that reflect specific cell types within the central nervous system. Recent studies have suggested that the cells of origin for
brain tumors may persist in the fully formed tumors, and that these “cancer stem cells” might represent the relevant cellular
targets for anticancer therapy. In this regard, insights into the developmental neurobiology of brain tumors has significant impact
on our understanding of the molecular and cellular pathogenesis of these devastating cancers, as well as the development of new
strategies for treating brain tumors.

Ann Neurol 2006;60:3–11

Our knowledge of the cause of brain tumors has in-
creased tremendously over the past 20 years and is
leading to a deeper understanding of the molecular
events essential for tumor formation. Simultaneously,
we have gained insights into the developmental pro-
cesses that cause the diversity of the normal cells that
comprise the brain, and we are beginning to recognize
the overlapping and common mechanisms regulating
tumorigenesis and development in the nervous system.
Understanding the interplay between tumorigenesis
and development may have important implications for
both neuroscience and neurooncology. Among these,
one of the most important factors is determining the
cell of origin for brain tumors. Identifying the cell
from which a given tumor arises would allow us to
compare tumor cells with their normal counterparts, so
that key differences and vulnerabilities of tumor cells
can be discovered. Furthermore, identifying the cell of
origin would allow us to create more robust and rele-
vant animal models with which to study brain tumor
etiology, pathology, and treatment. Finally, recent
studies suggest that the cell of origin, or a cell that
resembles it, may persist in mature tumors, and this
cell type may be critical for the continued growth and
propagation of brain tumors.1 Therefore, identifying
the cell of origin for a particular central nervous system
tumor may be critical for designing effective ap-
proaches to therapy. In this regard, certain subpopula-
tions of cells in other cancers (e.g., melanoma) exhibit
distinct sensitivities to chemotherapy as a result of dif-
ferential expression of P-glycoprotein and adenosine

triphosphate–binding cassette proteins.2 Herein, we re-
view what is known about the cell of origin for two
major classes of brain tumors, medulloblastoma (MB)
and astrocytoma, and discuss new approaches to ad-
dressing this important neurobiological issue.

Histological Classification of Brain Tumors
Brain tumors currently are classified according to the
World Health Organization (WHO) system, which de-
rives from the pioneering work of Bailey and Cushing.3

This classification system names tumors after the cell
type that tumor cells resemble most in the developing
embryo or adult. Based on these criteria, neuropatholo-
gists distinguish among glioma (astrocytoma), oligo-
dendroglioma, and neuronal tumors.4 Astrocytic tu-
mors comprise a wide range of glial neoplasms, which
are subdivided into four malignancy grades (WHO
grades I-IV) based on the presence of specific criteria,
such as nuclear atypia, mitotic activity, necrosis, and
microvascular proliferation. Oligodendrogliomas are
subdivided into those tumors composed of pure oligo-
dendroglial tumor cells and those with a mixed oligo-
dendroglial and astrocytic appearance. Neuronal tu-
mors constitute a large proportion of brain tumors seen
in children, and they include central neurocytoma,
ganglioglioma, supratentorial primitive neuroectoder-
mal tumors, and MB. MB, the most common pediatric
brain tumor, is a malignant invasive neoplasm of the
cerebellum composed of cells that exhibit primarily
neuronal differentiation.

While the current WHO classification scheme is
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used widely, it has some notable limitations. First,
many tumors consist of atypical-appearing cells that do
not resemble any normal cell type in the brain. Second,
central nervous system tumors are often morphologi-
cally diverse, and classification may rely on identifica-
tion of a specific area within the tumor most charac-
teristic of that particular tumor type. This may lead to
inaccurate histological assignment based on a small re-
gion of tumor within an otherwise heterogeneous cel-
lular mass. Third, tumor classification often depends
on the use of immunocytological techniques to identify
specific antigens or cell types. Because there are few
antibodies that reliably or exclusively identify specific
cell lineages, the presence or absence of a particular an-
tigen suggests only a tumor type and does not neces-
sarily allow definitive classification.

Although the WHO classification scheme implies a
cell of origin for many brain tumors, the cell of origin
has not been unequivocally identified for any of them.
It is hypothesized that MBs originate from neuronal
precursors, whereas astrocytoma and oligodendrogli-
oma arise from astrocytic or oligodendroglial precur-
sors. In this fashion, brain tumors may form as a result
of the acquisition of specific genetic changes in stem
cells, progenitor cells, or differentiated cell types (Fig
1). These genetic changes deregulate cell growth and
differentiation control pathways important for normal

brain development and lead to increased cell growth as
an initiating step in tumor formation. Cancer-causing
genetic mutations in stem cells and progenitor cells
likely result in the increased growth of immature cell
types, whereas differentiated cell types (e.g., astrocytes)
may acquire stem cell-like or progenitor cell–like prop-
erties as a result of specific genetic mutations. In the
following sections, we discuss what is known and what
remains to be learned about the origins of MB and
astrocytoma.

Cellular Origin of Medulloblastoma
Among central nervous system tumors, few have
evoked more discussion and speculation regarding their
cell of origin than those primarily composed of prim-
itive neuroepithelial cells. The most representative tu-
mor in this group, the cerebellar MB, was distin-
guished from other brain tumors in 1910 by James
Homer Wright,5 and later more specifically by Percival
Bailey and Harvey Cushing.6 In light of its predomi-
nant neuronal morphology, Wright5 suggested that
MBs derived from restricted neuronal precursors, or
neuroblasts. In contrast, Bailey and Cushing6 noted
that these tumors often contained glial cells as well,
and proposed that their cell of origin was a new em-
bryonic neuroepithelial cell type (“medulloblast”) capa-
ble of generating both glial and neuronal cells.

In addition to the debate about the neuronal/glial
potential of the cell of origin, there has also been sig-
nificant disagreement about the location of this pro-
genitor cell within the developing cerebellum. It has
long been recognized that the cerebellum contains two
distinct germinal zones: the ventricular zone (VZ) that
forms the innermost boundary of the cerebellum, and
the external germinal layer (EGL) that lines the outside
of the cerebellum (Fig 2).7 In their original description
of MB, Bailey and Cushing suggested that the medul-
loblast was located in the VZ, and that the tumor orig-
inated from this region. In contrast, many investigators
have proposed that MBs arise from the EGL.8,9 Be-
cause developmental studies have suggested that the
VZ generates both neurons and glia, whereas the EGL
contains primarily neuronally restricted granule cell
precursors (GCPs), proponents of the EGL as the site
of origin tend to favor the notion that these tumors
arise from neuroblasts rather than multipotent progen-
itors.

Over the years, evidence has accumulated in support
of both restricted neuronal progenitors and multipo-
tent precursors as the cells of origin for MB. Most of
this information has come from immunohistochemical
staining and gene expression analyses of tumor tissue.
For example, studies of human MB have shown that
some tumors express markers associated with EGL-
derived GCPs, such as p75NTR, TrkC, Zic1, and
Math1.10–13 However, many MBs express markers of

Fig 1. Cancer-causing genetic changes in neural stem cells,
progenitor cells, or differentiated cells cause brain tumor–asso-
ciated neoplastic cells. Experimental evidence exists for the gen-
eration of brain tumors after the introduction of specific
cancer-associated genetic changes (denoted by the lightning
bolts) in neural stem cells, progenitor cells, and mature differ-
entiated cell types. These brain tumor–associated mutations
likely interfere with normal proliferation and differentiation.
Solid blue arrows denote normal cellular differentiation in
the developing nervous system, whereas the dotted red arrows
denote the pathways to brain tumor formation.
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VZ-derived progenitors, such as calbindin-D28K, parv-
albumin, nestin, vimentin, and glial fibrillary acidic
protein (GFAP).14–17 Although some of these markers
(e.g., nestin) can be found both in the EGL and in the
VZ, most MBs express either EGL markers or VZ
markers, but not both.

In an attempt to explain these discrepancies, a num-
ber of investigators suggested that different classes of
MB may originate from distinct progenitors.13,18 Al-
though the WHO lists several histological subtypes of
MB, the majority of tumors are described as either
“desmoplastic” or “classic.” Desmoplastic MBs account
for 15 to 20% of all MBs, with a higher incidence in
adult patients. These tumors are most often located in

the cerebellar hemispheres, display extensive nodularity,
and have a relatively favorable prognosis. In contrast,
75 to 80% of tumors are regarded as classic MBs.
These are commonly located in the center of the cere-
bellum (the vermis), grow as relatively uniform sheets
of cells with a high nuclear/cytoplasmic ratio, and have
a tendency to invade adjacent brain and leptomenin-
ges.19

Several studies have suggested that desmoplastic and
classic MBs may have different origins. Desmoplastic
tumors tend to express markers of the granule cell lin-
eage (such as Math1 and P75NTR), and have therefore
been suggested to arise from GCPs in the EGL. Classic
MBs more frequently express markers associated with
non-granule neurons (e.g., calbindin) and, hence, have
been suggested to originate from the VZ. Gene expres-
sion profiling also supports the concept of distinct or-
igins for the different subtypes of MB. For example,
both classic and desmoplastic MBs have separable ge-
netic profiles, with desmoplastic MBs expressing genes
associated with proliferating GCPs in the EGL.20,21 In
contrast, classic MBs express a distinct set of markers
that are more heterogeneous and not clearly associated
with any particular cerebellar cell type. These data sug-
gest that desmoplastic MBs may derive from the EGL,
whereas classic MBs arise from the VZ.

Although the dichotomy between EGL-derived des-
moplastic tumors and VZ-derived classic MBs makes
for an appealing model, some studies have cast some
doubt on this view. First, some microarray analyses of
human MB have failed to find a clear correlation be-
tween lineage markers and desmoplastic/classic histol-
ogy.22 In addition, a number of recent studies have
suggested that both desmoplastic and classic MBs ex-
press high levels of stem-cell markers, including the
VZ-associated glycoprotein CD133.1,23 CD133�

stemlike cells isolated from MBs can form proliferating
clones characteristic of neural stem cells (“neuro-
spheres”), can undergo self-renewal (ie, form secondary
and tertiary neurospheres in culture), and under appro-
priate conditions, can be induced to differentiate into
both neurons and glia. Finally, these CD133� cells can
generate tumors after transplantation into immuno-
compromised mice. These data suggest that both his-
tological subtypes of MB contain cells that resemble
multipotent neural stem cells, but whether the tumors
actually arise from stem cells remains unknown.

A number of genes and signaling pathways have
been implicated in the genesis of MB, and these also
shed some light on the cell of origin. The two most
studied examples are the sonic hedgehog (SHH)-
patched (PTCH) and the WNT signaling pathways
(Fig 3). Patients with germline PTCH mutations
(which activate the hedgehog pathway) acquire Gor-
lin’s syndrome, a disease characterized by recurrent
basal cell carcinomas of the skin, craniofacial abnor-

Fig 2. Cellular origins of cerebellar neurons and glia. The
developing cerebellum contains two distinct germinal zones: the
ventricular zone (VZ), which contains multipotent stem cells
that give rise to the majority of cerebellar neurons, and glia;
and the external germinal layer (EGL), which contains com-
mitted granule cell precursors (GCPs) that only generate gran-
ule neurons. The VZ is most active during embryonic develop-
ment (embryonic days 13–17 [E13-17] in mice), but may
continue to generate cells postnatally. The EGL arises embry-
onically from a structure called the rhombic lip, but undergoes
dramatic expansion during the late embryonic and early post-
natal period (E18-P14). GCPs in the EGL proliferate for a
brief period, then stop dividing and migrate inward to the
internal granule layer (IGL). By adulthood, the surface of the
cerebellum consists largely of granule cell axons and Purkinje
cell dendrites (molecular layer), and most, if not all, prolifera-
tion has ceased. WM � white matter.
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malities, and an increased incidence of MB.24,25 In ad-
dition, 20 to 30% of sporadic MBs harbor activating
mutations in the SHH/PTCH pathway mutations, and
mice engineered with patched mutations experience de-
velopment of MB.26–30 Because SHH signaling has
been shown to control proliferation of GCPs,31–33 it
has been suggested that tumors arising from SHH
pathway mutations are likely to arise from these cells.
However, SHH/PTCH signaling may also influence
multipotent neural stem cell growth.34–37 Regardless of
the cell of origin of SHH pathway tumors, there is
hope that these tumors will be sensitive to small-
molecule inhibitors of the hedgehog pathway. Such in-

hibitors have already been shown to dramatically im-
prove the survival of tumor-bearing Ptch mutant
mice.38,39 Their effectiveness in treating human MB is
not yet known, but is likely to be evaluated in the near
future.

The WNT signaling pathway has likewise been im-
plicated in a subset of MBs. Turcot’s syndrome, which
results from germline mutations in the adenomatous
polyposis coli gene, have a high incidence of colon can-
cer and brain tumors, primarily MBs.40 Although ad-
enomatous polyposis coli mutations are relatively rare
in sporadic MBs,41,42 5 to 15% of these tumors have
been reported to contain mutations in �-catenin or
Axin, each of which can result in WNT pathway acti-
vation.41,43,44 Unlike the SHH pathway, the WNT
pathway has not been implicated in growth or survival
of GCPs. However, WNT signaling is known to be
critical for the specification of the midbrain-hindbrain
boundary from which the entire cerebellum devel-
ops,45,46 and may therefore be important for the
growth and survival of multipotent progenitors in the
embryonic cerebellum. Alternatively, there may be
other classes of progenitors in the developing cerebel-
lum that depend on WNT signaling for proliferation
or self-renewal. The cellular targets of transformation
in WNT pathway–associated MBs remain an impor-
tant area of investigation.

Cellular Origins of Astrocytoma
As with MB, there has been a considerable amount of
controversy and discussion regarding the cellular origin
of astrocytoma. In 1846, Virchow47 described the pres-
ence of glial cells in the brain and named them “neu-
roglia.” He postulated that these cells may be causally
related to the development of a number of brain tu-
mors, and coined the term glioma.47 Ramon y Cajal
and Del Rio Hortega further defined this heteroge-
neous group of neuroglia, subdividing them into astro-
cytes and oligodendroglia. In 1926, Bailey and Cush-
ing3 proposed that astrocytic tumors are related to
either the maturation of progenitor cells (bipolar spon-
gioblasts) or astrocytes.

Using human tumor tissues, it has not been possible
to conclusively demonstrate which cell type causes as-
trocytoma, and debate continues whether astrocytomas
arise from differentiated astrocytes, astroglial progenitor
cells, or neural stem cells. Immunohistochemical stud-
ies have shown that astrocytoma tumor cells express
protein markers typically found in glial progenitor
cells, including GFAP, nestin, brain lipid-binding pro-
tein, and OLIG-2.48–52 However, identifying the cell
of origin based on these lineage-specific markers is
problematic. In this regard, although GFAP has long
been regarded as a marker for differentiated astrocytes,
recent studies have shown that GFAP expression begins
in midembryogenesis and marks cells in the subven-

Fig 3. Regulators of cerebellar development contribute to me-
dulloblastoma formation. During normal cerebellar develop-
ment, signaling pathways such as those induced by Sonic
hedgehog (SHH) and WNT regulate growth and differentia-
tion of granule cell precursors (GCPs) and neural stem cells
(top). Mutations that activate these pathways, loss of PTCH,
deletion of REN, or mutations in adenomatous polyposis coli
(APC) or �-catenin, can cause excessive growth and failure of
differentiation, and thereby predispose to medulloblastoma for-
mation (bottom).
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tricular zone with the ability to function as true neu-
roglial stem cells.53,54 With the recognition that GFAP
identifies a wide variety of cell types, ranging from
stem cells to mature astrocytes, its use as a marker for
differentiated astrocytes has been called into question.
Efforts to identify additional differentiation markers for
the astroglial lineage have been sought by studying glial
cell differentiation in vitro; however, it is not clear that
the “lineage-specific” markers expressed by differentiat-
ing astroglial cells grown in vitro reflect the different
phases of astroglial cell maturation that occur in the
intact animal in vivo.55 Finally, similar to MBs, all his-
tological grades of human astrocytoma contain
CD133� stem cells, which, when explanted into naive
mouse brains, result in the development of astrocyto-
mas histologically identical to the original parental tu-
mor.1,56,57 As discussed earlier, these studies support
the hypothesis that stem cells exist in human astrocy-
tomas, and that these cells can regenerate astrocytomas
in naive recipient mice, but do not prove that astrocy-
tomas arise from these cells.

A number of specific genetic changes that influence
astroglial cell differentiation from stem cells in vivo
have been identified that have particular relevance to
gliomagenesis (Fig 4). These include growth factors
(epidermal growth factor [EGF] and platelet-derived
growth factor [PDGF]), proteins of the interleukin
family (interleukin 6 [IL-6] and leukemia inhibitory
factor), and members of the SHH transcriptional con-
trol program (OLIG and GLI transcription factors). In
this regard, PDGF is a potent mitogen for astroglial
cell precursors and is a critical growth factor that spec-
ifies oligodendrocyte development.58,59 EGF has been
shown to promote astroglial cell differentiation from
neural stem cells at the expense of neurons both in
vitro and in vivo,60–62 and mice lacking the EGF re-
ceptor exhibit abnormal astrocyte maturation.63 Astro-
cyte differentiation is dependent on IL-6 and leukemia
inhibitory factor receptor function,64 such that leuke-
mia inhibitory factor receptor–deficient mice exhibit a
significant reduction in the number of GFAP� cells in
the brain.65 Lastly, SHH has been implicated in the
maintenance of neural progenitor cells and in the
differentiation of oligodendroglial and astroglial
cells.34,66,67

It should not be surprising that some of the cancer-
associated changes important for astrocytoma forma-
tion involve the same genes important for astroglial cell
differentiation during development (see Fig 4). In this
regard, mutations in these genes would release the nor-
mal brakes on cell proliferation and the terminally dif-
ferentiated state and facilitate the acquisition of a less
differentiated and more proliferative cellular pheno-
type. Activating mutations in the EGF receptor are
commonly seen in high-grade astrocytoma,68 and mice
engineered to express a mutationally activated EGF re-

ceptor in combination with other genetic changes de-
velop astrocytoma.69–71 Similarly, astrocytomas of
many grades exhibit increased PDGF and PDGF re-
ceptor expression.72 PDGF has been shown to dedif-
ferentiate cultured astrocytes in vitro and result in oli-
godendroglioma formation in vivo.73 Using a glioma-
prone transgenic mouse model, IL-6 was found to be
required for tumor formation.74 Lastly, altered expres-
sion of members of the SHH pathway have been re-
ported in astrocytomas,75 and some of its downstream
transcriptional targets have been implicated in astrocy-
toma formation.52,76

A number of these regulators of brain and astrocy-
toma development are also potential targets for thera-
peutic drug design. Inhibition of EGF and PDGF re-
ceptors by specific small-molecule tyrosine kinase
inhibitors are currently being investigated in clinical
trials.77,78 Similarly, monoclonal antibody therapy
against EGF receptor is in preclinical evaluation for the
treatment of glioma.79 It is likely that additional tar-

Fig 4. Regulators of astrocyte differentiation play a critical role
in astrocytoma formation. The same proteins involved in nor-
mal glial cell differentiation from glial progenitors are mutated
or altered in astrocytoma. For example, epidermal growth fac-
tor (EGF) and platelet-derived growth factor (PDGF), as well
as interleukin-6 (IL-6), are important for favoring glial differ-
entiation from neural stem cells, whereas the sonic hedgehog
(SHH) signaling pathway regulates the transcription factors of
the GLI and OLIG family critical for astrocytic and oligoden-
drocytic lineage specification (top). In human glial neoplasms,
mutation and deregulated expression of the EGF and PDGF
receptors (EGFR and PDGFR, respectively), PDGF, members
of the IL-6 family, and SHH pathway regulators are observed
(bottom).
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geted therapies will derive from basic research aimed at
defining the growth regulatory pathways important for
glial cell growth and differentiation.

Finding the Cell of Origin
Despite intense scientific investigation, it is fair to say
that the origins of human brain tumors remain unre-
solved. Moreover, several characteristics of human tu-
mors may make it difficult to resolve this issue defini-
tively. First, because human tumors can be studied
only once they have already developed, the cell of ori-
gin can merely be inferred retrospectively from markers
expressed in its progeny. In this regard, that a tumor
cell expresses a marker of a particular lineage does not
necessarily mean that the tumor arose from cells of that
lineage. Second, because tumor cells undergo signifi-
cant molecular changes as a result of transformation,
they may express markers that are not expressed by
their normal counterparts during development. Finally,
the heterogeneity of human tumors and the discrep-
ancy among the histopathological criteria used to clas-
sify tumors further complicates studies of the cell of
origin for human brain tumors.

However, these limitations and obstacles do not
mean that searching for the cell of origin for brain tu-
mors is futile. A powerful alternative to studying the
cell of origin in human tumors involves the use of ge-
netically or virally engineered animal models. Mouse
models based on a specific genetic mutation have a
number of significant advantages. First, they are less
genetically heterogeneous than human tumors, making
it easier to draw conclusions about the cell of origin for
any particular tumor. Second, using retroviral gene de-
livery or transgenic technology, genetic alterations can
be introduced into specific subpopulations of normal
cells, and the resulting animals can be used to prospec-
tively test hypotheses about the cell of origin. Finally,
mouse tumors can be studied at both early and late
stages, so that progressive molecular and phenotypic
changes in the cell of origin can be tracked as they
happen, instead of being inferred from the end stages
of the disease. A number of such studies have already
been performed, and these have important implications
for our understanding of the origins of brain tumors.

Studies in genetically engineered mice have provided
important insights into the cellular origins of MB. In
this regard, conditional knock-out methods (Cre-Lox
technology) have been used to assess the role of the
retinoblastoma (Rb) and p53 tumor suppressor genes
in neoplastic transformation.80 Mice expressing the Cre
recombinase under the control of the GFAP promoter
were mated with mice in which the Rb and p53 genes
were flanked by LoxP sites, so that Rb or p53 would
be deleted in GFAP� cells. Mice lacking both Rb and
p53 expression in GFAP� cells experienced develop-
ment of MBs. In this model, Rb and p53 inactivation

occurred in astrocytes, but also in a population of neu-
ronal precursors in the EGL. In a complementary ap-
proach, the RCAS-TVA viral transduction system has
been used to target oncogenes to neural progenitors in
the cerebellum.81 Nestin-TVA transgenic mice, which
express the avian retrovirus receptor (TVA) in nestin�

cells, were infected as neonates with avian retroviruses
encoding SHH. In this model, MB formation was ob-
served in 9 to 15% of mice, suggesting that SHH-
induced MB can arise from nestin� progenitors in the
postnatal cerebellum.

Similar to the approaches described for MB, mouse
modeling studies have shown that specific oncogenic
changes can also result in astrocytoma formation when
introduced into either GFAP� or nestin� cells in
vivo.82 In addition, astrocytomas form in mice ex-
planted with either neural stem cells or astrocytes en-
gineered to harbor glioma-associated genetic changes.70

However, there is a tendency for nestin� cells to be
more sensitive than GFAP� cells to these glioma-
associated genetic changes.83 Similarly, more aggres-
sive gliomas arise in genetically engineered
neurofibromatosis-1 (Nf1) mutant mice when Nf1 in-
activation occurs in GFAP� cells at embryonic day 10
as opposed to embryonic day 14.84,85 Collectively,
these results suggest, but do not prove, that astrocy-
toma formation may be influenced by the timing of
specific genetic changes related to gliomagenesis.

The use of animal models offers a powerful new ap-
proach to studying tumor origins, and in the long run,
it may lead to definitive conclusions regarding the cell
of origin. However, developing appropriate models de-
pends on at least two critical types of information: (1)
the identification of specific genes with deregulation
that is sufficient to cause tumors in mice, and (2) the
identification of cell type–specific promoters that can
be used to drive expression of these genes in the ap-
propriate cell types. The list of genes that have been
shown to be mutated or misexpressed in human MB
and astrocytoma is growing rapidly, but most have not
yet been shown to cause tumors in mice. Similarly, a
number of transgenes and mutations have been dem-
onstrated to cause MB and astrocytoma in mice, but
their contribution to the development of human brain
tumors remains unknown. Further study of the key
molecular switches that govern astrocyte and neuronal
differentiation is likely to yield important insights into
the specific genes and growth regulatory pathways de-
regulated in MB and astrocytoma.

Similarly, we have currently identified only a small
number of cell-specific promoters for the in vivo inter-
rogation of the cell of origin of MB and astrocytoma.
For astrocytoma and MB, most genetically engineered
mouse modeling studies have used the nestin or GFAP
promoters, the interpretation of which is complicated
by uncertainty regarding the identity of the cells in the
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developing brain that express GFAP or nestin. In this
regard, GFAP expression has been reported in both as-
trocytes and neural stem cells, whereas nestin expres-
sion has been observed in GCPs, neural stem cells, and
radial glia. Future studies will be required to identify
and use more specific genetic markers for astrocytes,
neural stem cells, and GCPs that would enable the
generation of additional genetically engineered mouse
models to evaluate the contribution of these cell types
to the origin of brain tumors. Progress in these areas
will undoubtedly lead to new animal models for MB
and astrocytoma and to a clearer definition of the cell
of origin of these tumors.
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REVIEW

The ecology of brain tumors: lessons learned from neurofibromatosis-1

WW Pong and DH Gutmann

Department of Neurology, Washington University School of Medicine, St Louis, MO, USA

Traditionally, cancer studies have primarily focused on
mutations that activate growth or survival pathways in
susceptible pre-neoplastic/neoplastic cells. However,
recent research has revealed a critical role for non-
neoplastic cells within the tumor microenvironment in the
process of cancer formation and progression. In addition,
the existence of regional and developmental variations in
susceptible cell types and supportive microenvironments
support a model of tumorigenesis in which the dynamic
symbiotic relationship between neoplastic and non-neo-
plastic cell types dictate where and when cancers form and
grow. In this review, we highlight advances in neuro-
fibromatosis type 1 (NF1) genetically engineered mouse
brain tumor (glioma) modeling to reveal how cellular and
molecular heterogeneity in both the pre-neoplastic/
neoplastic and non-neoplastic cellular compartments
contribute to gliomagenesis and glioma growth.
Oncogene (2011) 30, 1135–1146; doi:10.1038/onc.2010.519;
published online 15 November 2010

Keywords: glioma; astrocytoma; neurofibromatosis type 1;
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Introduction

Based on seminal studies in colon cancer, tumor
development is often thought to result entirely from an
accumulation of acquired genetic changes that allow a
cell to escape the constraints that normally control cell
proliferation, death and migration. These constraints
are typically provided by the local microenvironment
(stroma) in the form of growth factors, chemokines and
extracellular matrix (ECM) molecules. The presence of
each type of stromal molecule instructs the cell to divide,
differentiate, die or migrate, and thus regulates the
orderly behavior of that cell within its natural tissue
environment. However, traditional models of tumori-
genesis have largely focused on identifying cancer-
causing genetic changes present in the neoplastic cells
without considering the local microenvironment. In
these models, tumor formation is envisioned as a
stochastic series of events that allow neoplastic cells,
through a process of natural selection, to predominate

and culminate in cancer. Although these models have
been incredibly instructive, they fail to account for the
spatial and temporal patterns of tumor formation, and
do not fully explain several unique features of pediatric
brain tumors.

In this review, we will explore brain tumor formation
as a developmental abnormality involving interactions
between neoplastic and non-neoplastic cells, in which
molecular alterations in non-neoplastic cells not only
affect tumor proliferation and maintenance, but also
influence the propensity for tumor initiation and
formation through the co-evolution of a permissive
microenvironment. Both before and during tumor devel-
opment, non-neoplastic and neoplastic species change the
cellular and molecular composition of their local milieu
by recruiting new cell types, activating existing cell types
and modifying the regional expression profile of specific
molecules (for example, growth factors, cytokines and
ECM proteins). The cumulative effect of these changes
over time creates a permissive microenvironment that
provides the necessary substrate for the expansion of pre-
neoplastic and neoplastic cells during the process of
oncogenesis and continued tumor growth.

Traditional models of oncogenesis

The multistep model of tumorigenesis was initially
proposed by Vogelstein and colleagues for colorectal
cancer, based on the identification of a series of genetic
mutations arising in colorectal cancers at various stages
of malignant progression (Fearon and Vogelstein, 1990).
The observation that some genetic changes occurred at
the earliest stages of oncogenesis (epithelial hyperplasia)
whereas others were only detected in more malignant
cancers suggested a model in which the orderly
acquisition of cancer-causing genetic changes explained
the progression from the pre-neoplastic lesion (polyp) to
advanced metastatic colon cancer (Figure 1). However,
it is more likely that it is the complement of genetic
changes, rather than the chronological order of acquisi-
tion, that drives the process of tumorigenesis and
malignant progression.

Weinberg and colleagues experimentally defined a
series of six hallmark changes necessary for the
progression from cancer initiation to tissue invasion
and metastasis. These include growth signal self-
sufficiency, antigrowth signal insensitivity, apoptosis
evasion, limitless replicative potential, angiogenesis, and
tissue invasion and metastasis (Hanahan and Weinberg,
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2000). In their model, the introduction of human
telomerase reverse transcriptase, oncogenic H-Ras and
simian virus 40 large T-antigen in normal human kidney
epithelial and fibroblast cells conferred limitless replica-
tive potential, growth signal self-sufficiency and apop-
tosis evasion, respectively, and resulted in oncogenic
transformation (Hahn et al., 1999). Similarly, this
collection of genetic alterations was also shown to be
sufficient for the transformation of normal astrocytes to
malignant astrocytomas (Sonoda et al., 2001).

Although these changes were introduced into a
susceptible pre-neoplastic cell, it should be recognized
that these hallmark properties reflect escape from the
normal constraints provided by the local environment.
In this regard, HRAS mutation results in constitutive
activation of pro-proliferative and antiapoptotic path-
ways that normally would be governed by extracellular
ligands binding to their cognate receptor tyrosine
kinases. The presence of a constitutively active H-Ras
molecule obviates the need for these extracellular
growth/survival factors by providing an equivalent
intracellular proliferative or survival signal. Similarly,
mutational loss of the Deleted in Colorectal Carcinomas
(DCC) gene during colorectal cancer formation is
thought to reduce normal cell–cell and cell–ECM
adhesions (Fearon and Vogelstein, 1990), whereas
TP53 mutation results in loss of p53-mediated cell cycle
arrest and apoptosis (Baker et al., 1989; Vousden, 2002).
These tumor suppressor gene inactivation events pro-
vide escape from the growth and survival constraints
normally provided by the local microenvironment.

Incorporating the tumor microenvironment

The concept that oncogenic changes in a pre-neoplastic
cell type are necessary, but not completely sufficient, for
tumorigenesis is highlighted by the differential patterns
of metastatic colonization. For example, B16 melanoma
cells injected into mice only form tumors in pulmonary
or ovarian tissue, but not in renal tissue (Hart and
Fidler, 1980). Furthermore, human breast cancer cell
lines injected into the mammary glands of naı̈ve mice
widely disseminate, but metastatic tumors only develop
in the lungs and lymph nodes, even though dormant
cells could be recovered from organs without metastasis
(Suzuki et al., 2006). These findings raise the intriguing
possibility that determinants beyond the neoplastic cell
are critical for progression.

The microenvironment of a solid tumor is composed
of numerous non-neoplastic cell types, such as fibro-
blasts, infiltrating and resident immune cells, and
recruited macrophages and mast cells. These cell types,
although not tumorigenic, have the capacity to produce
growth/survival factors, chemokines, ECM and angio-
genic molecules that change the local milieu in which
these pre-neoplastic/neoplastic cells live. The specific
composition of this microenvironment further varies
depending on the developmental age, tissue type and
stage of malignant progression (Egeblad et al., 2005;
Coussens and Werb, 2010; Rozario and DeSimone,
2010).

Some of the first studies to demonstrate the influence
of the microenvironment on tumorigenesis examined
the relationship between fibroblasts and epithelial
cells during wound healing (Gabbiani et al., 1972,
1978) and breast cancer progression (Tremblay, 1979).
Cancer-associated fibroblasts, or myofibroblasts, exhibit
embryonic-like migratory properties (Schor et al., 1988)
and stimulate prostate tumor progression (Olumi et al.,
1999) as well as support the initiation and progression of
breast cancer (Barcellos-Hoff and Ravani, 2000). Matrix
metalloproteinases secreted from these cancer-asso-
ciated fibroblasts change the ECM and alter the signal
transduction responses of epithelial cells to growth
factors, thus forming a reactive stroma that enhances
tumorigenesis (Lee and Streuli, 1999; Sternlicht et al.,
1999). One of the key signaling molecules produced by
cancer-associated fibroblasts is transforming growth
factor-b (TGF-b): TGF-b activates fibroblasts to in-
crease ECM formation (Keski-Oja et al., 1988) and
promotes epithelial cell and fibroblast proliferation,
depending upon the complement of growth factors
present in the local microenvironment (Roberts et al.,
1985). Collectively, these studies support a model of
tumorigenesis in which TGF-b signaling creates a
permissive stromal state for epithelial cancer initiation
and progression (Bhowmick et al., 2004; Cheng et al.,
2005).

Other stromal components, including immune system
cells, also can participate in the process of tumor
formation. In the initial stages of tumor formation,
recruited immune cells may suppress tumor formation
through ‘immunoediting’ (Dighe et al., 1994; Dunn
et al., 2002), which represents a process of cancer cell
elimination by immune system cells. Following this
initial period of elimination, some tumor cells will
acquire the ability to escape immune recognition and
exist in a state of dynamic equilibrium with the immune

normal tissue dysplasia adenoma late adenoma carcinoma metastasis

APC KRAS DCC TP53 othermutations

Figure 1 Hallmark changes acquired during colorectal cancer progression. A series of genetic mutations enable cancer cells to escape
from the normal local microenvironment constraints on growth and survival. Among these changes, mutations affecting the
adenomatosis polyposis coli (APC) gene facilitate the progression to dysplasia, while KRAS and TP53 alterations are implicated in the
development of adenoma and carcinoma, respectively. Mutations of the deleted in colorectal cancer (DCC) gene promote evasion of
apoptosis and invasion in late adenoma. Mutations in the transforming growth factor-beta (TGF-b) signaling pathway as well as other
genetic changes that alter adhesion to ECM components, such as overexpression of matrix metalloproteinases that degrade ECM
substrates, contribute to invasion and metastasis.
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system (Shankaran et al., 2001). Eventually, these tumor
cells will proliferate and expand.

Similar to fibroblasts, mast cells and macrophages can
also be recruited to the tumor by chemotactic factors
(Dabbous et al., 1986; Graves et al., 1989). Recruited
mast cells activate fibroblast collagen synthesis and
induce angiogenesis through the secretion of the mast
cell serine proteases monocyte chemoattractant protein-4
and monocyte chemoattractant protein-6 (Coussens
et al., 1999). Mast cells can also increase ECM
degradation in rodent mammary carcinomas, thereby
facilitating tissue invasion and metastasis (Dabbous
et al., 1986). Similarly, recruited macrophages can also
degrade elastin, glycoproteins and collagen to promote
invasion through secreted proteinases (Werb et al., 1980;
Coussens et al., 2000) and regulate angiogenesis and
metastasis through production of proangiogenic factors
(Lin et al., 2006; Pollard, 2008).

The brain as a specialized ecosystem

Similar to tumors in other organs, brain tumors are
composed of an evolving ecological community com-
posed of non-neoplastic and pre-neoplastic/neoplastic
cells. However, the normal brain is a specialized niche
that lacks fibroblasts and is essentially lymphocyte free,
both of which are key players in the microenvironment
of other solid cancers. The environment of the brain
consists of blood vessels, ECM, microglia, pericytes,
oligodendrocytes, progenitor cells, astrocytes and neu-
rons. As the normal brain develops and matures, these
cell types and the signals they elaborate vary over time
and in different brain regions.

The spatial and temporal pattern of brain tumor
formation is illustrated by the age of onset and location
of glial cell malignancies (Louis et al., 2007). In children,
gliomas predominate in infratentorial locations, includ-
ing the optic pathway, brainstem and cerebellum,
whereas in adults, gliomas are more commonly found
in supratentorial regions, such as the cerebral hemi-
spheres. Even within the brainstem, gliomas tend to
form in the pons (Ueoka et al., 2009). Moreover, the
histological grade of gliomas differs in children com-
pared with adults. World Health Organization grade I
pilocytic astrocytomas are more frequent in children,
whereas higher grade malignancies are found in adults.
Interestingly, pilocytic astrocytomas rarely progress to
high-grade glial cancers compared with the progressive
nature of adult grade II gliomas. These unique patterns
of gliomagenesis could reflect differences in susceptible
pre-neoplastic cell types, causative oncogenic mutations
and/or unique features of the microenvironment in these
different brain locations.

Insights into the critical interplay between pre-
neoplastic/neoplastic cells and non-neoplastic cell types
in the evolving tumor microenvironment have derived
from studies of inherited cancer syndromes. Individuals
with these cancer pre-disposition syndromes are born
with one mutated copy of a tumor suppressor gene in all

cells throughout their bodies. For example, in familial
retinoblastoma (RB), patients are heterozygous for an
inactivating mutation in the retinoblastoma tumor
suppressor gene. RB tumors develop following bi-allelic
inactivation of the RB gene (Cavenee et al., 1983; Dryja
et al., 1984). As children born with a germline RB
mutation require only one additional genetic alteration,
the loss of the one remaining functional allele, the
incidence of RB tumor formation is much higher and
occurs at an earlier age than observed in the general
population, where both RB alleles must be inactivated in
the same cell for tumors to develop (Knudson, 1971).

Neurofibromatosis-1 as a model system

The most common of the inherited tumor pre-disposi-
tion syndromes in which affected children develop brain
tumors (gliomas) is neurofibromatosis type 1 (NF1).
This disorder is characterized by the presence of optic
pathway gliomas, neurofibromas (peripheral nerve
sheath tumors), as well as pigmentary changes, such
as café-au-lait macules, skinfold freckling, and Lisch
nodules (Gutmann et al., 1997). There are several
features of NF1-associated glioma formation and
growth that merit further discussion: First, while the
vast majority of patients with NF1 form peripheral
nerve sheath tumors (Huson et al., 1988), only 15–20%
of children with NF1 develop brain tumors. Second,
gliomas predominate in the optic pathway as opposed to
the cerebellum, where they more commonly arise in the
general population (Listernick et al., 1995). Third, NF1-
associated optic gliomas arise at a younger age
(mean¼ 4.5–5.8 years) than in the general population
(mean¼ 5.1–12 years) (Stern et al., 1980; Listernick
et al., 1989, 1994; Singhal et al., 2002; Thiagalingam
et al., 2004). Fourth, unlike their sporadic counterparts,
NF1-associated optic gliomas are less likely to progress
and require treatment (Listernick et al., 1997). This
unique spatial and temporal pattern of gliomagenesis
suggests that additional factors, including susceptible
cell types, permissive microenvironments and genomic
modifiers, may dictate when and where gliomas form in
individuals with NF1.

Recapitulating NF1-associated brain tumors in Nf1
genetically engineered mice

Genetically engineered mouse (GEM) models are
powerful tools to study the molecular mechanisms and
cellular origins of brain tumors. In genetic pre-disposi-
tion models, GEM provides unprecedented opportu-
nities to define the developmental changes in critical cell
types throughout the natural history of tumor initiation,
proliferation and progression. In this regard, mice
engineered to lack Nf1 gene expression in glial fibrillary
acidic protein-positive glial progenitor cells did not
develop brain tumors (astrocytomas or gliomas) in vivo,
although there was increased growth in Nf1-deficient
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astrocytes (Bajenaru et al., 2002). To more accurately
model the NF1 human condition, mice heterozygous for
an inactivating Nf1 mutation (Nf1þ /�) in every cell in
their bodies were designed to also lack Nf1 gene
expression (Nf1�/�) in glial progenitors (Bajenaru
et al., 2003; Zhu et al., 2005). These mice developed
low-grade optic gliomas, recapitulating the predomi-
nance of optic pathway gliomas seen in NF1 patients
(Bajenaru et al., 2005). The fact that a brain micro-
environment composed of Nf1þ /� cells is required for
gliomagenesis and that the combination of Nf1 loss in
glial progenitors and stromal Nf1 heterozygosity results
in gliomas restricted to the optic pathway supports the
use of Nf1 GEM strains as tractable models to illustrate
the complex interplay between pre-neoplastic cells,
non-neoplastic cells and genomics in gliomagenesis.

Susceptible cell type

As described previously, the preferential spatial pattern
of NF1-associated gliomagenesis raises the possibility
that glial cell types in different brain regions may be
differentially responsive to NF1 gene inactivation.
Evidence for this diversity derives from studies that
demonstrate unique molecular signatures from glial
tumors, as well as normal astrocytes and progenitor cells
arising from different brain regions (Taylor et al., 2005;
Sharma et al., 2007). One impact of this molecular
diversity is variation in the expression levels of specific
tumor suppressor genes. For example, Nf1 mRNA and
protein expression was significantly reduced in astro-
cytes from the neocortex compared with astrocytes from
the optic nerve, cerebellum, or brainstem, such that Nf1
inactivation in the neocortical astrocytes did not result
in increased proliferation (Yeh et al., 2009). In addition,
similar brain region-specific effects of Nf1 inactivation
have recently been reported for neural stem cells (Lee
et al., 2010). Neural stem cells from the brainstem, but
not the cortex, exhibit increased proliferation and glial
cell differentiation following Nf1 inactivation in vitro
and in vivo. Collectively, these findings support the
notion that not all neural stem cell or glial populations
will proliferate in response to Nf1 inactivation, and that
cellular heterogeneity may in part contribute to the
spatial pattern of gliomagenesis in this inherited cancer
syndrome.

An additional level of heterogeneity is conferred by
the differential effects of NF1 protein, neurofibromin,
on downstream growth control pathways (Figure 2).
Sequence analysis of the predicted NF1 protein sequence
revealed that it contains a small domain with striking
similarity to the catalytic segment of a family of proteins
termed GTPase activating proteins. Neurofibromin was
subsequently shown to be a Ras-GTPase activating
protein, accelerating the conversion of active GTP-
bound Ras to inactive GDP-bound Ras (Ballester et al.,
1990), such that loss of neurofibromin expression results
in increased Ras activity and increased Ras-driven cell
proliferation (Basu et al., 1992; DeClue et al., 1992).

However, neurofibromin may not negatively regulate all
Ras isoforms in every cell type (Walsh and Bar-Sagi,
2001; Ehrhardt et al., 2004). For instance, only the
K-Ras isoform is activated in Nf1-deficient astrocytes
despite equal expression of all three Ras isoforms
(Dasgupta et al., 2005a). Similar findings have also
been reported for other Nf1-deficient cell types (Khalaf
et al., 2007; Morgan et al., 2007). This heterogeneity will
need to be considered when selecting effective drugs for
NF1-associated cancer treatment. This is well illustrated
by the poor clinical response of NF1-associated
peripheral nerve sheath tumors to farnesyltransferase
inhibitors that inhibit Ras (Widemann et al., 2006), as
these drugs preferentially inhibit H-Ras, rather than
K-Ras (Prendergast and Rane, 2001).

Moreover, the Ras downstream signaling pathways
that transduce this proliferative message vary between
cell types. Proliferation or survival is mediated through
Ras/MAPK signaling in Nf1-deficient or heterozygous
mast cells (Khalaf et al., 2007; McDaniel et al., 2008)
and vascular smooth muscles (Li et al., 2006; Xu et al.,
2007). Multiple pathways contribute to increased
osteoclast activity and gain of function (Yang et al.,
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Figure 2 Neurofibromin signaling pathways. Neurofibromin
functions as a positive regulator of adenylyl cyclase to increase
intracellular cAMP levels, which normally inhibit glial cell
proliferation and survival. Additionally, neurofibromin is a Ras-
GTPase activating protein, promoting the conversion of the active
GTP-bound Ras to inactive GDP-bound Ras. Increased Ras
activity in astrocytes initiates a signal cascade through the
AKT/mTOR/Rac1/STAT3 pathway to promote cell proliferation,
whereas reduced cAMP levels leads to inappropriate cell survival.
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2006; Yan et al., 2008; Li et al., 2009) as well as
abnormal myeloid cell survival and proliferation
(Bollag et al., 1996; Donovan et al., 2002). However,
Nf1-deficient cell growth regulation is dependent on Ras
activation of the mammalian target of rapamycin
(mTOR) pathway in astrocytes (Dasgupta et al.,
2005b; Sandsmark et al., 2007) and Schwann cells
(Johannessen et al., 2005; Johansson et al., 2008). In
astrocytes, neurofibromin loss leads to mTOR-depen-
dent increases in cell proliferation, which reflect mTOR
regulation of Rac1 (Sandsmark et al., 2007) and STAT3
(Banerjee et al., 2010). These differences have profound
implications with respect to therapeutic drug design and
support the use of rapamycin, an immunosuppressant
drug, to specifically inhibit the mTOR pathway in Nf1-
deficient gliomas (Hegedus et al., 2008) and Schwann
cell malignancies (Johansson et al., 2008), and MEK
inhibitors for other NF1-associated tumor types.

Tumor microenvironment

Although the heterogeneity of cell types in different
brain regions partly accounts for the patterns of
gliomagenesis seen in NF1 patients, additional spatial
and temporal signals from the tumor microenvironment
are likely required to fully explain the unique features of
glioma development and growth in NF1 (Figure 3).
Studies using Nf1 GEM strains have been particularly
instructive for identifying specific stromal cell types and
molecules that provide the optimal substrate for pre-
neoplastic cell proliferation and gliomagenesis.

Non-neoplastic stromal cells function in part to
provide a permissive microenvironment for tumorigen-
esis through the release of factors that expand the pre-
neoplastic/neoplastic cell populations (gliomagens) as
well as promote the formation of a local milieu rich in
other non-neoplastic cell types (stromagens). This is
facilitated by both pre-neoplastic/neoplastic cells and
non-neoplastic cells that can produce stromagens to
attract other stromal cell types, such as chemokine
recruitment of microglia or endothelial cells to the
region of a developing tumor. These recruited stromal
cells elaborate molecules that promote pre-neoplastic/
neoplastic glial cell proliferation, survival and invasion.
Thus, during tumor evolution, there is a dynamic
relationship established between neoplastic and non-
neoplastic cells through the elaboration of stromagens
and gliomagens that together facilitate tumor formation
and subsequently promote tumor maintenance and
progression.

Stromal determinants of glioma formation and growth

Microglia are one of the key cell types in the tumor
surround that provide a permissive environment for
tumorigenesis, as they can produce both gliomagens and
stromagens. Tumor-associated microglia constitute the
main population of brain immune cells (Graeber et al.,

2002) and are important for monitoring their local
environment, regulating function and apoptosis, and
secreting proinflammatory cytokines (Banati et al., 1993;
Elkabes et al., 1996; Marı́n-Teva et al., 2004; Roumier
et al., 2004). These resident brain immune system
mononuclear cells can be recruited by glioma tumors
cells to the local tumor microenvironment by vascular

stromagens

stromal promotion of
preneoplastic/neoplastic

cell growth

stromal cell (microglia) recruitment
and activation

dynamic stroma-tumor interaction facilitating
tumorigenesis, tumor maintenance, and progression

loss of NF1 heterozygosity

gliomagens

Figure 3 Co-evolution of neoplastic and non-neoplastic cells in
gliomas. Loss of heterozygosity (grey to red) of critical tumor
suppressor genes, such as the NF1 gene, in susceptible astroglial cell
types is an initial step in gliomagenesis. These NF1-deficient
astrocytes release factors (stromagens) to recruit or activate
microglia as well as other stromal cells types (for example,
endothelial cells and non-neoplastic astrocytes) to create a
supportive microenvironment. Stromal cells elaborate gliomagens
that promote the growth of these pre-neoplastic/neoplastic astro-
glia. A dynamic relationship forms between the pre-neoplastic/
neoplastic and non-neoplastic stromal cell populations through
stromagen and gliomagens release, which together facilitate
tumorigenesis, tumor maintenance and glioma progression.
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endothelial growth factor (Forstreuter et al., 2002;
Kerber et al., 2008), hepatocyte growth factor (Badie
et al., 1999; Kunkel et al., 2001), monocyte chemoat-
tractant protein-1 (Martinet et al., 1992; Leung et al.,
1997) and the chemokine CX3CL1 (fractalkine) through
activation of the CX3CR1 receptor (Held-Feindt
et al., 2010). Monocyte chemoattractant protein-1 can
also increase the surface expression of CX3CR1 on
microglia (Green et al., 2006), thus providing amplifica-
tion circuits for further microglia recruitment. Once
present in the tumor microenvironment, microglia can
secrete inflammatory molecules such as interleukin-10
and interleukin-6 (Wagner et al., 1999; Williams et al.,
2000). Elevated levels of these two interleukins are
correlated with the degree of malignancy in gliomas
(Huettner et al., 1995; Sasaki et al., 2001) as well as
increased proliferation and migration of glioma cell lines
(Huettner et al., 1997; Wang et al., 2009). In particular,
interleukin-6 ablation prevents tumor formation in
a v-src-induced model of gliomagenesis (Weissenberger
et al., 2004).

Moreover, it should be appreciated that microglia,
like astrocytes, may have different properties depending
on their local microenvironment. Cerebral microglial
expression of CD40 is lower than in cerebellar microglia,
and CXCR3, a chemokine that regulates cell migration,
is higher in cerebral microglia than in those from the
hippocampus (de Haas et al., 2008). These observations
suggest that different brain regions harbor unique
populations of microglia that can differentially con-
tribute to the spatial and temporal patterns of glioma
formation and growth.

Using an Nf1 optic glioma GEM model, increased
numbers of microglia were found along the optic nerve
before histologically and radiographically obvious
glioma formation (Bajenaru et al., 2005). The microglia
in these pre-neoplastic optic nerves are Nf1þ /� resident
brain microglia, with increased proliferation, motility
and activation compared with their wild-type counter-
parts (Gutmann and Daginakatte, 2007; Daginakatte
et al., 2008). The importance of microglia to mouse
optic glioma proliferation is underscored by two
experimental findings: First, microglia inactivation
using the minocycline antibiotic results in reduced optic
glioma proliferation (Gutmann and Daginakatte, 2007).
Second, Nf1þ /� microglia have increased activation of
the c-Jun kinase signaling pathway, whereas Nf1-
deficient astroglial cells have no c-Jun kinase hyperacti-
vation (Daginakatte et al., 2008). Inhibition of c-Jun
kinase activation results in reduced Nf1þ /� microglia
proliferation and motility in vitro, such that inhibition of
Nf1þ /� microglia function with crude c-Jun kinase
inhibitors attenuated optic glioma proliferation in vivo.

Determining how Nf1þ /� brain microglia promote
Nf1-deficient glial cell proliferation required the identi-
fication of the relevant gliomagens (Gutmann and
Daginakatte, 2007). Two complementary approaches
have been applied to date. First, using a microarray
strategy, Nf1þ /� microglia were found to express
increased levels of the hyaluronidase-like protein,
meningioma-expressed antigen-5 (MGEA5). Cultured

media from Nf1þ /� microglia increased the proliferation
of Nf1�/� astrocytes in vitro, which could be inhibited
using crude hyaluronidase inhibitors (Gutmann and
Daginakatte, 2007). The ability of MGEA5 to promote
Nf1-deficient astrocyte proliferation reflected MAPK
activation, a pathway not previously found to drive
Nf1�/� glial cell growth. Although this pathway may not
be a major mitogenic signaling pathway in glial cells, it is
possible that MAPK activation cooperates with other
stromal signals to increase Nf1�/� astrocyte growth.

A second approach to identifying Nf1þ /� microglia
gliomagens involves the examination of known mole-
cules that regulate signaling pathways controlled by
neurofibromin. Previous studies from our laboratory
and others have shown that neurofibromin positively
regulates cyclic adenosine monophosphate (cAMP)
levels (Tong et al., 2002; Dasgupta et al., 2003) in the
brain in addition to negatively regulating Ras activity.
The regulation of both Ras and cAMP is one of the
properties of G-protein-coupled receptors, which sug-
gests that chemokines present in the tumor microenvir-
onment might increase Nf1�/� astrocyte growth. One of
these chemokines, CXCL12, is developmentally and
spatially regulated, such that high levels of CXCL12 is
found in young mammals along the optic pathway
(Warrington et al., 2007). Moreover, Nf1þ /� microglia
express three times more CXCL12 than their wild-type
counterparts.

CXCL12 acts on its receptor, CXCR4, to regulate
both cAMP levels and Ras activity (Klein and Rubin,
2004), and CXCL12 treatment of wild-type astrocytes
causes increased cell death through apoptosis (Warring-
ton et al., 2007). In striking contrast, CXCL12 treatment
of Nf1�/� astrocytes resulted in increased cell survival.
The major pro-survival effect of CXCL12 on Nf1-
deficient astrocytes is mediated by cAMP. In this regard,
restoration of wild-type levels of cAMP by several
methods attenuates Nf1�/� astrocyte survival. This
observation prompted a preclinical study to determine
whether elevating cAMP in Nf1 optic glioma mice
would reduce glioma growth. Although the effects of
Rolipram, which blocks phosphodiesterase-4-mediated
cAMP degradation, were transient, treatment resulted in
attenuated glioma growth (Warrington et al., 2010).

The finding that CXCL12 expression is one of the key
stromal determinants dictating where gliomas form in
NF1 raises the intriguing possibility that the pattern of
tumorigenesis could be changed by ectopically express-
ing CXCL12 in regions of the brain where gliomas
do not form in Nf1 GEM strains. However, ectopic
lentiviral CXCL12 expression in the forebrain of Nf1
optic glioma mice did not induce gliomas with high
penetrance (Sun et al., 2010), arguing against CXCL12
as the only spatial determinant important for NF1-
associated gliomagenesis. In contrast, ectopic expression
of phosphodiesterase-4 to lower cAMP levels in the
forebrain of Nf1 optic glioma mice did lead to glioma
formation (Warrington et al., 2010). Interestingly, there
are significant variations in the levels of cAMP in
different brain regions, with high levels of cAMP in the
forebrain compared with the optic nerve (Warrington
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et al., 2007, 2010). Collectively, these findings support
the hypothesis that a combination of Nf1þ /� stromal cell
types, permissive cell types and basal signaling levels
contribute to the pattern of gliomagenesis in NF1.

The tumor microenvironment impact on non-neoplastic cells

In addition to the effects of the NF1þ /� microenviron-
ment on gliomagenesis, additional studies using Nf1
GEM strains highlight the impact of NF1 heterozygosity
on the response of non-neoplastic cells to tumor
formation. Although most children with NF1-associated
optic gliomas will not require treatment for progressive
visual loss, nearly 50% of children with NF1 and an
optic glioma initially present with visual impairment
(Listernick et al., 1995). Using evoked potentials to
measure visual function in Nf1 optic glioma mice,
reduced potentials were detected early during tumor
evolution, suggesting that disrupted relationships be-
tween neurons and their associated glial cells may result
in abnormal neuronal transmission (Hegedus et al.,
2009). To this end, before the development of a
radiographically and histologically evident optic glioma,
progressive increases in optic nerve axon calibers were
found, followed by axonal swelling and apoptosis in the
retinal ganglion cell layer. Further examination revealed
that Nf1þ /� retinal ganglion cell neurons have shorter
neurites, growth cones and survival in vitro, such that
axon injury or optic glioma formation leads to increased
neuronal death (Brown et al., 2010). Interestingly,
unlike peripheral nervous system neurons in which Nf1
loss results in inappropriate cell survival as a conse-
quence of Ras–Akt pathway hyperactivation, reduced
neurofibromin expression in central nervous system
neurons has the opposite effect that instead results
from reduced neurofibromin-mediated cAMP genera-
tion. Particularly relevant to future neuroprotective
strategies, elevating cAMP using phosphodiesterase-4
inhibitors results in attenuated retinal ganglion neuron
death in response to glioma formation in vivo (Brown
et al., 2010).

Importance of the genomic background

One of the unresolved issues in NF1 gliomagenesis
revolves around the incomplete penetrance of this tumor
phenotype. In contrast to the peripheral nerve sheath
tumors (neurofibromas), only 15–20% of children with
NF1 develop optic gliomas. This clinical observation
suggests that gliomagenesis requires more than a per-
missive environment and susceptible progenitor cells. As
nearly 100% of Nf1 GEM develop optic gliomas when
maintained on a C57BL/6 genetic background, and rare
mice lacking optic gliomas are almost invariably born
with a white coat color, it is highly likely that
tumorigenesis is influenced by genomic determinants.

Support for a role for genomic modifiers in NF1-
associated gliomagenesis derives from elegant studies by
Reilly and associates using a different Nf1 GEM model.

In this system, astrocytomas formed with high frequency
in NPCis (Nf1þ /�; Trp53þ /�) mice when the genetic
background was C57BL/6J, but only rarely in mice with
the 129S4/SvJae background (Reilly et al., 2000, 2004).
This observation suggests that there may be epigenetic
or polymorphic differences between these strains that
could confer additional resistance or susceptibility to
gliomagenesis (Hawes et al., 2007; Dong et al., 2008).

The existence of modifier loci creates two interesting
and clinically relevant opportunities. First, modifier loci
could function by changing the expression or function of
genes important for glial cell biology or neurofibromin
growth regulation. In this way, it is possible that subtle
polymorphic changes in genes that encode proteins of
the Ras or cAMP regulatory pathways could increase or
decrease the effect of neurofibromin loss on glial cell
growth. Similarly, polymorphisms that alter chemokine
function or microglia activity could likewise attenuate or
amplify the impact of NF1 heterozygosity on susceptible
cell types in the tumor microenvironment. Finally, it is
possible that strain-dependent changes lead to differ-
ences in overall neurofibromin expression, which alter
the effect of NF1 heterozygosity on non-neoplastic cell
function (Pemov et al., 2010).

Second, the finding of strain differences in glioma
susceptibility suggests that genomic polymorphisms
might determine which children with NF1 will develop
optic gliomas. The identification of single nucleotide
polymorphisms predictive of glioma risk would have
tremendous impact on the management of children with
NF1, and would allow clinicians to stratify children
from an early age into clinically relevant subgroups for
surveillance and potential treatments.

In addition, there could be other etiologies beyond our
current understanding of neurofibromin growth control
pathways, microenvironmental determinants, brain re-
gion-specific cellular heterogeneity and genomic modifiers
that influence how oncogenesis occurs in patients with
NF1. Identifying these factors may provide future targets
for treatment that are not obvious at this time.

Conclusion

Recent advances in mouse brain tumor modeling
support the notion that these cancers represent neuro-
developmental abnormalities. As would be expected, the
rules that govern proliferation, apoptosis, differentia-
tion and migration of cells during the process of normal
brain formation and maintenance apply to tumors
arising in the brain. Cell types and signals that are
normally tightly regulated can become de-regulated and
co-opted during tumorigenesis, such that these instruc-
tive cues become inappropriately active in response to
specific genetic mutations.

Although Nf1 inactivation in glial lineage cells is a
necessary step in oncogenesis, it must occur in a cell
type capable of expanding in response to loss of
neurofibromin growth regulation. This capacity is
dictated not only by brain location, but also by the
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developmental stage. Elegant studies by a number of
groups have demonstrated a more limited capacity for
accelerated growth following Nf1 inactivation in differ-
entiated astrocytes compared with glial progenitor cells
(Zhu et al., 2005; Alcantara Llaguno et al., 2009).
Together, these observations establish a regional and
developmental context in which bi-allelic Nf1 inactiva-
tion will lead to glioma formation.

In addition to Nf1 loss in a susceptible cell type,
environmental factors are critical determinants of
gliomagenesis. These include supportive cell types, such
as microglia, reactive astrocytes and endothelial cells.
Although the role of microglia in Nf1 glioma formation
and growth has gained traction, there are fewer data
currently available on the important roles that reactive
astrocytes and endothelial cells have. Microglia are
known in other pathological conditions to increase
endothelial cell migration and proliferation as well as to
stimulate reactive gliosis. In this manner, microglia-
induced neoangiogenesis might create a supportive niche
for cancer stem cells, as has been reported for high-
grade gliomas (Ludwig et al., 2000; Ren et al., 2004;
Calabrese et al., 2007; Charles et al., 2010), and account
for the highly vascular nature of these otherwise
relatively benign tumors. Although it is not known
what impact Nf1 heterozygosity has on brain endothe-
lial cell function, Nf1þ /� aortic endothelial cells exhibit
increased motility and proliferation and likely partici-
pate in establishing a permissive environment for
peripheral nerve sheath tumors (Munchhof et al.,
2006). Similarly, reactive gliosis resulting from abnor-
mal Nf1þ /� microglia function might further facilitate
the formation of a local microenvironment rich in
growth/survival-promoting factors important for glioma
formation and maintenance (Giordano et al., 1996;
Amankulor et al., 2009).

It is also worth noting several additional features of
the Nf1þ /� microenvironment. First, it is defined by the
presence of cell types and signals unique to a specific
region of the brain during a given time of development.
In this respect, glial Nf1 loss in the cerebellum occurs in
a completely different stromal context than it does in
the optic chiasm or brainstem. The gliomagens that
facilitate glioma formation and growth as well as the
stromagens that promote the establishment of a
permissive local environment in one brain region are
not equivalent to those present in another brain region.
Similarly, the stromagens and gliomagens found in a
region at one developmental stage may not be identical
to those present later in life. Second, the impact of Nf1
heterozygosity on the evolving tumor microenvironment
is unlikely to be the same in all brain locations and at all
developmental periods. As different cells in the brain
express different molecules in a spatially and temporally
regulated fashion, Nf1 heterozygosity may have unique
effects on the local brain microenvironment that reflect
these regional and developmental conditions. Third, the
tumor microenvironment is a dynamic ecosystem, such
that the elaboration of specific molecules changes both
the cellular and molecular soil in which Nf1-deficient
pre-neoplastic/neoplastic cells grow. The panoply of

growth/survival factors present at any given time is
constantly evolving in response to recruited and
modified cell types that, in turn, alter the local
environment both spatially and temporally. This state
of flux creates a delicately balanced ecological niche as
well as a moving target for therapy (Figure 4).

Another level of system complexity results from the
influence of the genomic environment. Although not
completely elucidated, genetic modifiers likely change
the expression of key stromal growth/survival factors or
the activity of specific kinases and enzymes. Although
these minor alterations by themselves are not sufficient
to result in tumor formation, the confluence of these
subtle changes in the correct brain region, at the correct
time, and in response to specific cancer-initiating genetic
changes could significantly influence gliomagenesis and
glioma maintenance.

Finally, as we move into an era of personalized
medicine, it will become increasingly important to
consider developing therapies that specifically target
the neoplastic and non-neoplastic cells in the tumor and
to conceptualize tumors as evolving ecosystems. Using
this approach, we may be able to design treatments that
ultimately result in durable clinical responses. Similarly,
should genomic polymorphisms identify at-risk patient
subpopulations, the ability to disrupt tumorigenesis by
impeding neoplastic/non-neoplastic cell interactions
during cancer evolution may be possible. Collectively,
the emerging data that derives from the study of Nf1
GEM strains may one day inform both chemoprevention

Optic Glioma 

Susceptible
Cell Type

Genomic
Background

Supportive
Microenvironment

Figure 4 Necessary conditions for NF1-associated gliomagenesis.
Nf1 GEM models reveal at least three obligate conditions for brain
tumorigenesis. First, Nf1 inactivation must occur in a pre-
neoplastic cell sensitive to Nf1 loss, such as astroglial progenitors
of the optic nerve, to result in increased proliferation, survival and
migration. Second, a supportive microenvironment is required to
facilitate the expansion of the Nf1-deficient glial cells in a spatially
and temporally restricted fashion. Third, genomic determinants
(‘modifier’ genes) contribute to tumor susceptibility and growth in
currently undetermined ways.
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and chemotherapy management of cancers of the
nervous system.
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ABSTRACT
Neuro-oncology research has rediscovered a complexity of
nervous system cancers through the incorporation of cellular
heterogeneity into tumor models with cellular subsets dis-
playing stem-cell characteristics. Self-renewing cancer stem
cells (CSCs) can propagate tumors and yield nontumorigenic
tumor bulk cells that display amore differentiated phenotype.
The ability to prospectively isolate and interrogate CSCs is
defining molecular mechanisms responsible for the tumor
maintenance and growth. The clinical relevance of CSCs has
been supported by their resistance to cytotoxic therapies and
their promotion of tumor angiogenesis. Although the field of
CSC biology is relatively young, continued elucidation of the
features of these cells holds promise for the development of
novel patient therapies. VVC 2011Wiley-Liss, Inc.

INTRODUCTION

Fifteen years ago, at the time of the last printing of
the Glia special issue on glioma, the prevailing model
for the architecture of most solid tumors, including glio-
mas, was based on the stochastic clonal expansion
model, whereby any one cell having acquired enough
mutations for transformation yielded a bulk tumor com-
posed of cells equal in their tumorigenic potential. A
paradigm change occurred in 2003 when evidence for a
more complex hierarchy within gliomas was described
(Bao et al., 2006a; Galli et al., 2004; Hemmati et al.,
2003; Ignatova et al., 2002; Singh et al., 2003, 2004;
Wang et al., 2010b). This hierarchal organization within
tumors is commonly termed the cancer stem cell (CSC)
hypothesis and was first described in hematopoietic can-
cers (Bonnet and Dick, 1997; Lapidot et al., 1994). At
the apex of the hierarchy is the CSC and central to the
CSC hypothesis is the ability of this population of cells
to propagate tumors and promote tumor progression in
an orthotopic xenograft transplantation model when
compared with the nontumorigenic cells within the tu-
mor bulk. This ability to initiate secondary tumor forma-
tion upon transplantation has led to these cells also
being termed tumor-initiating cells or tumor-propagat-
ing cells. However, it is crucial to clarify that the terms

initiating and propagating are describing a function of
the cells in the transplantation assay and do not refer to
the cell-of-origin from which these cancers were derived.
Although evidence exists for a contribution of the CSC
population to tumor propagation following therapeutic
intervention, and mouse models have yielded valuable
insight into potential cells of origin for gliomas, there is
currently no clear evidence that it is a cancer cell with
stem-like characteristics responsible for the initiating
events in the development of the disease in patients. In
the context of this review, we will be using the term
CSC to describe the population of self-renewing cells re-
sponsible for tumor formation in the transplantation
assay. In solid tumors, a CSC population has been pro-
spectively identified directly from surgical tumor speci-
mens and interrogated in vivo for cancers of the breast
(Al-Hajj et al., 2003), colon (O’Brien et al., 2007; Ricci-
Vitiani et al., 2007), pancreas (Hermann et al., 2007; Li
et al., 2007), head and neck (Prince et al., 2007), lung
(Eramo et al., 2008), and skin (Boiko et al., 2010; Mon-
zani et al., 2007; Schatton et al., 2008). Although the
CSC hypothesis posits hierarchies in specific tissues
akin to that described for stem-cell populations in nor-
mal organs, and, therefore is so named, it is important
to limit comparisons. Both normal and neoplastic stem-
cell populations demonstrate self-renewal and differen-
tiation capabilities, yet tight regulation of proliferation
and differentiation to functionally integrating cell types
only exists for the normal stem-cell compartment.

It is key to acknowledge that the hierarchy central to
the CSC hypothesis may not be ubiquitous for all can-
cers or be represented in certain experimental cancer
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models (Kelly et al., 2007; Quintana et al., 2008). Fur-
thermore, clonal expansion may still exist to some
degree within the CSC compartment following acquisi-
tion of a genetic mutation favorable for survival, espe-
cially following therapeutic intervention (see Figure 1).
A greater complexity may also exist whereby a non-CSC
can evolve genetically and even acquire self-renewal
potential that makes it phenotypically a CSC. Nonethe-
less, the demonstration of CSCs in human malignant
glioma is strong evidence that the cellular heterogeneity
of these tumors is associated with functional heterogene-
ity in terms of tumor initiation and propagation poten-
tial and warrants a discussion of how we identify and
validate these cells and what their existence means for
therapy and recurrence of the disease.

Current Enrichment Markers for
Glioma Stem Cells

The field of CSC biology would not have evolved with-
out the pioneering work performed in the hematopoietic
field using fluorescent-activated cell sorting to lineage
trace cells within the hematopoietic system based on
cell surface markers and consequently identify a stem-
cell population with long-term reconstituting ability
(Spangrude et al., 1988). Translation of this technique
to leukemia allowed for the first prospective identifica-
tion of a stem-like population of cells within a cancer
that could alone reinitiate the disease in a transplanta-
tion model (Bonnet and Dick, 1997; Lapidot et al.,
1994). For gliomas, CD133, CD15/SSEA-1, L1CAM,
A2B5, and, more recently, integrin a6, are some of the
identified surface markers that enrich for stem-cell pop-
ulations within gliomas, termed glioma stem cells
(GSCs) (Bao et al., 2008; Lathia et al., 2010; Ogden et
al., 2008; Singh et al., 2004; Son et al., 2009). Some
studies have used serum-free conditions to generate tu-
mor spheroids that are enriched in self-renewing
tumorigenic stem cells then use serum or retinoic acid

to induce a differentiated population from the sphere
cultures. Although useful to enrich, not necessarily
purify, populations of cells with stem-cell properties and
test their differentiation potential as a surrogate for hi-
erarchy, these conditions do not replicate the original
tumor phenotypes (Lee et al., 2006) and therefore do
not appropriately model the cellular hierarchy as does
marker enrichment. It must be emphasized that central
to the CSC hypothesis is the ability to use these surface
markers to prospectively isolate the putative stem popu-
lation within the heterogeneous bulk tumor and func-
tionally validate the stem-cell phenotype of this popula-
tion versus the nonstem population (Shackleton et al.,
2009; see Figure 1).

CD133, or Prominin-1, a cell membrane glycoprotein,
is the most widely utilized antigen for enrichment of
GSCs and has been repeatedly validated in freshly iso-
lated patient specimens (Bao et al., 2006a; Singh et al.,
2004; Wang et al., 2010b). Some criticism for CD133
exists based on reports that CD133 negative cells can
form tumors. However, it is essential to note that the
usefulness of markers is only reliably apparent when
evaluating freshly isolated patient specimens, as many
of the reports claiming that CD133 is not informative
come from cells that have been cultured. Markers can
become uninformative in culture as there is undoubtedly
an ongoing selection process that negates the ability to
make inferences about hierarchy or lack thereof. There-
fore, these findings on markers from culture cannot be
extended to the situation in primary tumors. This
becomes more apparent when the microenvironment is
taken into account. CD133 and other cell surface
markers are molecular interactors that mediate signals
between cells and the microenvironment. Therefore,
their expression and usefulness in GSC isolation may be
missed if evaluated in culture versus a freshly dissoci-
ated tumor. There have been reports where fresh speci-
mens were used and CD133 negative cells were able to
grow tumors (Wang et al., 2008). These findings high-
light the complexity of the CSC hypothesis as well as

Fig. 1. The Cancer Stem Cell Hypothesis in Malignant Gliomas.
Within a tumor, there exists a heterogeneous mix of cell types. The can-
cer stem cell hypothesis holds that a fraction of cells within the tumor,
the cancer stem cells, can initiate and maintain the tumor over the
non-stem cell (non-SC) population. Such cells have been identified in
malignant gliomas and have been termed glioma stem cells (GSCs).
Although found throughout the tumor, these cells have a preferential

location within perivascular and hypoxic regions or niches and can be
isolated by surface marker expression (e.g.; CD133, CD15/SSEA-1,
L1CAM, A2B5, and/or integrin a6). Following therapeutic intervention,
it is possible that some level of clonal expansion occurs within the GSC
population, most likely through an existing genetic mutation favorable
for resistance. These surviving GSCs could then contribute to tumor re-
currence.

1149CSCs IN GLIOMAS

GLIA



the field’s appreciation that no single marker will be
adequate to identify all GSC populations.

This appreciation has been enhanced by the reports of
alternative markers to isolate GSCs that can be overlap-
ping as well as independent of CD133. The tumorigenic-
ity of CD133-independent populations was validated for
CD15/SSEA-1, A2B5, and integrin a6 (Lathia et al.,
2010; Ogden et al., 2008; Son et al., 2009). Subpopula-
tions of CSCs with unique biological properties were
recently described for colorectal cancer (Pang et al.,
2010). This finding underscores the need for such evalu-
ation of GSCs isolated by different markers to identify
potentially unique functional characteristics such as
invasive potential and/or therapeutic resistance. For
example, a functional role has been demonstrated for
L1CAM and integrin a6, whereby knockdown or inhibi-
tion via a blocking antibody reduced tumor growth in a
xenograft model (Bao et al., 2008; Lathia et al., 2010). A
comprehensive analysis expanding and correlating
marker expression with functional characteristics will
hopefully strengthen our understanding of the GSC phe-
notype.

The Working Definition of a GSC

Marker expression allows one to prospectively frac-
tionate a bulk tumor into glioma stem cells (GSCs;
marker positive) and non-GSCs (marker negative) popu-
lations, but it is through functional assessments that
the CSC nature of one population over the other is veri-
fied. The key benchmark is the ability for the GSCs to
reform a phenotypic copy of the original tumor in an
orthotopic transplantation model, performed as a limit-
ing dilution assay (Shackleton et al., 2009). Non-GSCs,
by definition, lack this ability and fail in the transplant
model. Additional criteria often evaluated include self-
renewal/stem-cell maintenance as measured by the neu-
rosphere/tumorsphere assay and the ability to differenti-
ate or express markers of downstream neural lineages
in culture as a suggestion of hierarchal organization
(e.g.; GFAP-positive astrocytes or Tuj1-positive imma-
ture neurons). Many of these assays were adopted from
the neural stem-cell field, and, in fact, the neurosphere/
tumorsphere assay was one of the original methods used
to identify a putative stem-cell population within brain
tumors (Galli et al., 2004; Hemmati et al., 2003; Igna-
tova et al., 2002; Singh et al., 2003). As touched on pre-
viously, culture undoubtedly confers some level of selec-
tion that makes it impossible to fully recapitulate the
heterogeneity present in the primary patient sample.
Nonetheless, culture is an informative and important
surrogate. For example, the ability to culture a primary
sphere, ideally from a single GSC, which can then be
replated, as secondary spheres and so on, allows for the
extrapolation of a self-renewal phenotype for the GSCs
versus the non-GSCs. The ability of these serially pas-
saged spheres to then remain tumorigenic in vivo sup-
ports the maintenance of the CSC hierarchy. More
recently, it has been demonstrated that GSCs can be

maintained in adherent conditions, with this approach
highlighting the utility of culture systems for high-
throughput screens (Pollard et al., 2009). However, the
most important evaluation of a stem-cell population is
the orthotopic xenograft model performed as an in vivo
limiting dilution assay. This assay evaluates GSC self-
renewal through the ability to re-isolate GSCs from a
primary xenograft and test their ability to form subse-
quent phenotypically heterogeneous tumors characteris-
tic of glioma. Combined, our current methods allow for
the isolation and interrogation of GSCs from the bulk
tumor in an effort to better understand the disease.

Tumor Hierarchy in Mouse Models

Although mouse models of brain cancer are covered in
detail elsewhere in this review issue, it is important to
note that these genetically engineered systems have
demonstrated support for the CSC hypothesis through
the maintenance of a hierarchy for tumor initiation
(Alcantara Llaguno et al., 2009; Bleau et al., 2009; Har-
ris et al., 2008; Jacques et al., 2010; Read et al., 2009;
Tamase et al., 2009; Ward et al., 2009). These findings
are important as they validate brain tumor initiating
cells beyond xenograft models. Although caution must
be exercised when comparing mouse models of cancer
with the human disease, these systems nonetheless may
offer preclinical models to test the impact of therapeutic
interventions on tumor initiating cells (and less com-
monly cells that propagate secondary tumors) relative to
the tumor bulk.

GSC Influence on Tumor Vasculature and
Therapeutic Resistance

Of key interest in CSC biology is determining which
pathways the CSCs use to maintain their phenotype.
These cells have been reported to promote tumor angio-
genesis while being resistant to chemotherapy and
radiotherapy (Bao et al., 2006a,b; Liu et al., 2006; Singh
et al., 2004). Identifying and targeting the pathways
used by the GSCs to evade current modes of therapy,
which predominantly includes fractionated radiation
and treatment with the oral DNA alkylating/methylat-
ing agent temozolomide following surgical resection,
offers promise for the translation of therapies from
bench to bedside.

Following surgical resection, radiation is the mainstay
of treatment for malignant gliomas. However, recurrence
is common and highlights the potential presence of a re-
sistant cellular population. Indeed, CD133 marker posi-
tive GSCs have been shown to be more resistant to radi-
ation-induced apoptosis than non-GSCs (Bao et al.,
2006a). Following exposure to radiation, the GSC popu-
lation underwent dramatic expansion. Interestingly,
GSCs demonstrated preferential activation of key com-
ponents of the DNA damage response, likely leading to
a corresponding increase in DNA repair. Notably, the
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fidelity of this repair is questionable due to an observed
increase in mutation frequencies in recurrent malignant
gliomas (Negrini et al., 2010; The Cancer Genome Atlas
Research Network, 2008) and may cause additional
mutational events that evolve during the course of can-
cer therapy. Additional molecules linked to radioresist-
ance of GSCs include Notch, SirT1, HSP90, and Bmi1
(Chang et al., 2009; Facchino et al., 2010; Sauvageot
et al., 2009; Wang et al., 2010a), suggesting that there
are multiple mechanisms that are co-opted by CSCs to
survive genotoxic stress. Targeting these molecules
along with the identification of other key components
involved in GSC radioresistance will offer multiple tar-
geting strategies to increase GSC radiosensitization.

In addition to radiation, standard treatment of malig-
nant gliomas includes administration of the DNA dam-
aging alkylating agent, temozolomide. Temozolomide
works by alkylation at the O6 position of guanine along
with methylation at the N7 position, which, if left unre-
paired, leads to cell death. Although one report claimed
preferential targeting of GSCs by temozolomide, other
studies have demonstrated a relative resistance of GSCs
(Beier et al., 2008; Liu et al., 2006; Shervington and Lu,
2008). Importantly, higher expression levels O6-methyl-
guanine-DNA-methyltransferase, the key repair enzyme
for temozolomide-induced DNA adducts, have been
reported in GSCs when compared with nonstem cells
(Bleau et al., 2009; Liu et al., 2006), and these higher
expression levels in GSCs have been shown to directly
correlate to drug sensitivity (Beier et al., 2008). How
this translates to the relative efficacy of temozolomide in
the clinic has yet to be explored. Additional molecules
upregulated in CSCs and linked to chemoresistance
include the ABC (ATP-binding cassette) drug transport-
ers (Hirschmann-Jax et al., 2004; Schatton et al., 2008).
First identified in murine bone marrow, this class of
membrane pumps has been associated with stem like
cells termed ‘‘side-population’’ (SP) cells based on their
ability to efflux the DNA dye Hoechst 33342 (Gussoni et
al., 1999). SP cells were found to express high levels of
the ABC drug transporter genes ABCG2/Bcrp1 and
ABCA3 with later confirmation of increased expression
of ABCG2/Bcrp1 in CD133 positive GSCs (Hirschmann-
Jax et al., 2004; Liu et al., 2006). Additional support for
a chemoresistance phenotype of SP cells has been dem-
onstrated in a mouse model of glioma (Bleau et al.,
2009). However, further evaluation of these pumps rela-
tive to stem-cell marker expression is required as more
recent reports have demonstrated that SP is not neces-
sary or sufficient for GSC enrichment (Broadley et al.,
In press). Taken together, the ability of GSCs to actively
transport certain chemotherapeutic agents out of the
cell coupled with improved DNA repair mechanisms
results in a relatively drug-resistant population of cells
that likely contribute to tumor recurrence. Such resist-
ance to standard genotoxic therapies supports the need
for alternative approaches to target these cells.

Another mechanism by which GSCs facilitate tumor
growth is by promoting tumor vasculature. Specifically,
GSCs have been shown to influence angiogenesis and

vasculogenesis through increased expression of VEGF
and SDF-1, respectively (Bao et al., 2006b; Folkins et
al., 2009). Recently, the complexity of GSC influence on
tumor vasculature has expanded based on studies dem-
onstrating direct differentiation of GSCs to tumor endo-
thelium and subsequent reduced tumor burden when
GSC-derived endothelial cells are directly targeted
(Ricci-Vitiani et al., 2010; Wang et al., 2010b). It has
also been shown that therapeutic targeting of GSC-
expressed VEGF with the humanized neutralizing anti-
VEGF antibody bevacizumab (Avastin) results in tumor
inhibition in xenograft models (Bao et al., 2006b; Calabr-
ese et al., 2007). Indeed, the demonstrated effectiveness
of bevacizumab in recurrent GBM led to its recent FDA
approval, and it is currently in clinical trials in combina-
tion with other standard and investigational agents in
newly diagnosed and recurrent GBM patients (Chamber-
lain, 2010). More recently, it has been proposed that in-
hibition of vasculogenesis represents a novel mode of
treatment to prevent recurrence (Kioi et al., 2010).
Although angiogenesis relies on the formation of new
capillaries from pre-existing vessels, tumor vasculogene-
sis involves the recruitment of endothelial precursor
cells or bone marrow-derived hematopoietic cells to initi-
ate de novo capillary formation. It has been reported
that following radiation induced damage to tumor vascu-
lature, the tumor becomes more dependent on vasculo-
genesis to reinitiate tumor growth. Kioi et al. (2010)
explored this hypothesis using a murine intracranial
GBM xenograft model and demonstrated that following
radiation treatment, there was a cascade of events
that resulted in increased vasculogenesis. This cascade
was initiated by increased hypoxia in the tumor, result-
ing in increased HIF-1 expression that led to increased
levels of SDF-1. The chemokine receptor, CXCR4, is
then activated by SDF-1 to promote recruitment of
CD11b1 myelomonocytes to the tumor to form new
blood vessels. Importantly, this process was inhibited
using the FDA-approved drug, AMD3100, which blocks
the interaction of SDF-1 with CXCR4 (Broxmeyer et al.,
2005). Given the reported increased expression levels of
SDF-1 in GSCs and their inherent radioresistance phe-
notype, it would be of significant therapeutic value to
further define the role of GSCs in postirradiation vascu-
logenesis.

The GSC Niche

It is becoming increasingly clear that an integral com-
ponent of glioma stem cell (GSC)-related therapy resist-
ance and tumor initiation is the specified location, or
niche, where GSCs reside within the tumor. The niche
for normal adult stem cells controls the balance between
stem-cell quiescence and tissue regeneration through
the transmission of pro- or antiproliferative signaling.
Although a direct parallel for niche-dependence in CSCs
may not be apparent, the vascular endothelial cells have
been shown to be an important factor for regulating
stem-cell maintenance in what is referred to as the peri-
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vascular niche (Calabrese et al., 2007; Tavazoie et al.,
2008). Furthermore, in medulloblastoma, the perivascu-
lar niche has been reported to offer a protective advant-
age to CSCs following radiation treatment (Hambard-
zumyan et al., 2008). As discussed previously, disruption
of the vasculature, and hence the perivascular niche,
depletes the CSC population and halts tumor growth
(Calabrese et al., 2007). More recent studies have
focused on defining components of the perivascular
niche that help maintain the CSC phenotype. Using a
PDGF-induced glioma mouse model, it has been demon-
strated that nitric oxide produced by endothelial cells
contributes to tumor growth through activation of the
Notch pathway (Charles et al., 2010). Interestingly, inhi-
bition of the Notch pathway using g-secretase inhibitors
has been shown to decrease the radioresistance pheno-
type of GSCs, highlighting a potential mechanism for
targeting GSCs via disruption of niche signaling (Wang
et al., 2010a). This approach is further supported by a
recent report using a three-dimensional GBM explant
system from patient-derived specimens, whereby the
combination of Notch inhibition, shown in this study to
target both the stem cells and endothelial cells, com-
bined with radiation reduced stem-cell expansion (Hov-
inga et al., 2010). Additionally, a population of GSCs
reported to be CD44high/Id1high demonstrated a preferen-
tial localization in the perivascular niche and regulation
by TGF-b (Anido et al., 2010). Importantly, the thera-
peutic potential of targeting these cells through anti-
TGF-b treatment was validated in mouse models as well
as in a patient sample obtained from a phase I–II trial.
These in vivo results are intriguing, but caution must be
exercised when evaluating CD44 expressing cells under
current GSC culture conditions as FGF, a major compo-
nent in the culturing media, has been reported to induce
CD44 expression (Pollard et al., 2008).

Although seemingly counterintuitive to the aforemen-
tioned location within the presumed nutrient rich peri-
vascular niche, GSCs have also been described to reside
in a hypoxic niche. It is likely that GSCs reside within a
hypoxic microenvironment transiently before the induc-
tion of angiogenesis and/or vasculogenesis by the GSCs.
Indeed, the increased GSC-mediated VEGF expression
driving angiogenesis is likely a direct result of hypoxic
induced stabilization of the HIF transcription factors,
namely HIF2a, as depletion of HIF2a in GSCs resulted
in depletion of VEGF (Li et al., 2009). Furthermore,
HIF2a has been shown to regulate the transcription of
stem-cell genes crucial to maintaining the GSC pheno-
type and is required for self-renewal as measured by
tumorsphere formation and tumor initiation in a xeno-
graft model (Heddleston et al., 2009; Jogi et al., 2002; Li
et al., 2009; McCord et al., 2009; Seidel et al., 2010). Not
only does hypoxia have diverse effects on GSCs but it
can drive nonstem cells into a more stem-like state (Bar
et al., 2010; Heddleston et al., 2009; Soeda et al., 2009).
Thus, the potential plasticity of the non-stem population
should be taken into consideration when designing novel
therapeutic strategies. Approaches aimed at targeting
just the GSCs, and not the perivascular or hypoxic

niches, may offer a selective advantage for the nonstem
population to repopulate the tumor.

CONCLUSION AND FUTURE DIRECTIONS

The complexity of malignant gliomas can be further
appreciated with the identification of a hierarchal stem-
cell population. As we move forward in translating our
understanding of the heterogeneous populations within
the tumor to the design of more cell-specific and effec-
tive therapies, it is imperative to maintain a stringent
definition of a CSC while ensuring careful interpretation
of studies evaluating this phenotype. Of particular cau-
tion is the interpretation of differential responses
between marker positive and negative cells in culture.
CSCs were first defined from the direct sorting of fresh
tissue based on functional differences in populations seg-
regated by markers and not in culture. If cells are cul-
tured, the markers may be less informative, and one
cannot necessarily infer differences in positive and nega-
tive populations anymore. Additionally, it must be deter-
mined how CSCs contribute to recurrence following
therapeutic intervention in order to incorporate new
strategies that can eradicate these cells following pri-
mary presentation of the disease. Finally, correlating the
cell of origin for glioma (covered elsewhere in this
review issue) with the hierarchal CSC model will yield
valuable insights to the development of the disease.
That is, does the initiating tumor cell already demon-
strate CSC properties or is there an evolution in the hi-
erarchy? It is an exciting time in glioma biology,
whereby application of the conceptual and methodologi-
cal framework of stem-cell biology is leading to fresh
insights into this terrible disease and hopefully, in the
not to distant future, leading to improved patient care.
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Neuro-Oncology Resident Rotation 
Resources 

 
 
National Cancer Institute 
 

http://www.cancer.gov/cancertopics/wyntk/brain 
http://www.cancer.gov/cancertopics/treatment/brain 
http://www.clinicaltrials.gov/ 

 
CBTRUS 
 

http://www.cbtrus.org/ 
 
Radiation Oncology Treatment Group 
 

http://www.rtog.org/ 
 
Society for Neuro-oncology 
 

http://www.soc-neuro-onc.org/ 
 
Children’s Brain Tumor Foundation 
 

http://www.cbtf.org/ 
 
Pediatric Brain Tumor Foundation 
 

http://www.pbtfus.org/ 
 
Brain Tumor Society 
 

http://www.tbts.org/ 
 
American Brain Tumor Association 
 

http://www.hope.abta.org 
 
National Brain Tumor Foundation 
 

http://www.braintumor.org/index.html 
 
Accelerate Brain Cancer Cure 
 

http://www.abc2.org/ 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

This packet was assembled by the Neuro-Oncology Faculty at Washington University.  
If you have suggestions for additional reading materials or resources, please e-mail Dr. 

David H. Gutmann (gutmannd@wustl.edu).  
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